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ABSTRACT

With the Food and Drug Administration and other world-
wide regulatory authorities’ approval of ipilimumab (Yervoy),
sipuleucel-T (Provenge), nivolumab (Opdivo), and pembrolizumab
(Keytruda), oncologic therapy has now moved into non-
cancer cell targets within the immune system. For many non-
immunologists, understanding how these vastly different

therapies work to improve survival, like no other therapies
have in the past, is a challenge. The present report reviews
the normal function of the immune system, how cancers
escape the normal immune system, and how these new
therapies improve immune system reactions against can-
cers. The Oncologist 2016;21:233-243

Implications for Practice: Oncologists have tremendous experience with therapies that target the cancer cells. New biologic
agents have been rapidly introduced recently that target not cancer cells, but the patient’s immune cells. The mechanisms of
action of these immune-based biologic agents are within the hostimmune system.To understand these new biologic therapies,
basic knowledge of normal and abnormal immune function is essential. The present report explains the up-to-date basic
immune normal and abnormal function and prepares the oncologist to understand how the new drugs work, why they work, and

why there are associated adverse events.

INTRODUCTION

In the past few years, regulatory agencies worldwide have
approved several new therapeutic immune system targeting
products that have demonstrated important anticancer
activity. However, the drugs do not directly target the cancer
itself. Sipuleucel-T (approved April 29, 2010; Provenge;
Dendreon Corp., Seattle, WA, http://www.dendreon.com),
an antigen-presenting cell (APC) activation therapy, is the first
autologous cellular therapy to improve survival in men with
metastatic prostate cancer [1]. Ipilimumab (approved May 25,
2011; Yervoy; Bristol-Myers Squibb, New York, NY, http://
www.bms.com), an anti-cytotoxic T-lymphocyte associated
antigen-4 (CTLA-4) monoclonal antibody therapy, is the first
drug ever to result in prolonged survival in patients with
advanced melanoma [2]. Nivolumab (Opdivo; Bristol-Myers
Squibb), a human monoclonal anti-programmed cell death
receptor 1 (PD-1) antibody, has been shown to improve the
overall survival of patients with melanoma (approved December

22, 2014) and squamous cell and nonsquamous cell non-small-
cell lung cancer (approved March 4, 2015 and October 9, 2015,
respectively) [3-5]. Pembrolizumab, another anti-PD-1 antibody,
results in increased progression-free survival and overall sur-
vival in patients with advanced melanoma (approved indication
September 1, 2015; Keytruda; Merck & Co., Kenilworth, NJ,
http://www.merck.com) with less toxicity than ipilimumab [6, 7]
and demonstrated efficacy in non-small cell lung cancer (approved
October 5, 2015) [8, 9]. The biologic interactions behind these
therapies and newer immune active (noncancer cell-targeted)
drugs are unclear to many nonimmunologists who might already
be applying or soon will be applying these therapies. Physicians
who prescribe these newer drugs might observe their profound
therapeutic effects but might not have had easy access to the
immunological progress made during the past decade that has
led to an understanding of the mechanisms of action and how
that progress has been translated into anticancer activity.
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Although a complete elucidation of the human immune
system function has not yet been accomplished, a dramatic
increase has occurred in the appreciation of the immune
system’s normal and abnormal functioning during the past
decade. The cellular interactions in this system are very
complex, involving many cell types and various chemical
mediators. However, basic knowledge is now fairly well
established. We review the newer basic concepts and
knowledge for those who are not full-time immunologists
but who want to understand the immune therapies that have
been approved.

The concept of the immune system and its interface with
cancer has existed for more than 150 years. Paul Ehrlich’s first
paper as a medical student provided a description of the initial
tissues and cells in the body’s self-defense mechanisms known
today as the immune system. Ehrlich was able to develop an
antitoxin that, in 1892, was used to treat diphtheria. In 1908,
Ehrlich and the Russian scientist Elie Metchnikoff were
awarded the Nobel Prize in Medicine and Physiology for their
work on serum therapy and immunity [10].

During this period, one of the first physicians to propose
the concept of stimulating a person’s own immune system to
attack cancer was Dr. William Coley, an American orthopedic
surgeon and cancer researcher. He noted that some cancer
patients with postoperative bacterial infections had a longer
lifespan than those without postoperative infection [11]. In
1893, Coley hypothesized that a curative process stimulated
by the infection led to activation of some type of immune
phenomenon that could recognize and fight the cancer cells.

How Cancers Escape Immune Destruction

called “immunoediting,” which has three distinct phases [22].
The first phase is immune surveillance, which is marked by an
efficient elimination of abnormal cells. However, progression
to the next phase of immunoediting occurs if an abnormal cell
in the population somehow evades immune destruction. The
progeny of such rare cells might allow progression to the
second phase called “immune equilibrium.” This phase of
immune editing is conceptually similar to a clinical dormancy
(i.e., the presence of an occult, dormant tumor). During this
phase, a standoff exists, in which the cancer cells cling to
survival and the immune cells fight back, such that the tumor,
as a whole, neither grows nor shrinks in size significantly. With
the evolution of further mutation and metabolic changes
within the cancer cells of such a dormant tumor, one or more
significant changes can evolve to further restrict or evade the
host’s immune reactions. In this third phase, called “immune
escape,” the cancer cell progeny will more efficiently evade the
immune system’s imposed equilibrium, and the tumor as a
whole will begin to grow, invade, and, ultimately, metastasize.
When this situation occurs, the immune system has in essence
been defeated, because it is no longer effective in blocking
the outgrowth of a malignant tumor. In the program of
immunoediting, which represents the current state-of-the-
art of understanding in cancer immunology, mutated cells
that have achieved “immune escape” characterize most
human cancers that have reached a clinical stage that has
attracted the attention of the patient and/or physician [23].
Immune escape in a tumor is coincident with its observed
malignant conversion.

SPONTANEOUS REGRESSION OF TUMORS

Researchers have been working for decades to develop
effective treatments for cancers of all types. Interestingly,
some cancers have been noted to spontaneously regress,
leading the patient to improved health. Although such
spontaneous regressions of cancer are rare, they have been
reported, most commonly in neuroblastoma, renal cell carci-
noma, lymphomas, leukemia, and malignant melanoma [12].
One hypothesis as to why these cancers suddenly disappear is
that the individual’simmune system becomes activated in some
unexpected manner that leads to the recognition of non-self
proteins and the destruction of cancer cells. Cases of spon-
taneous regression provide an opportunity to research and
develop treatments for use in future patients [13].

Spontaneous antibody responses to autologous cancers
have been documented in some patients [14, 15]. Additionally,
spontaneous T-cell responses have been reported [16]. In the
cases of spontaneous regression of cancer that have been
reported [17], the strongest evidence connecting an immune
response has been T-cell responses associated with sponta-
neous regression of melanoma [18, 19].

The natural capacity for spontaneous regression suggests
that the normal immune system has the capacity to recognize
some tumor cells as abnormal and destroy them. In the middle
of the 20th century, the immunologists Lewis Thomas and
Macfarlane Burnet termed the concept “immune surveil-
lance,” in which normal immune cells could recognize and
block cancerous cell development [20, 21]. Conceptualizing
how incipient cancer cells could progress beyond immune
surveillance to outright cancer, Dunn et al. suggested a process
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REVIEW OF NORMAL IMMUNE FUNCTION

FOR NONIMMUNOLOGISTS

In healthy people, the immune system is designed to protect
the whole organism from infectious agents such as bacteria,
fungi, and viruses; however, the system has several mecha-
nisms to eliminate host cells that have internal and external
abnormalities. Thefirstline of defenseis a physical barrier, such
as the skin and mucous membranes, that guards the body
against a possible pathogen invasion. The second line of
defenseisthe innate immune system, which consists of groups
of cells (e.g., phagocytes/macrophages, dendritic cells, and
natural killer [NK] cells) that are present beneath the physical
barriers (see below). These cells can phagocytize and eliminate
bacteria and other infectious agents that are able to breach the
physical barrier. The primary function of these two lines of
defenseistostopinvadersfrom furtherentryintothe hostand,
if access occurs, to eliminate pathogens that pass through
the physical barriers. The third and final tier is the adaptive
immune system.These immune cells, when exposed to specific
antigens that are phagocytized, processed and presented by
APCs, such as macrophages and dendritic cells, are activated to
proliferate and kill the invader pathogen (see below).

The innate immune system is primarily composed of
phagocytic cells derived from the multipotent stem cells within
the bone marrow. Macrophages, monocytes, neutrophils, and
dendritic cells are primary players, although mast cells, NK
cells, and NK T cells are also significant within the function of
the innate immune system. All cells present “self” protein
antigens on their cell surface in complexes with molecules
called major histocompatibility complex class | (MHC-1), helping
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the immune system to discriminate “self” from “non-self” How-
ever, there are also specialized immune cells, antigen-presenting
cells, that can present protein antigens to adaptive immune
cells in conjunction with major histocompatibility complex class |
and Il (MHC-1). B cells and “professional” APCs called dendritic
cells express MHC-l and MHC-II, using it to present antigens they
have accumulated from anywhere in the body. The MHC-I and -1
raise, hold, and expose pieces of the engulfed materials on their
surface for naive T cells to examine and bind if a match occurs
(Fig. 1).

In the early development of both T and B cells, significant
random gene rearrangements occur in the DNA of the T-cell
receptor (gene coding for a membrane-bound heterodimeric
protein that binds specific antigens) and B-cell receptor (gene
coding for immunoglobulin heavy and light chains) loci, within
the thymus for T cells and the bone marrow for B cells. Random
gene rearrangements within these cells produce millions of
different sequences, one per cell, that then are transcribed to
produce the specific T-cell receptor surface complex (TCR) in
the specific pre-T cell or the immunoglobulin (Ig) produced by
the specific pre-B cell. Because the rearrangement process is
random, some gene rearrangements will produce Igs or TCRs
that recognize normal host proteins/sequences. Cells that
randomly produce Igs or TCRs to “self” sequences are
regulated through a process known as self-tolerance, either
by deletion (central tolerance) or by suppressing their acti-
vation in the periphery (peripheral tolerance).

Specificityis critical for T cells. Effector T cells are capable of
killing normal and cancer cells if they are recognized as non-self.
Most peripheral T cells never encounter a foreign antigen to
which they can respond specifically. However, all T cells must be
able to recognize self-peptides and self-MHC (abbreviated as
self-pMHC) and demonstrate only low-affinity interactions to
avoid autoimmune reactions and maintenance of homeostasis
oncetheyleave the thymusandenterthe peripheral circulations
for their lifespan.

The TCR has a- and B-dimeric subunits. Within the thymus,
the TCRa genes and TCRPB genes are rearranged. Diversity is
increased further by adding and subtracting nucleotides from
the junctions of the gene segments. These rearrangements
allow the T cell to potentially bind millions of foreign peptides
specifically. Some of these rearrangements will bind self-
peptides, and these must be identified and eliminated to
maintain homeostasis.

Thymic Positive and Negative Selection of T cells
During development in the thymus, early T cells (thymocytes)
are exposed to the thymic epithelium, which expresses self-
proteins via the MHC. The binding strength of the developing
thymocytes appears to significantly determine both positive
and negative selection. Positive selection requires interac-
tions of the TCR with the self-MHC. If these TCR-self-MHC
interactions are of low affinity, they lead to positive selection
and retention of this T cell. Self-peptides that might be
associated with the MHC must not only evoke very-low- or low-
affinity binding but must demonstrate high recognition of the
peptide to be positively selected within the thymus and to gain
access to the peripheral circulation [24].

Negative selection occurs when T-cell receptors recognize
self-proteins presented by self-MHCs and elicit a higher affinity
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Figure 1. MHC presentation of processed antigen. A cartoon
demonstrating the process of shed cancer cell (red spiky shape)
antigen being processed within the dendritic cell and then
expressed on the cell surface attached to MCH-classland Il holding
the processed cancer cell antigen (downward pointing spike)
available for recognition by the adaptive immune system cells.
Abbreviation: MHC, major histocompatibility complex.

binding and T-cell activation response. Signaling then occurs to
induce these higher binding (to self) T cells to start the process
of self-apoptosis [25].

Conservation of germline-specific sequences within the
variable regions are critical to MHC binding and peptide
recognition. MHC binding is the integral first step in TCR
binding to a presented antigen.The CD3 region of the TCR then
contacts the presented peptide and must be recognized as self
by these conserved sequences. If the location of the conserved
sequences are recognized, no distortion in the CD3 will result,
and the TCR and the T cell will be positively selected.

The newly rearranged positively selected T cells then exit
the thymus and circulate via the blood and lymphatic vessel
system.Thymocyte gene rearrangements, followed by positive
and negative selection of these rearranged TCRs, results in
approximately 2.5 X 10® (250 billion) different TCRs in the
periphery of humans. Through constant recirculation, these
lymphocytes continually search the human organism. Most of
the time, they do not encounter their antigen and continue to
move throughout the body looking for a match (Fig. 1) [26].

In both the developing thymocyte and the naive peripheral
T cell, the low-affinity interactions with self-MHC-presenting
self proteins are perhaps the most important influence on the
composition of the peripheral T-cell subtypes and represen-
tation. Extremely low-strength consistent signals via TCR
interactions with self-pMHC do not induce effector cell
function but rather more homeostatic nonreactivity function.

High-affinity peripheral interactions between TCRs and
APCs presented with foreign agonist ligand peptide-MHCs
resultin more efficient activation of naive T cells. The activation
of the naive T cell consists of four steps: (a) proximal TCR
component phosphorylation of CD3, (b) signaling by the Ras-
Erk pathway, (c) activation of the transcription factor nuclear
factor-«B by protein kinase C-0, and (d) signaling by trans-
membrane Ca®* flux. Studies of various strength peptides
and interactions have demonstrated that a relationship exists,
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showing that the higher the affinity of the interaction, the
stronger the activation of the T cell. Low-affinity interactions
result in incomplete T-cell activation and, subsequently, little or
no reactivity [27].

B cells are derived from bone marrow [27]. On activation by
binding to their specific protein-rearranged sequence in the
B-cell receptor (BCR) immunoglobulin molecule, B cells become
activated and differentiate into antibody-secreting cells (plasma
cells) [28]. For full activation and differentiation, B cells require an
additional costimulatory signal from either T cells or T-cell-
independent factors such as Toll-like receptor ligands. For T-cell-
dependent responses, B cells internalize their specific protein via
the BCR and present processed parts of the protein (peptides) on
their surface via their MHC-class Il molecules. The helper T cell
(Th-cell) that specifically recognizes the presented peptide binds
to it in a complex with an MHC-II molecule, generating both
soluble and membrane-bound factors that trigger changesin the
B cell, activating its conversion into an antibody-producing
plasma cell or a memory B cell (Fig. 2).

Specific antibodies produced in this manner then circulate
within the blood plasma and interstitial and lymph fluids.
When these antibodies come into contact with the specific
protein sequence they recognize, called an antigen, they
facilitate its elimination, along with any attached organism,
through innate immune cells that absorb and destroy the
antibody-antigen complex.

When the invader protein is no longer present (i.e., the
infectionis cleared), the plasma cells that are nolonger needed
will internally trigger a cell suicide process called apoptosis,
leaving behind only the memory cells [29, 30]. Later, if the
memory cells are re-exposed to their specific protein se-
qguence, they will be able to quickly differentiate, without any
T-helper cell assistance, into plasma cells that can rapidly
produce large quantities of the specific antibody.

Unlike B cells, T cells recognize their specific antigens as
processed peptide sequences presented on the surface of
antigen-presenting cells in the context of only MHC molecules
(MHC-class |—cytotoxic T cells; MHC-class Il—helper T cells).
These MHC-antigen complexes are presented such that
roaming T cells with specific TCRs bind to the presented
processed antigen, which triggers, depending on the strength
of the interaction, bidirectional communication with the
dendritic cell. Cross-presentation allows dendritic cells to take
exogenous materials and present peptides using MHC-class | to
CD8+ Tcells,and MHC-class I to present peptidesto CD4+ Tj,-
cells. This can be one of several types of T cells, either cytotoxic
or helper T cells, as described further below.

APCs can acquire antigens in several ways. Abnormal
proteins can be shed from cells or generated as a result of their
destruction by innate immune cells. One special feature of
APCs is that they can perform a process known as cross-
presentation, which allows exogenous antigens acquired from
other cellsto be processed and presented on MHC-class land Il
complexes to stimulate diverse immune responses. When a
peptide antigen is presented on an APC surface in an MHC,
brushing up against a specific T cell that recognizes the antigen
can start the process of T-cell activation that triggers a
subsequent immune response [31, 32].

T cells are defined by the presence of a cell surface marker
called CD3. They are further subdivided by two other cell
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Figure 2. Activation of B cells. CD4+ cells are T-helper cells. They
assist B cells that recognize the processed antigen activate and
progress to plasma cells. This T to B cell interaction requires the
MHC-class Il presenting a processed antigen, plus two additional
recognition connections via CD4, specifically recognizing the
MHC-II complex and the CD40 binding to CD40 ligand.
Abbreviation: MHC, major histocompatibility complex.

surface markers, CD4 and CD8. In general, T cellsthatare CD8+
are cytotoxic T lymphocytes (or effector cells), and T cells that
are CD4+ are helperorregulatory Tlymphocytes, which can be
subdivided further into T,1, Tn2, T417, regulatory T (Teg) cell,
and other types of helper or regulatory cells, respectively. The
control of T-cell activation is complex, and knowledge has
recently been accumulating rapidly on how T, cells and other
regulatory factors limit immune responses. This regulation is
extremely important in the control of normal immune
reactions. It is crucial to turn off immune reactions that are
no longer needed to protect the host. The normal regulation
function of the immune system is hijacked in the case of cancer
immunoediting, which has been found to turn off cancer cell
destruction and thereby protect malignant cancer cells. A key
point to understand is that the function of any T cell, whether
cytotoxic, helper, or regulatory, will be activated when it binds
to its specific antigen when presented on an APC with
associated T-cell help (Fig. 3) [33, 34].

For an antigen to activate a T cell that specifically
recognizes the antigen, three connections to the APC are
required. First, the TCR must bind to the specific antigen
displayed by the MHC. Next, the MHC class | or Il molecules on
the APC must be properly engaged with accessory CD8 or CD4
molecules on the T cell, respectively. Finally, a coregulatory
signal must be delivered by yet another set of cell surface
receptors and receptor ligands on the T cell and the APC,
respectively. This coregulatory signal can be either positive
(activating) or negative (regulatory) for the T cell, determining
its action once activated by its antigen. Multiple coregulatory
receptors and ligands can be expressed by T cellsand APCs as a
result of their previous experience, and those on their cell
surface matter also. For example, a positive signal will be
created if CD80 (B7) on the APC binds to CD28 on the T cell,
tellingittokill or help kill whenits antigenis bound. In contrast,
a negative signal will be created if CD80 (B7) on the APC binds
to CTLA-4 on the T cell, telling it to stop the T cell from killing.
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Figure 3. Activation of cytotoxic T cells. Cytotoxic T cells can only
be activated by binding to dendritic cells. Cytotoxic T cells must
recognize the processed cancer cell antigen presented only by
MHC-class I. Cytotoxic T-cell full activation is enhanced by helper
T cells binding to processed antigen on the same dendritic cell as
the MHC-class Il presenting a processed cancer cell antigen. Each
T-cell receptor must bind the processed antigen presented by the
appropriate MHC. CD4 and CD8 bind to the respective MHC
molecules and CD28 bindsto CD80 (also known as B7).These three
couplings are required; however, many other bindings are also
known to be possible to modify the activation process.

Abbreviations: MHC, major histocompatibility complex; TCR,
T-cell receptor surface complex.

Coregulatory signaling is vital with antigen binding for proper
control of the T-cell response [35, 36] (Fig. 3).

All cells in the human body (except red blood cells) express
MHC-I molecules on their surface, thereby constantly display-
ing pieces of their normal or abnormal internally produced
proteins to roving immune cells. During early development,
the immune system learns not to respond to normal protein
fragments (“self” peptides); thus, this presentation does not
produce any immune activity (although this can go awry in
autoimmune diseases). If the cell begins to manufacture a
foreign protein, for example as a result of viral infection, the
internal manufacturing process will lead to the display of
foreign peptide sequences on the cell surface via MHC-I
molecules [37]. The non-self proteins are then available for
recognition by roving immune cells, which should kill those
infected somatic cells, degrading their contents for APC
accumulation and display. Because cancer cells undergo
mutation, they tend to manufacture abnormal proteins that
can be presented on their surface via MHC-I molecules
similarly to viral peptides. This presentation might be a chief
basis for immune surveillance involving innate immune cells
and T cells, in the manner described above.

T-cell-mediated target recognition and killing involves
several steps. APCs that accumulate “non-self” antigens will
present these antigens to T cells present in tissue-draining
lymph nodes. T cellsthat recognize the antigen will be activated
and exit the lymph node; during transit to the site of the
abnormal cell, the activated T cell manufactures several new
proteins for release (Fig. 4). One protein, perforin, causes
fenestrations, or holes, in the cell membrane of the target cell
on its recognition by the T cell [38-41]. Another protein,
granzyme B, can then enter the cell and trigger cell suicide by
apoptosis. Finally, a third protein termed Fas ligand (FasL) can
be displayed on the T cell or secreted by it, binding to a cell
suicide-inducing receptor called Fas that is expressed by all cell

www.TheOncologist.com
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Figure 4. Maturation of a cytotoxic T cell. Cytotoxic T cells are
activated as outlined in Figure 3. Once activated, the T cells leave
the lymph node and are attracted by cytokines and chemokines
released by the innate immune cells at the tumor site. During the
transit time, specific series of protein production are started.
These proteins (perforin, granzyme B, and Fas ligand) are available
to kill the cancer cell. Perforin causes fenestrations (windows)
within the cancer cell membrane, allowing entry of granzyme B
and Fas ligand. Granzyme B and Fas ligand induce apoptosis via
two different mechanisms leading to cancer cell death.

Abbreviations: MHC, major histocompatibility complex; TCR,
T-cell receptor surface complex.

types, including many cancer cells. The combination of fenestration
with signals leading to complementary mechanisms of apopto-
sis triggering will effectively kill the target cell (Fig. 4).

Helper T cells support this process by secreting a variety of
different cytokines, especially interferon-y and interleukin-2,
that help stimulate cytotoxic T-cell function and other
elements of the local immune reaction. This process can be
balanced by the action of T4 cells, which suppress cytotoxic
reactions and thereby limit immune responses to the target
cell.Tg cell functionis often overactivatedin cancer, inwhich it
can be a dominant driver of immune escape.

After the clearance of the antigenic stimulus on altered
host somatic cells, these expanded specific and activated Band
T cells begin to regress, returning the clone size to a few
dedicated memory cells. In the event of re-exposure to the
same antigens, theimmune system will react quickly, and often
the host will not experience symptoms; the goal of generating
immune memory is the reason for booster vaccination
injections. Some cancer immunologists have argued that the
generation of adaptive immune memory might be essential for
effective long-term immune surveillance, not only in normal
individuals, but also in patients with cancer who have achieved
long-term remission after therapy.

For the immune system to attack cancer cells, the
production of abnormal proteins in the cancer cell must be
recognized by binding to innate immune cells and/or the
specific rearranged B- and T-cell receptors. Before their
neoplastic transformation, low-grade cancer cells had been
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considered “self” by the hostimmune system.Thus, atan early
point in cancer evolution, specific abnormalities in protein
synthesis must be recognized to provoke animmune response.
These altered proteins are often oncogenes that can unleash
unrestrained growth [42]. For example, mutations in receptor
tyrosine kinase pathways have been identified to drive
continued cell growth. These abnormal proteins (mutated
enzymes within the cancer cells) will be expressed on the
cancer cell surface via MHC-I molecules. However, because
their structural alteration could be subtle—perhaps affecting
only a single amino acid—they might or might not be suf-
ficiently different from normal proteins or peptides to be
recognized as abnormal by the roving immune cells.

In principle, the action of an immune cell in lysing a single
cancer cell and distributing its contents systemically within the
host could be enough to allow the cancer antigens to become
available to B and T cells within a local tissue-draining lymph
node. Antibodies produced by specifically activated B cells can
attach tothe cancer cells, killing them directly viacomplement-
mediated lysis or indirectly by antibody-dependent cellular
cytotoxicity. Cancer cell antigens can be cross-presented by
APCs to T cells, which also become activated in the lymph
nodes. Previous release of cytokines and chemokines by the
innate immune system cells, which had previously arrived,
draws the T cells toward tumor cells. Thus, by this sequence of
events, abnormal proteins presented by a cancer cell via the
MHC-I could effectively signal its immune eradication (Fig. 5).

CANCER REvoLuTIiON NoT EVOLUTION

Charles Darwin first proposed the evolution of species [43].
These same principles appear to hold true for cancer cells,
except more in the manner of a revolt (revolution) than an
evolution. A prevailing model for cancer etiology is that errors
in DNA replication lead to mistakes in gene sequences
(mutations) that read outinto the transcription and translation
processes, changing cell function and character. At least some
of these errors will be presented on the cancer cell surface via
MHC class | molecules and lead to the cancer cell being
identified as abnormal by the immune system, leading to the
cell’s death; therefore, the mutated trait will not be passed on.
In contrast, cells that sustain gene mutations that can elude the
immune system might not be recognized as foreign and would
be able to evolve in more insidious directions. The application
of evolutionary principles to cancer research could have special
relevance for the considerations of immunoediting, in which
the nature of the parry and thrust of the tumor with the
immune system presents a dynamic battle, one that can play
out over many years in occult, dormant lesions that might or
might not ever progress through immune escape to frank
cancer.

IMMUNE ESCAPE MECHANISMS AND

THERAPEUTIC INTERVENTION

If one cancer cell has genetic changes that allow it to avoid or
withstand the killing processes by normal immune cells, it can
survive, and its progeny, with this inherited survival trait in the
mutated DNA, will continue to grow and thrive. The ability to
signal the immune system to slow down immune reactions
or stop them completely has been recognized as a com-
mon development in cancer [43]. Such uncanny processes of
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immune escape might represent the revolution of one cell in
acquiring one or more mechanisms that can switch off or
suppress the immune reaction in its vicinity. This characteristic
of slowing or stopping immune cell reactions might be one of
the most important characteristics for a cancer to develop,
grow, metastasize, and eventually kill patients. Understanding
these immune inhibitory processes is crucial to understanding
how cancers escape the normal immune system. To unleash
the latent power of the immune system in a patient with
cancer, it will be important to both boost natural cancer-killing
capabilities but also degrade immune inhibitory processes.The
first four immune therapies to be approved by the Food
and Drug Administration (FDA), described in more detail
below, represent the initial steps to boost T-cell cancer-killing
capabilities.

T-CELL MATURATION AND RECEPTOR ACTIVATION
Chemical substances elaborated directly from the cancer cells
or stimulated from the cancer through the surrounding tissues
can cause dendritic and cytotoxic T cells to become slow-
reacting or nonreactive against the tumor cells within the
vicinity. As described above, the mechanism through which
cytotoxic T cells become activated involves the recognition of
cancer cell antigens presented on the dendritic cell, requiring
three essential attachments: specific antigen peptide binding
by the TCR in the context of the MHC; engagement of MHC
molecules by CD8 or CD4 molecules on the T cell; and
generation of a positive coregulatory signal provided by
binding of CD80 (B7) to CD28. The strength of this affinity is
essential to no, partial, or near-full activation of the Teffector
cell. Full activation of cytolytic T-cell function also involves
T-cell help through binding the same dendritic cell via MHC-
class Il (Fig. 3).

Once activated, the T cell exits the lymph node and moves
to the site of the abnormal cancerous cell by surveillance or is
attracted by the innate immune cells and elaboration of
cytokines, chemokines, and other molecules. During this
transit from the lymph node to the cancersite, the T cell begins
to transcribe and produce CTLA-4 and PD-1, which are then
expressed on the T-cell surface. These are accumulated on the
activated T cells as the population expands and moves to the
immune reaction site. By the time a normal infection has been
controlled by the immune system, millions of T cells with
these receptors are present. Importantly, these negative-
acting molecules can begin to suppress the immune response
normally by turning off or suppressing any immune reaction.

SIPULEUCEL-T MECHANISM OF ACTION

As noted above, for cytotoxic T cells to recognize a cancerous
cell as abnormal, the cancer cell must shed abnormal proteins,
or the innate immune system must first locally destroy one or
more of these cells. The abnormal proteins are released and
reach professional APCs, most effectively completed by
dendritic cells, which can internalize the proteins, process
them, and express the segments of protein on their surface
using the MHC-class | and class Il molecules. Only then can
naive cytotoxic T cells be activated when the specific re-
arranged T-cell receptor recognizes the presented protein frag-
ments on the MHC-class | molecules and become activated by
T-cell help binding onto the MHC-class Il molecules (Fig. 3). The
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Figure 5. Theinnate and adaptive immune system coordinated functions to kill cancer cells. The innate immune system can first respond
to abnormal proteins recognized on the cancer cell surface. These cells can kill the cancer cells, allowing many cancer cell antigens to be
shed into the environment, blood, and lymphatic fluid. This can then result in B-cell activation (Fig. 2) and T-cell activation (Figs. 3,4). B cells
produce antibody specific to the processed antigen activated against and shed from the cancer cells. T cells are activated and then release
cytotoxic proteins in the vicinity of the cancer cells. The activated T cells can again bind to the MHC-class | if expressed on the cancer cells
and presenting the antigen recognized by the T-cell receptor to localize the release of the cytotoxic proteins.

Abbreviations: MHC, major histocompatibility complex; NK, natural killer.

dendritic-T-cell association and communication is critical to the
initial formation of specific cytotoxic T cells against the tumor cells.
Dendritic cells need to have access to the abnormal
proteins so they can activate cytotoxic T cells. In many cancers,
this dendritic cell presentation of cancer proteins might not be
sufficient to activate T cells against the cancer. This can be
performed pharmacologically using the patient’s own mono-
nuclear cells, including APCs. In brief, the patient’s cells are
cultured in vitro and treated with prostatic acid phosphatase
(PAP), an antigen present on ~95% of prostate cancers. The
PAP antigen used is a recombinant fusion protein, which
includes the PAP protein fused to granulocyte-macrophage
colony stimulating factor, a powerful innate immune cell
stimulator. The patient’s APCs will internalize the PAP protein
conjugant, process it as usual, and express it via the MHC-l and
-1l [44]. After this exposure and dendritic cell activation, the
dendritic cells activate the T cells present and are all
reintroduced into the patient, where they will travel to the
lymph nodes and interact with T helper cells that recognize the
PAP peptides presented via MHC-class Il and with cytotoxic
T cells via MHC-class I. These additionally activated T cells are
then primed to search for the specific PAP sequences presented
by the indigenous cancer cells in the patient. When discovered,
the T cells will release perforin, granzyme B, and FasL, killing the
cancer cells. This “cellular therapy” is the basis for activated
APCs known as sipuleucel-T (Provenge; Dendreon Corp.).
Inadouble-blind, placebo-controlled, multicenter phaselll
trial, 512 patients were randomly assigned in a 2:1 ratio to
receive either sipuleucel-T (341 patients) or placebo (171
patients) administered intravenously every 2 weeks for a total
of three infusions. In the sipuleucel-T group, the cellular
therapy was well tolerated but demonstrated no significant
declines in PSA level nor improvements in progression-free
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survival. However, a significant relative reduction of 22% was
found in the risk of death (overall survival) compared with the
placebo group (hazard ratio, 0.78; 95% confidence interval [Cl],
0.61-0.98; p = .03). This reduction represented a 4.1-month
improvement in median overall survival (25.8 months in the
sipuleucel-T group vs. 21.7 months in the placebo group). The
36-month survival probability was 31.7% in the sipuleucel-T
group versus 23.0% in the placebo group [1].

IPILIMUMAB MECHANISM OF ACTION
Pharmaceutical antibodies that can bind CTLA-4 can neutralize
the function of CTLA-4 and inhibit normal T-cell binding to a
dendritic cell and result in lower suppression or complete
suppression of that cytotoxic T-cell reaction. Thus, the reactivity
will continue to progress as more and more specific cytotoxic
T cells are activated by dendritic cells, locate the tumor, and
express their cell killing molecules in larger and larger numbers.
Ipilimumab (approved by the U.S. FDA in March 2011) has
been associated with detrimental and potentially fatal adverse
effects owing to T-cell activation and proliferation in the absence
of controlled braking [45, 46]. The anti-CTLA-4 therapy releases
the CTLA-4 brake, not only on T cells that recognize and destroy
the cancer cells, but also on possibly many or all T cells, including
those held in peripheral tolerance by CTLA-4 against tissue so-
matic cells. In relieving the inhibition of these T cells, ipilimumab
can, in essence, produce a graft-versus-host-like disease that
causes significant adverse events in some treated patients.
Patients prescribed ipilimumab can experience a wide
range of adverse events resulting from T-cell overactivity
among or against normal somatic cells. If cross-reactive
adverse events become clinically evident, the medical sce-
nario might resemble the bone marrow transplant syndrome
of graft-versus-host disease. In fact, a risk evaluation and
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mitigation strategy has been created to inform prescribers of
the potential risks associated with ipilimumab. However,
despite its potential for severe side effects, ipilimumab has
prolonged the lives of many patients with melanoma.
According to a melanoma study published in 2010, the median
overall survival was 10.0 months among the patients receiving
ipilimumab plus glycoprotein 100 (GP100), compared with 6.4
months among the patients receiving control GP100 therapy
alone (hazard ratio for death, 0.68; p < .001). The 1-year
survival was 45.6% among patients receiving ipilimumab
compared with 25.3% among patients receiving GP100 alone,
and at 2 years, it was 23.5% versus 13.7% [2]. Recently presented
data of ipilimumab have for the first time demonstrated that
22% of patients were still alive after 3 years. No patients who
survived beyond 7 years died of their disease, at which time
the overall survival rate was 17%. The longest overall survival
follow-upinthe database was reported as 9.9+ years.The data
suggest a survival plateau starting near the 3-year follow-up
point, and it appears that the plateau might continue with a
follow-up period reported near 10 years [47]. By relieving
a powerful inhibitory brake on T cells, ipilimumab has made
a clinically significant advance in the therapy and survival
of patients with melanoma.

Pharmacological blockade of the so-called immune check-
point mechanisms has proved to be a successful strategy
to reverse the inhibitory immune reactions engendered by
tumors, which have achieved immune escape. As the first drug
to bind to CTLA-4 and block the immune checkpoint mecha-
nism, the humanized monoclonal antibody ipilimumab was
approved by the FDA and is now marketed as Yervoy. Cy-
totoxic T-lymphocytes (CTLs) have the ability to destroy
cancerous cells. Ipilimumab blocks the CTLA-4 inhibitory
mechanism (Fig. 6), effectively removing a natural T-cell-
braking mechanism that frees CTLs to destroy cancer cells [2].
In addition to its first use in melanoma, ipilimumab is currently
undergoing clinical trials for treatment of many other solid
tumors [48, 49].

ANTI-PD-1 ANTIBODY MECHANISM OF ACTION

Since the approval of the first T-cell-activating antibody against
CTLA-4, two new anti-PD-1 products, nivolumab (Opdivo,
Bristol-Myers Squibb) and pembrolizumab (Keytruda), have
been approved. These therapies have expanded the thera-
peutic options of what has been called “immune checkpoint”
drugs, because of their ability to target an undesired check
(blockade) to a productive immune response. The drugs are all
monoclonal antibodies against PD-1 on the T cell.

PD-lisexpressed onactivated T cellsanditsligands (PD-L1/
PD-L2) are expressed on the surface of dendritic cells and some
mutated cancer cells [50-53]. The ligands of PD-1, PD-L1, and
PD-L2, have also been recently shown to appear on endothelial
and epithelial cells [54]. When PD-L1 binds to the PD-1 (CD279)
receptor on T cells, an inhibition of T-cell growth occurs that
includesslowing of activation signalsin addition to suppressing
cytokine release.

The immunosuppressive function of PD-1 has been
elucidated as a viable means of intervention within a tumor
environment. Although similar in outcome, the precise
mechanism of relief by PD-1 blocking antibodies is distinct
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Figure 6. The IDO pathway effects to slow the immune response,
anti-CTLA-4 blocks CTLA-4 from binding CD80. When CTLA-4 binds
to CD8O0 (B7), it starts a series of pathway steps. One of these is
activation of the IDO pathway, which converts tryptophan to
kynurenine.The lowering of available tryptophan and elevation of
kynurenine levels slow the immune reaction of the dendritic cell,
T cells, and perhaps other immune system cells. If a cancer cell
increases its internal IDO pathway, by “Darwinian revolution,” it
will produce similar environmental levels of tryptophan and
kynurenine; thus, the environment will tell the immune system to
slow or stop, allowing the cancer cell to grow unchecked.
Treatment with anti-CTLA-4 will stop the binding to CD80 and
allows the T cell to remain activated.
Abbreviations: CTLA-4, cytotoxic T-lymphocyte associated
antigen-4; IDO, indoleamine 2,3-dioxygenase; MHC, major histo-
compatibility complex; TCR, T-cell receptor surface complex.

Activated CD8+ T-Cell

from CTLA-4 targeted antibodies in terms of the T cell [55-57].
Anti-PD-1 blocks the PD1 receptor from binding PD-L1, such
that the T-cell suppression pathway is not available.

In recent months, nivolumab, a PD-1 targeting monoclonal
antibody, has increased overall survival in patients with
metastatic melanoma and advanced squamous cell non-
small-cell lung cancer by 3.2 months compared with docetaxel
[3]. Additionally, the risk of death was 41% lower for patients
treated with nivolumab versus docetaxel. The 1-year survival
rate (42%), response rate (20%), and median progression-free
survival (3.5 months) were all increased with nivolumab
compared with docetaxel (24%, 9%, and 2.8 months, re-
spectively; hazard ratio, 0.59; 95% Cl, 0.44-0.79; p < .001).
Furthermore, nivolumab has significantly decreased grade 3
and 4 treatment-related adverse events from 55% with
docetaxel to 9% with nivolumab. Nivolumab works as a human
IgG4 PD-1 inhibitory antibody that disrupts signaling and contin-
uously activates while administering antitumor activity [3].

In a phase Il study of pembrolizumab, which also targets
PD-1 and promotes normal T-cell function without immuno-
suppression, the estimated 6-month progression-free survival
rates increased from 26.5% with ipilimumab to 47.3% with
pembrolizumab given every 2 weeks and 46.4% when given
every 3 weeks (hazard ratio, 0.58; 95% Cl, 0.46-0.72 and
0.47-0.72, respectively). The estimated 12-month survival rate
also increased to 74.2% with pembrolizumab given every
2 weeks compared with ipilimumab, 58.2% (hazard ratio for
pembrolizumab every 2 weeks, 0.63; 95% Cl, 0.47-0.83; p = .005;
hazard ratio for pembrolizumab every 3 weeks, 0.69; 95%
Cl, 0.52-0.90; p = .0036). Furthermore, the response rate
increased from 11.9% with ipilimumab to 33.7% with
pembrolizumab given every 2 weeks. Concurrently, the rates
of treatment-related adverse events (grade 3-5) decreased
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with administration of pembrolizumab dosed every 2 weeks
(13.3%) compared with ipilimumab (19.9%) [8]. Recently,
pembrolizumab was granted accelerated approval (October 2,
2015) to treat patients with advanced (metastatic) non-small-
cell lung cancer whose disease has progressed after other
treatments and those with tumors that express PD-L1 [9, 10].
Additionally, nivolumab was recent demonstrated to be
superior in overall survival versus docetaxel in a randomized
clinical trial [58] and was approved by the FDA on October 9,
2015 [5].

By ectopic expression of PD-L1, many types of cancer cells
evolve the ability to shroud themselves from the hostimmune
system [59-65]. These studies have also demonstrated that
patients with PD-L1 tumor expression have a poorer prognosis
than PD-L1-negative subjects. This expression is also more
pronounced in advanced-stage cancer than in early-stage
disease, and it might be a marker of tumor aggressiveness (or a
lack of immune killing of the cancer) that confers a poor
prognosis. In a study of patients with breast cancer, PD-L1
expression on tumor cells was significantly associated with
grade 3 histologic type, estrogen and progesterone receptor-
negative tumors, larger tumor size, and HER2-positive status.
Blockade of PD-L1 is sufficient for CD8+ T cells to infiltrate
tumors and induce local immune activation. Additionally,
tumor cell death can occur when the PD-L1/PD-1 interaction is
blocked [66, 67].

CoMBINED ANTI-CTLA-4 AND ANTI-PD-1 SUMMARY

In addition to studies of these agents as monotherapy, for
example, in studies of anti-CTLA-4 [2], clinical trials have also
combined these modalities (e.g., anti-CTLA-4 plus anti-PD-1)
[68]. Work to date has established that these therapeutic
monoclonal antibodies bind CTLA-4 or PD-1 and block their
natural ligand from binding, thereby relieving an extant
immune inhibitory process that permits restoration of the
latent T-cell activation state characteristic of immune surveil-
lance [69, 70].

THE INDOLEAMINE 2,3-DI0XYGENASE PATHWAY
MECHANISM OF IMMUNE EScCAPE

The activation of a specific biochemical pathway has now been
demonstrated in dendritic cells when CTLA-4 binds to CD80
(B7). The immune suppressive pathway activated is medi-
ated by the tryptophan catabolic enzyme indoleamine 2,3-
dioxygenase (IDO) [71, 72].

By CTLA-4 binding to CD80 (B7), T cells signal the dendritic
cell to enter a suppressed state. IDO controls the rate-limiting
step in degradation of the essential amino acid tryptophan in
catalyzing the first step of the biosynthesis of the central
metabolic cofactor nicotinamide adenine dinucleotide. Evi-
dence hasdemonstrated that IDO and the tryptophan pathway
are linked to immune tolerance. More specifically, recent
findings have suggested that IDO is, in fact, overexpressed in
many types of cancers and possibly in APCs within tumor-
draining lymph nodes. Notably, CTLA-4 and IDO appear to act
coordinately in turning off an activated immune reaction, with
IDO mediating an essential downstream signal for CTLA-4
function.

In its normal state, IDO appears to act to protect against an
overactive immune system. The pathway was first discovered
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toinducelocalimmune suppression to avoid destruction of the
fetus in utero, based on immune recognition of “foreign”
paternal antigens [73]. With higher enzymatic activity in the
IDO pathway, tryptophan is decreased and its product,
kynurenine, is increased (Fig. 6) [74]. In a small initial study,
patients with ovarian cancers that did not display increased
IDO levels in the tumor experienced a very high survival rate at
5 years, and those displaying increased IDO levels by tissue
staining appeared to experience much shorter survival [54].

Three IDO pathway inhibitors are presentlyin clinical study.
Two of these drugs are specific inhibitors of the IDO en-
zyme activity itself. The third drug is a simple derivative of
tryptophan (1-methyl-p-tryptophan [1DMT, 1MT] or indox-
imod) with a distinct mechanism of action that remains under
investigation. Indoximod was the first drug to enter clinical
trialsandis currently in phase Il studies of breast, prostate, and
other cancers. The reported experiences with indoximod to
date suggest that therapeutic levels can be attained safely and
that reactivation of the immune system can be documented
with an associated tumor response [75, 76].

Furthermore, recent research has suggested that a close
relative of IDO (IDO1), IDO2 (which lies just downstream of
IDO1 on chromosome 8) might be the crucial element to
immune behavior with regard to cancer immune escape. In a
rheumatoid arthritis inducible mouse model (KRN g7 B6), our
institute has shown that deletion of the IDO2 gene alleviates
arthritis [77]. IDO2 knockout (ko) KRN g7 mice were shown to
have a significant delay in the onset of arthritis and an overall
reduction in the amount of ankle swelling compared with KRN
g7 and IDO1 ko KRN g7 mice. In the same study, deletion of the
IDO2 gene resulted in decreased autoantibody production but
did not affect total antibody titers and antibody response in
arthritic mice. It has also been shown that the reduction of
autoantibodies in IDO2 ko KRN g7 mice is caused by a
decreased T}, cell response. The study concluded thatitis IDO2,
not IDO1, that is crucial to the production of autoantibodies
and autoimmune disease [81]. These data are crucial to
understanding how tumor cells are able to escape the immune
response. By further understanding the mechanisms of self-
recognition and immune evasion, researchers and clinicians
can work together to prolong the lives of patients.

CONCLUSION

Killing tumor cells is within the natural repertoire of the
normal human immune system’s NK and T cells and chemical
elaborations. However, aggressive human cancers, through a
“Darwinian revolution,” are selected by the killing of sensitive
tumor cells via the host immune system and survival of
immune-resistant cancer cells that have undergone the
Darwinian revolt. The ability of these cells to escape “normal”
immune killing activities might be a major cause of progressive
malignancy in humans, leading to clonal expansion, metasta-
ses, and eventual patient death. In re-engaging the immune
system to stage a counter-revolution of sorts, sipuleucel-T,
ipilimumab, nivolumab, and pembrolizumab have demon-
strated significant statistical and clinical improvement in
overall survival of patients with prostate cancer, melanoma,
and lung cancer. Specific IDO and general IDO pathway
inhibitors might offer small molecule strategies to further
leverage efforts to relieve immune inhibition in the tumor,
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reviving latent T-cell activity that might restore a semblance of
immune surveillance, particularly in combination with che-
motherapy, radiotherapy, and immunostimulatory immuno-
therapies. As these immune checkpoint therapies move
toward further approvals and wider applications, physicians
might see new options for patients with otherwise terminal

Messerschmidt
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cancers. Although new classes of immunotherapy to enliven
T cells in patients with cancer will not offer a new method to

directly attack tumor cells, they might prove to be highly
effective through their ability to restore the patient’s intrinsic
immune capacities, further opening a new therapeutic frontin

the clinical management of cancer.
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