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Why Do We Have Cancer?

Cancer is a cellular disease resulting from the uncontrolled growth of tumor cells.
A massive amount of tumor cells accumulate in one or more parts of the body or
spread throughout the blood. Documentation of human cancer can be found in lit-
erature dating as far back as 3,000 years ago in Egypt, and the search for the cause
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never comes to an end. While inheritance and environmental factors (ultraviolet
radiation, pollution, etc.) are attributed as major causes of human cancer, a recent
report pointed out that random errors in replication of genetic materials (genome)
in our bodies seem to play a key role in cancer generation (Tomasetti et al. 2017).
Once a genomic error happens, its consequence may or may not be harmful to our
bodies and the cells harboring the error. The error or mutation (changes) in the
genome can cause a normal cell to become a tumor cell. These errors in the genome
are responsible for two-thirds of the mutations in human cancers (Greenman et al.
2007). In its early stages, a cancer cell does not look so different from other normal
cells, yet they may behave differently, such as continuing to proliferate (divide) and
consuming extra nutrients (higher metabolism). Contrary to normal cells, cancer
cells have lost control over their proliferation; nothing can stop them until they take
over the whole body. Since the errors that happen in our genome are random, most
of our cancers may not be predictable or realistically preventable at the genetic
level. However, not all mutations or errors in our cells will lead to cancer. We have
both internal- and external-checking systems to monitor what happens to the cells
in our bodies. If all these checking systems fail, tumor cells will proliferate and
take control—the disease spreads throughout the body, eventually resulting in
death if not treated.

The internal-checking system consists mainly of tumor suppressor genes that
suppress the development and growth of mutant cells in a process called “pro-
grammed cell death.” In this process, some enzymes will be activated to cut the
genetic material of cells into small fragments that will stop the proliferation and
survival of the cells. Basically, our cells are programmed to die if they detect any
mutations within their genes that they cannot correct. If the tumor cells escape this
internal check, they will face an external check that is mediated by the immune
system. Our immune system has developed the ability to check for tiny changes in
cells. Immune cells have very specific “eyes” to identify any subtle changes in
nearby cells. The “eyes” of immune cells are receptors that function to detect very
specific changes in our cells and will activate our immune cells accordingly.
Usually, these changes are in the proteins (structure and function molecules)
expressed by tumor cells. Cancer cells usually harbor many altered and abnormal
proteins due to errors in the genome coding the proteins, or due to uncontrolled
production of some proteins that should have been shut down when cells matured
past their early stages. Certain environmental factors may also cause damage in the
genome that results in the production of altered proteins. When our immune cells
detect these altered proteins on the surfaces of the tumor cells, they will recognize
them, become activated, and eventually destroy the tumor cells. As long as our
immune system can recognize these changes inside any cancer cells, the cancer
cells cannot accumulate and develop into a disease. Therefore, cancer is ultimately
a disease caused by unlimited growth of tumor cells that escaped the attack of the
immune system.
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How Does the Immune System Protect Us from Cancer?

Many of us have tumor cells in our bodies, but most of us do not develop cancer as
a disease. Our immune system prevents spontaneously generated tumor cells from
developing into cancers. This phenomenon has been reproduced in animal models
and has prompted a theory of “immune surveillance.” There are four pieces of
evidence that support this theory that the immune system indeed responds to cancer.
First, humans with genetic defects in their immune systems tend to have a higher
incidence of cancer than those whose immune systems are intact. Second, humans
who have their immune systems suppressed by medicine in order to avoid rejection
of transplants have higher cancer generation than people with normal immune
function. Third, some cancer patients have “paraneoplastic syndromes” that are
caused by the immune system’s response to a cancer. For example, patients with
lung cancer may develop disorders in the central nervous system (CNS) due to
immune responses to certain proteins shared by CNS and lung cancers. It is further
proof that internal immune responses to tumors are present as they can even begin
to attack the normal tissues that share the same proteins with tumors. Last but not
least, immunotherapy has been used to treat some human cancers in recent years.
Immunotherapy regimens do not directly kill tumor cells but boost the immune
system to find and destroy cancer cells. The success of this therapy provides direct
evidence that we have pre-existing immune responses to cancer in our body, but at
times they do not function as well as they should. However, once we give them a
boost, they will do a great job in attacking cancer.

Two Types of Immune Responses

The two types of immune responses differ in their specificity of recognition and
speed of response. One is called the innate immune response, in which innate
immune cells lack precise specificity in recognition of their targets but have a rapid
response to them. Macrophages (large eater cells) and natural killer (NK) cells are
the main innate immune cells. They recognize their targets based on the
general patterns of molecules expressed by target cells or pathogens.

The second response is called the adaptive immune response. Adaptive immune
cells have a very restricted specificity in recognition of their targets, but usually
have a delayed response to their targets because they need more time to divide and
produce attacking molecules. There are two major sub-populations of adaptive
immune cells: T cells and B cells, also called T lymphocytes and B lymphocytes
(since they were originally identified in lymph nodes). The “T” in T cells means that
these cells develop in the thymus, and the “B” in B cells means they develop in bone
marrow. They recognize their target cells or pathogens using receptors (eyes) that
are designed only for a very specific antigen. An antigen is a protein molecule or any
substance capable of inducing an immune response that produces antibodies
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(antigen-binding proteins) or attacking molecules. As this specificity is so detailed,
T cells or B cells can recognize any tiny changes in a protein molecule. In order to
recognize any potentially changed proteins or pathogens, our bodies have been
bestowed with 300 billion T cells and 3 billion B cells. Normally we only have a few
T cells for each single antigen in our bodies, but we can have thousands of them
once they are activated by antigen stimulation and undergo expansion (proliferation).
Although we cannot see the expansion of T cells, we can feel them. When you feel
enlarged lymph nodes in your body after infection, these signs usually tell you that
millions of immune cells proliferated.

Innate Immunity to Cancer

As we learned above, the innate immune response is fast, but not restricted to spe-
cific antigens. It is still unclear how innate immune cells recognize tumor cells, but
they do have the ability to kill tumor cells once they are activated by environmental
cues. Macrophages and NK cells are the two major types of innate immune cells
that can attack tumors. There are other innate immune cells that do not directly kill
tumor cells, but can present proteins expressed by tumor cells to other immune cells
to instruct them to target these tumors. For example, dendritic cells (DCs) are innate
immune cells that can present tumor proteins to adaptive immune cells (like T cells)
and help activate T-cell responses; thus, the dendritic cells act as a “bridge” between
the innate immune system and the adaptive immune.

Macrophages are big eater cells. Macrophages are present within most tissues of
our body in order to clean up dead cells and pathogens. Once activated by
environmental cues (like materials released from bacteria, viruses, or dead cells),
macrophages infiltrate deep into tumor tissues and destroy cells via production of
toxic oxygen derivatives (reactive O, intermediates) and tumor necrosis factor
(TNF), or they directly eat the tumor cells (known as phagocytosis). In order to
escape being eaten by macrophages, some tumor cells express “don’t eat me” signal
molecules to fool macrophages and escape them. Recently, reagents have been
developed to block the “don’t eat me” molecules on tumor cells. An example of a
“don’t eat me” molecule is CD47. CD47 on tumor cells interacts with signal-
regulatory protein alpha (SIRP-a), an inhibitory receptor present on macrophages.
Since engagement of CD47 with SIRP-a inhibits macrophage phagocytosis,
blocking CD47 may enhance the “eating” of tumor cells by macrophages (Tseng
et al. 2013). Thus, macrophages are “tumor” eater cells, but tumor cells can find a
way to escape them. Recently, some drugs (e.g., CD47 antibody) that can help
macrophages to eat tumor cells have been tested in clinical trials.

NK cells are circulating immune cells in our blood system and are believed to
serve as the earliest defense against blood-borne metastatic tumor cells. In order for
tumor cells to be recognized by NK cells, there must be something that distinguishes
them from normal cells—such as expressing something abnormal and/or failing to
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express something normal. NK cells are called natural killers because they do not
need to be “coached” to see very specific antigens for their activation. They respond
to their target cells by searching whether something is “missing” on the cell surface.
In this regard, NK cells help us clean out many cancer cells in very early stages or
those cancer cells circulating in our blood where we have plenty of NK cells.
Patients with metastases have abnormal NK activity, and low NK levels are
predictive of eventual metastasis. Recent studies suggest that some NK cells have a
“memory” capability to recognize certain tumors or pathogens. However, there are
limitations in NK cell-mediated antitumor immunity. First, only tumor cells with
“missing” markers can be detected by NK cells. Second, there are a limited number
of NK cells present in the bloodstream, as only 10% of lymphocytes are NK cells.
In addition, tumor cells can avoid NK cell attacks by expressing immune suppressive
molecules to inhibit NK cell function, in a manner similar to how they can avoid
getting eaten by macrophages. To improve NK cell function, a cytokine called
interleukine-2 has been used to activate NK cells for expansion.

Adaptive Immunity to Cancer

In contrast to innate immunity, the adaptive response is slower, specific to certain
antigens, and has memory (can provide life-long protection). Since adaptive immune
cells can remember antigens from their first encounter, they can respond to antigens
much faster when they encounter the same antigens again. This process is called
“immune memory” and is the foundation of protective immunization. The eyes of
adaptive immune cells are “near sighted.” They need a very close cell-to-cell contact
to clearly and specifically “see’ their antigen on the target cells. In order to remember
their target antigens, adaptive immune cells need professional antigen-presenting
cells (APCs) to “teach” them how to see and how to respond. Dendritic cells are
professional APCs. Dendritic cells are called “dendritic” because they have dendrites
(branches) that extend to surrounding tissues to catch proteins released from
pathogens or tumors, but they cannot eat whole cells like macrophages. Once they
catch proteins (antigens), they will “eat” (phagocytosis) and “digest” them using
enzymes (degradation), and then “present” them in an antigen-presenting structure
on their surfaces. The antigen-presenting structure is called the major
histocompatibility complex (MHC) that is a set of cell surface protein complexes
that contain a “pocket” in order to hold an antigen. The main function of MHC is to
display antigens on the cell surface for recognition by the appropriate T cells
(Fig. 1.1). Thus, the MHC is like a gauge indicating whether there are tumor antigens
within a cell to which the immune response will be turned on to them.

There are two types of adaptive immunity: cellular (T-cell) and humoral (B-cell)
immunity. T cells consist of CD8 and CD4 T cells. CD8 T cells are also called cyto-
toxic T lymphocytes (CTLs). They are the primary killers of tumor cells because
they can distinguish cancer cells from normal cellsand directly destroy cancer cells.
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MHC Il x TCR
Antigen

(e.g. tumor
protein)

CDAT cells

(e.g. tumor

protein)
CD8 T cells

Fig. 1.1 Tumor antigen can be presented to CD4 T cells through the major histocompatibility
complex II (MHC II) or to CD8 T cells through MHC I in order to activate T-cell receptors (TCRs)

CTLs kill cancer cells via a quick yet well controlled cell-to-cell contact process.
They start by digging a hole in the cancer cells and inject enzymes that can dissolve
their inner materials. Some injected enzymes can cut the genetic materials into very
small pieces leaving the cancer cells to die in a manner known as apoptosis (a Greek
word meaning falling apart). As for CD4 T cells, their major function is producing
soluble proteins called cytokines. These cytokines are messages sent by CD4 T cells
to regulate or help the function of other immune cells during an immune response.
Some cytokines are called interleukins (ILs), because they deliver messages between
leukocytes (white blood cells). CD4 T cells that use these messages to help other
immune cells are called T helper cells (Th). We have several types of T helper cells
according to their different production of cytokines (Th1, Th2, Th17, etc.). Among
them, Th1 cells play a key role in suppressing tumor growth because they produce
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a cytokine called interferon (IFN)-gamma that can inhibit the growth of tumor cells.
Some CD4 T cells also have a cytotoxic function like CTLs in killing of tumor cells.

In order to kill tumor cells but not normal cells, T cells need to specifically dis-
tinguish tumor cells from normal cells. They can do this because tumor cells, unlike
normal cells, express unique tumor antigens that can induce T-cell responses. It took
a long time for people to discover tumor antigens because they are embedded in
MHC:s, rather than standing alone on the cell surface as people originally perceived.
Dr. Boon and his colleagues discovered the first human cancer antigen in melanoma
(van der Bruggen et al. 1991). They found a way to “flush out” the small protein
fragments (called peptides) that are embedded in a pocket of MHC. There are two
classes of MHC:s: class I and class II. The class I MHCs present antigens to CD8 T
cells, and the class II MHCs present antigens to CD4 T cells. Class I MHC mole-
cules are expressed by almost every cell in humans, while class I MHC molecules
are restricted to certain immune cells like macrophages and lymphocytes. The anti-
gen peptides presented in MHC are recognized by T-cell receptors (TCRs) expressed
by T cells. TCR is very specific for each tumor antigen peptide in a particular
MHC. A T cell only expresses one type of TCR and can only recognize one type of
antigen.

Unlike T cells, B cells do not kill tumor cells directly, but produce antibodies as
their attack molecules. Their antibodies function like “catchers” that can grasp their
target antigens. There are five classes of antibodies: IgG, IgM, IgA, IgD, and IgE,
based on their different chemical structures and functions. IgG is the major antibody
type that crosses the placenta to provide protection for the baby. IgM is the largest
antibody in our bodies. IgA can be released to our intestines to control infections in
our digestion system. IgE is the major antibody to control parasites but also causes
allergies. IgD functions like a receptor for the activation of B cells. Each antibody
can only bind to one antigen. Once antibodies bind to antigens, they either block the
function of their target molecules or direct other immune cells (like macrophages
and NK cells) to kill the target cells that express the antigens, a process called
antibody-dependent cell-mediated cytotoxicity (ADCC). ADCC plays a key role in
the treatment of human cancers, especially cancer cells in the blood.

The Efficiency of the Inmune System: The Power of Diversity

Since an immune (T or B) cell only can recognize a tiny part of an antigen and only
a few cells have this specificity, the efficiency of the immune system in responses to
any altered proteins or pathogens can be very low. To increase efficiency but not
compromise specificity, diversity is granted to the immune system. This diversity is
achieved at the genetic level in order to produce a battery of different kinds of
receptors or antibodies for recognizing different antigens, and different MHC for
presenting different antigens. Based on the gene arrangements that generate the
diversity of MHC in a single cell, one cell can express at least 12 different MHCs
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that present at least 12 kinds of different epitopes of an antigen. An epitope is the
smallest portion of an antigen protein that can be recorgnized by T cells. For exam-
ple, if a pathogen virus infected a host cell, this host cell can present 12 kinds of
epitopes of a viral protein. Accordingly, there will be at least 12 kinds of T cells that
express receptors for each antigen epitope and will be able to recognize the viral
antigens of the infected cells and destroy them in order to stop infection. In the case
of tumor cells, if a tumor cell has two tumor antigens, the tumor cell can present at
least 24 kinds of epitopes and will stimulate 24 kinds of T cells. Since only one T
cell is enough to kill one tumor cell, if we have 12 or 24 kinds of T cells in place,
we will have more than enough T cells to kill the tumor cells. Therefore, the diver-
sity of our immune system is a crucial mechanism in protection and elegantly bal-
ances the specificity of each immune cell.

Why Does the Immune System Fail to Control Cancer Cells?

If the immune system has the ability to protect us from cancer, why do some of us
develop cancer as a disease? It has been observed that in many patients, cancer cells
are surrounded by immune cells in tissues or co-exist with tumor-reactive immune
cells in the peripheral blood. Despite this, their cancer continues to progress and
spread all over the body. We have a name for this enigma: the Hellstrom paradox,
after Ingegerd and Karl Erik Hellstrom, two immunologists who first described this
paradox more than 50 years ago (Hellstrom et al. 1968). In the last few decades,
many efforts have been made to tip the balance in favor of the immune system based
on the assumption that there are not enough immune cells to keep the cancer cells in
bay. Most recently, we realized that even if there are plenty of immune cells capable
of killing cancer cells, these immune cells can be killed or suppressed by cancer
cells at tumor sites. The fight back from cancer cells is so powerful that many tumor
vaccine therapies and T-cell transfer therapies failed to control cancer due to the
barriers built up in the tumor sites. The discovery of B7-H1 (also named PD-L1)
expressed by human tumor cells opened a door for us in our understanding of how
tumor cells escape immune surveillance (Dong et al. 2002). PD-L1/B7-HI is used
by cancer cells to disarm the immune system and blocking of PD-L1 restores the
antitumor function of immune cells (Dong and Chen 2003; Iwai et al. 2002). PD-L1
and other immune regulatory molecules (CTLA-4, PD-1, B7-DC/PD-L2, etc.) are
collectively called “immune checkpoint molecules” as they function as barriers for
restraining immune responses. Accordingly, immune checkpoint blockade therapy
is applied to restore the function of tumor-reactive immune cells by lifting the
checkpoint barriers (Pardoll 2012; Korman et al. 2006). The success of immune
checkpoint blockade therapy also tells us that the suppression put on the immune
system is reversible as long as we have the right tool to do so. In the following
sections, you will learn how the immune system is regulated, how cancer cells usurp
the self-protection mechanism for their own safety from immune cells, and novel
strategies in the treatment of cancer based on new discoveries.
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The Checks and Balances on the Immune System

While the diversity of our immune system protects us from pathogen infections or
cancer cells, it also mounts a great risk for us to be attacked by our own immune
system if this system goes out of control and responds to any changes identified in
our bodies. To avoid the overreaction of our immune system, a battery of checkpoint
molecules is put in place to check and balance our immune responses.

Immune cell activation means a status of immune cells where they proliferate
more and produce molecules that affect the fate of targeted cells. However, it is not
an easy job to activate immune cells. Only specific antigens trigger the receptors of
immune cells, and these specific antigens function like a specific key that is used to
turn on the engine of a car. Antigen stimulation alone usually is not able to activate
T cells, just like a car cannot move faster when only the engine is turned on. To have
the car move faster, we need to press down the accelerator pedal in order to inject
more gasoline into the engine. The accelerators of immune cells are called
co-stimulatory signals. Immune cells need co-stimulatory signals to become fully
activated. For safety, we also need a brake system to control the speed or movement
of a car. The brake system on immune cells is called immune checkpoint molecules.
When we are driving a car, we frequently use both the gas pedal and the foot brake
to balance the speed according to surrounding situations in order to have a smooth
and safe drive to our destination. During a process of immune responses, immune
cells also need to consistently receive both co-stimulatory and checkpoint signals in
order to work specifically and efficiently in places where they are eliminating
infected cells or cancer cells.

Mechanisms Used by Tumor Cells to Escape Immune Attack

First of all, cancer cells do their best to hide from the detection of the immune sys-
tem. Since tumor antigens presented by MHC can reveal their identity to the
immune system, most of the time, tumor cells turn down or even turn off their pre-
sentation of tumor antigens by downregulation of MHC (antigen-presenting com-
plex) expression or production of tumor antigens. Tumor cells accumulate many
mutations in their MHC molecules that prevent them from being appropriately
expressed, thus dampening the ability of MHC to present tumor antigens. In addi-
tion to MHC, tumor cells may also turn off the machines that can produce tumor
antigens inside cells.

Tumor cells also take the advantage of the brakes in the immune system. Tumor
cells express immune checkpoint molecules to actively turn down the immune
responses against them. One important molecule is called B7-H1, which was
discovered at Mayo Clinic in 1998 (Dong et al. 1999). B7-H1 was renamed PD-L1 in
2000 because it was found to be a ligand (binder) of PD-1 (Freeman et al. 2000).
PD-1 is another important molecule of the immune system that was discovered in
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1992 (Ishida et al. 1992). PD-L1 is expressed by most human solid cancer cells
(Dong et al. 2002). When activated immune cells that express PD-1 come to tumor
sites and get closer to tumor cells, their PD-1 will be engaged by the PD-L1
expressed by tumor cells. Once engaged, PD-1 transmits signals into those immune
cells that will cause them to either die or lose their immune function (Dong et al.
2002; Iwai et al. 2002). That is where PD-1 gets its name from—programmed
death-1 molecule.

Therefore, it is no surprise that high expression of PD-L1 predicts poor survivor-
ship of patients with renal cell carcinoma, lung cancer, ovarian cancers, and some
other cancers (Thompson et al. 2006). By extension, therapeutically targeting the
interaction of PD-1 and PD-L1 using antibodies that block this contact will be able
to restore the antitumor function of immune cells. Recently, the US Food and Drug
Administration (FDA) approved two anti-PD-1 drugs and three anti-PD-L1 drugs in
the treatment of several human cancers. Of note, all these drugs are antibodies spe-
cific for PD-1 or PD-L1. Once these antibodies are injected into the blood of cancer
patients, they will find their target molecules PD-1 on T cells or PD-L1 on tumor
cells and bind to them. Once these molecules are bound by appropriate antibodies,
the interaction of PD-1 and PD-L1 will be blocked, and tumor cells cannot use
PD-L1 to engage PD-1 and suppress T cells that are capable of killing them
(Fig. 1.2).

Before immune cells travel to tumor sites, their function is also regulated at
lymph nodes that are close to tumor sites. Another immune checkpoint molecule
called CTLA-4 (cytotoxic T lymphocyte antigen-4) is expressed by activated T
cells. CTLA-4 provides negative feedback signals for T-cell activation. To release
the regulation of immune cells at lymph nodes and promote their potential antitumor
function, CTLA-4 blocking antibodies became the first regimen in cancer immune
checkpoint blockade therapy (Leach et al. 1996). CTLA-4 not only regulates tumor-
reactive immune cells, but also self-reactive immune cells in the lymph nodes.
Thus, a global blockade of CTLA-4 has the risk in increasing autoimmune responses,
some of which could be fatal. Caution should be exercised in monitoring patient
responses to immune checkpoint blockade therapy, either PD-1/PD-L1 or CTLA-4,
to avoid and prevent potential risks of autoimmune responses, which are called self-
toxic effects.

In addition to these immune checkpoint molecules, tumor cells invite their
“friends” to help them escape immune attacks. They attract myeloid-derived
suppressor cells (MDSCs) to help them turn down the activation of immune cells
within tumor sites or lymph nodes near the tumor tissues. MDSCs are bone marrow
cells in the process of becoming antigen-presenting cells, but their normal
development process is disrupted by tumor cells that recruit them to suppress
antitumor immunity (Bunt et al. 2006). Lymph nodes and tumor sites contain
another type of immune cells called regulatory T cells (Treg), which also help
tumors by dampening immune responses (Curiel et al. 2004; Casares et al. 2003).
Treg cells have the ability to inhibit the antitumor function of tumor-reactive
immune cells by competing for their nutrition or reducing T-cell activation.
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Fig. 1.2 (a) Tumor cells that express programmed death ligand 1 (PD-L1) activate the pro-
grammed death receptor 1 (PD-1) to inhibit T-cell function and cause T cells to die. (b) Antibodies
that target PD-L1 or PD-1 can be used to stop tumor cells from suppressing T cells, allowing T
cells to be reactivated to fight the cancer

Tumor cells can actively release soluble molecules to create an environment that
is harsh to immune cells. They produce VEGF (vascular endothelial growth factor)
not only to promote blood supply for themselves, but also to suppress the function
of antigen-presenting cells (dendritic cells) and avoid having their identity exposed
to the immune system. They also release cytokines (TGF-beta, IL-10, etc.) that
directly inhibit the activation or function of immune cells. As we know, immune
cells require a significant amount of energy to do their job, and to interfere with this
an enzyme called indoleamine 2,3-dioxygenase (IDO) is produced in tumor tissues.
This enzyme helps tumor cells use most of the essential amino acid tryptophan in
the tumor environments, thus dramatically reducing the levels of tryptophan, which
is a critical “food” for immune cells. When immune cells are starved of tryptophan,
they lose their ability to fight cancer cells. To prevent that happening, drugs that
block the function of IDO have been tested as cancer immunotherapy agents
(Friberg et al. 2002).
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Strategies to Harness the Immune System to Fight Cancer
Cells

Cancer immunotherapy works through the immune system to control cancer; there-
fore, its direct target is the immune cells rather than the tumor cells. Cancer immu-
notherapy is aimed at restoring or enhancing the capability of immune cells to
recognize and destroy cancer cells, and the therapeutic effects will be determined by
the extent to which the immune cells eliminate tumor cells. While it is unreasonable
to expect the immune system to deal with large tumor masses, reducing the tumor
burden seems to increase the chance of success of immunotherapy. The ideal
scenario is that sufficient numbers of tumor-reactive T cells (with “highly avid
recognition”) are generated by appropriate tumor-antigen stimulation, and T cells
are able to move to tumor sites where they can destroy cancer cells with cytotoxic
enzyme (granzyme B) or cytokines (TNF-alpha or IFN-gamma). Since PD-L1 (B7-
H1) expressed by tumors suppresses this process (Dong and Chen 2003), PD-L1
blockade is required to improve this antitumor immunity. Successful immunity will
lead to another round of immune response by releasing more tumor antigens through
destruction of tumor cells. This process is called the cancer-immunity cycle (Chen
and Mellman 2013), describing the sequence of events in priming, expansion, and
effector phases of T-cell responses to tumors.

Improving Antigen-Presentation to Prime More Immune Cells

Activation of the immune system to bring therapeutic benefit to cancer patients has
been the subject of more than 100 years of study. Dr. Coley is believed to be the first
physician to perform clinical trials in the treatment of cancer patients using dead
bacteria (Coley 1906). His idea was that a strong immune response triggered by
pathogens that can cure an infection would be able to cure a cancer as well. Thus,
the so-called Coley’s toxin was originally used as a trigger of the immune system to
treat human cancer. Most of his trials failed, but occasionally some of his cancer
patients experienced tumor regression. From his pioneering work on cancer
immunotherapy, immunologists have learned the immuno-stimulatory power of his
“toxin” and dissected its effective components to discover new functions of immune
adjuvants (enhancers). These adjuvants have been tested to help immune responses
to tumor vaccination. For example, the dead bacteria bacille Calmette-Guérin
(BCG) that causes tuberculosis has been successfully used in the treatment of
human bladder cancer. BCG is used to induce inflammatory cytokine production,
therefore increasing efficiency of tumor antigen presentation from dead tumor cells.

Some defined tumor antigens or irradiated tumor cells can be used as vaccines
in combination with certain powerful adjuvants to prevent tumor growth. Most
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human tumor antigens are normal, unmutated proteins that are aberrantly
expressed on tumors. For example, gpl00 and MART-1 tumor antigens are
human melanoma tumor antigens, mainly expressed by melanoma cells rather
than by normal cells. They are real tumor antigens because they can induce an
immune response against the melanoma cells expressing them. However, these
antigens need to be presented to immune cells by professional APCs. This
requirement prompted the study of dendritic cell (DC) therapy using dendritic
cells as APCs to present tumor antigen vaccines. The dendritic cells can be iso-
lated from a patient’s blood, loaded with the tumor antigen, and then re-injected
into patients. Currently DC therapy is a complicated, costly procedure, but could
be streamlined in combination with other immunotherapy. Besides tumor anti-
gen-based vaccine therapy, viruses have been used as a new strategy to treat
human cancers. Viruses that can attack tumor cells and cause them to die are
called oncolytic viruses and have been selected for this treatment. Oncolytic viral
therapy not only directly destroys the infected tumor cells, but also releases
inflammatory mediators and tumor antigens that would further induce immune
responses against the cancer.

Improving Immune Cell Expansion and Differentiation

Following activation by tumor antigens, T cells undergo proliferation either before
or after they enter tumor sites. During this expansion period, they need additional
signals to maintain their proliferation and to gain effector functions. To that purpose
circulating proteins called cytokines provide them with the needed stimulation.
Among them, interleukin 2 (IL-2) is an important factor for T cells to expand and
become effector cells. The drug form of IL-2 (Proleukin®, aldesleukin) has been
approved to treat human melanoma and kidney cancers based on their ability to help
effector T cells to grow. However, the expansion of T cells is negatively controlled
by the regulatory T cells (Treg). Before proliferation, T cells need to be activated.
T-cell activation requires two signals—one is antigen stimulation through T-cell
receptor (TCR), and the other is co-stimulation through CD28. CD28 receives
signals from APCs by binding to B7 molecules expressed by APCs. Treg cells
disrupt the interaction of CD28 and B7 by expressing CTLA-4 molecule because
CTLA-4 has a higher affinity to binding B7 than CD28. Therefore, CTLA-4 can
“out-compete” CD28 for binding and prevent co-stimulatory signals (Fig. 1.3). A
current drug approved by the FDA in the treatment of cancer is ipilimumab (anti-
CTLA-4). As an antibody to CTLA-4, it will block the function of CTLA-4 and
prevent it from competing with CD28, resulting in more T-cell activation and
expansion to fight cancers.
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Fig. 1.3 (a) Antigen-presenting cells (APCs) use B7 to co-stimulate CD28 on T cells and activate
them upon antigen stimulation. (b) Regulatory T cells have CTLA-4, which competes for B7 on
the APCs, reducing the activation of T cells. (¢) A blocking antibody to CTLA-4 can block CTLA-4
and let more B7 to interact with CD28, enhancing T-cell activation
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Protecting Immune Cells from Suppressive Mechanisms
Within Tumor Tissues

As mentioned above, once T cells are activated by antigen stimulation, they express
high levels of PD-1, a receptor for transmitting signals that impede the function of
T cells. While PD-1 expression could be good to prevent damage to healthy tissues
or organs caused by over-activated T cells, PD-1 also restrains the antitumor activity
of T cells. Tumor-reactive T cells tend to express high levels of PD-1 because they
are continually exposed to tumor antigens in the tumor microenvironment. After
such a long time of antigen stimulation, T cells become “exhausted.” The hallmarks
of exhausted T cells are weak function and poor survival. When PD-1 positive T
cells come to tumor sites, their PD-1 will be engaged by PD-L1 expressed by most
cancer cells. PD-L1 is a ligand of PD-1 and functions to induce T-cell death or
reduce the T cell’s ability to kill tumor cells. However, some exhausted T cells can
be invigorated to restore their antitumor function and protected from cell death by
blocking this PD-1/PD-L1 interaction (Gibbons Johnson and Dong 2017).

PD-L1 expression by tumor cells is an important mechanism of tumor immune
evasion (a process tumor cells use to escape immune attacks). One effector mole-
cule produced by T cells to suppress tumor growth is IFN (interferon) gamma that
can directly inhibit the proliferation of tumor cells by impairing their DNA dupli-
cation. Interestingly, yet-to-be killed tumor cells take up a small amount of IFN-
gamma as an inducer of their PD-L1 expression (Dong et al. 2002). This process is
called adaptive resistance of the tumor to cancer immunity, as tumor cells become
resistant to T-cell attacks when tumor cells increase their expression of PD-L1,
which can disarm any T cells that approach (Taube et al. 2014). Not only do tumor
cells express PD-L1, but some immune cells also express this ligand. APCs like
dendritic cells and macrophages are known to express PD-L1. Since APCs play a
key role in T-cell activation, they may use PD-L1 to restrain the degree of T-cell
activation in order to prevent over-activation of T cells (Gibbons Johnson and Dong
2017). While it would be obvious that PD-L.1 expression in human cancers may be
useful in predicting response to PD-1/PD-L1 blockade therapy, patients with
PD-L1 negative cancers have also responded to the same therapy. This suggests
that PD-L1 expressed by host cells may be a therapeutic target similar to the PD-L1
expressed by tumor cells. PD-L2 (also called B7-DC) is another ligand of PD-1
(Tseng et al. 2001; Latchman et al. 2001). PD-L2 is not expressed by most human
cancer cells, but is expressed by dendritic cells that infiltrate tumor tissues. Thus,
PD-L2 expression could also be considered as a marker to evaluate the responsive-
ness to anti-PD-1 therapy. Besides PD-1 and PD-L1/2 pathways, many other
immune checkpoint molecules (B7-H3, B7-H4, VISTA, PD-1H, Tim-3, LAG3,
TIGIT, etc.) have been identified, and the therapeutic effects of blocking them have
been tested in clinical trials (Yao et al. 2013). In the future, a rationalized and indi-
vidualized combination of immune checkpoint blockade therapy could be formu-
lated in one package that would fit individual cancer patients in order to improve
the efficacy and reduce toxicity.
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Adoptive T-Cell Transfer

As T cells are the final tumor killer cells, it has been speculated that injection of
enough T cells into tumor sites would be able to reject tumors or suppress their
growth. Since the early 1980s, T cells isolated from patients’ tumors have been used
to treat melanoma and kidney cancers (Rosenberg 2011). Recent technology allows
us to expand T cells by thousands of times in culture dishes in a week or so. To
increase the tumor-specificity of T cells, T cells are engineered to express receptors
that are specific to tumor antigens present on the surface of tumor cells. These
engineered T cells are called chimeric antigen receptor (CAR)-engineered T cells
(CAR-T cells). Adoptive CAR-T cell transfer has achieved promising therapeutic
effects in the control of some blood cancers. However, CAR-T cell therapy faces
challenges in treatment of solid cancers as the transferred T cells may disappear
rapidly if the tumor burden is large and may cause adverse effects in patients. More
research is underway to improve its efficacy and safety.

Rational Combination in Cancer Therapy

Novel cancer immunotherapies targeting the immune checkpoint pathways have
become a true paradigm shift in the treatment of patients with advanced cancers
(Pardoll 2012), and are now the standard-of-care in seven different cancer types.
However, only a small fraction of patients with solid cancers benefit from these
immunotherapies with durable responses. One hurdle of cancer immunotherapy
could be large tumor burdens. Strategies aimed to reduce tumor burden have the
potential to promote efficacy or overcome resistance to cancer immunotherapy.

Radiation is known to trigger innate immune responses and impair immune sup-
pressive cells. The potential of local radiation has been tested in many preclinical
models to evaluate its ability to promote infiltration of tumor sites with effector T
cells. To turn a local antitumor immune response to a systemic protection, additional
methods are needed. Several clinical trials and preclinical studies have shown that
administration of PD-1 or PD-L1 blockade can cause tumor regression in distant
tumor sites that are not directly irradiated. This phenomenon is called the “abscopal
effect” and suggests that immune cells primed at the irradiated sites would be able
to circulate the whole body and find the same tumor cells and destroy them (Park
etal. 2015). However, the optimal dose of irradiation and the timing of a combination
of immune checkpoint inhibitors should be validated in future clinical trials.

The tumor cell death caused by certain chemotherapy agents provides a good
source for releasing potential tumor-specific antigen proteins. This type of tumor
cell death is called immunogenic cell death (ICD) (Obeid et al. 2007). In this regard,
chemotherapy drugs that cause ICD could be used to “recharge” T cells by providing
more tumor antigens that are released from dead tumor cells. This strategy could be
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very helpful in cancer patients who otherwise do not have spontaneous release of
tumor antigens. Releasing these tumor antigens to activate T cells provides an
opportunity for the addition of immune checkpoint blockade that can further
improve the expansion of activated immune cells. This can help achieve a good
number of activated immune cells to overcome the resistance caused by the
overwhelming numbers of cancer cells. Based on this potential synergy effect, the
FDA recently approved the combined therapy of chemotherapy and immunotherapy
to treat lung cancers.

Prospects of Cancer Immunotherapy

Cancer immunotherapy is a personalized medicine because each patient has his or
her own unique immune responses to cancer. The uniqueness of immune responses
to cancer is not only determined by the diversity and specificity of our immune
system in presentation and recognition of tumor antigens, but also by the
heterogeneity of cancer antigens within each patient. The future of cancer
immunotherapy should be a rational combined therapy that will meet the specific
needs of each patient. While this task is not easy and could be very costly, it is the
goal we should to strive for. To achieve this objective, scientifically we need to
address several fundamental questions in tumor antigen presentation, T-cell function,
and regulatory mechanisms, and clinically we need to address the optimal dose and
sequences of immunotherapy drugs and to define mechanisms of drug resistance.
We also need biomarkers to identify and evaluate the tumor-reactive T-cell responses
in cancer patients in order to predict and monitor patient responses to immunotherapy.

Finally, after reading through all these technical terms and explanations, you
may have a question for me: what can I do to improve my own immunity to cancer?
Although cancer immunologists can give you a list of ways in which to do that, I
would suggest getting enough sleep. While we are waiting for scientific validation
of my answer, I hope you did not doze off when you were reading this chapter. But
if this chapter really helps you sleep, I would love to know that.

References

Bunt, S. K., Sinha, P, Clements, V. K., Leips, J., & Ostrand-Rosenberg, S. (2006). Inflammation
induces myeloid-derived suppressor cells that facilitate tumor progression. Journal of
Immunology, 176(1), 284-290.

Casares, N., Arribillaga, L., Sarobe, P., Dotor, J., Lopez-Diaz de Cerio, A., Melero, 1., Prieto, J.,
Borras-Cuesta, F., & Lasarte, J. J. (2003). CD4+/CD25+ regulatory cells inhibit activation of
tumor-primed CD4+ T cells with IFN-gamma-dependent antiangiogenic activity, as well as
long-lasting tumor immunity elicited by peptide vaccination. Journal of Immunology, 171(11),
5931-5939.

Chen, D. S., & Mellman, 1. (2013). Oncology meets immunology: The cancer-immunity cycle.
Immunity, 39(1), 1-10. https://doi.org/10.1016/j.immuni.2013.07.012.


https://doi.org/10.1016/j.immuni.2013.07.012

18 H. Dong

Coley. (1906). Late results of the treatment of inoperable sarcoma by the mixed toxins of erysip-
elas and bacillus prodigiosus. The American Journal of the Medical Sciences, 131, 375-430.

Curiel, T. J., Coukos, G., Zou, L., Alvarez, X., Cheng, P., Mottram, P., Evdemon-Hogan, M.,
Conejo-Garcia, J. R., Zhang, L., Burow, M., Zhu, Y., Wei, S., Kryczek, 1., Daniel, B., Gordon,
A., Myers, L., Lackner, A., Disis, M. L., Knutson, K. L., Chen, L., & Zou, W. (2004). Specific
recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege and predicts
reduced survival. Nature Medicine, 10(9), 942-949. https://doi.org/10.1038/nm1093.

Dong, H., & Chen, L. (2003). B7-H1 pathway and its role in the evasion of tumor immunity.
Journal of Molecular Medicine, 81(5), 281-287. https://doi.org/10.1007/s00109-003-0430-2.

Dong, H., Strome, S. E., Salomao, D. R., Tamura, H., Hirano, F, Flies, D. B., Roche, P. C., Lu, J.,
Zhu, G., Tamada, K., Lennon, V. A., Celis, E., & Chen, L. (2002). Tumor-associated B7-H1
promotes T-cell apoptosis: A potential mechanism of immune evasion. Nature Medicine, 8(8),
793-800. https://doi.org/10.1038/nm730 nm730 [pii].

Dong, H., Zhu, G., Tamada, K., & Chen, L. (1999). B7-H1, a third member of the B7 family,
co-stimulates T-cell proliferation and interleukin-10 secretion. Nature Medicine, 5(12), 1365—
1369. https://doi.org/10.1038/70932.

Freeman, G. J., Long, A. J., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H., Fitz, L. J.,
Malenkovich, N., Okazaki, T., Byrne, M. C., Horton, H. F,, Fouser, L., Carter, L., Ling, V.,
Bowman, M. R., Carreno, B. M., Collins, M., Wood, C. R., & Honjo, T. (2000). Engagement of
the PD-1 immunoinhibitory receptor by a novel B7 family member leads to negative regulation
of lymphocyte activation. The Journal of Experimental Medicine, 192(7), 1027-1034.

Friberg, M., Jennings, R., Alsarraj, M., Dessureault, S., Cantor, A., Extermann, M., Mellor, A. L.,
Munn, D. H., & Antonia, S. J. (2002). Indoleamine 2,3-dioxygenase contributes to tumor cell
evasion of T cell-mediated rejection. International Journal of Cancer, 101(2), 151-155. https://
doi.org/10.1002/ijc.10645.

Gibbons Johnson, R. M., & Dong, H. (2017). Functional Expression of Programmed Death-
Ligand 1 (B7-H1) by Immune Cells and Tumor Cells. Frontiers in Immunology, 8, 961. https://
doi.org/10.3389/fimmu.2017.00961.

Greenman, C., Stephens, P., Smith, R., Dalgliesh, G. L., Hunter, C., Bignell, G., Davies, H.,
Teague, J., Butler, A., Stevens, C., Edkins, S., O'Meara, S., Vastrik, I., Schmidt, E. E., Avis, T.,
Barthorpe, S., Bhamra, G., Buck, G., Choudhury, B., Clements, J., Cole, J., Dicks, E., Forbes,
S., Gray, K., Halliday, K., Harrison, R., Hills, K., Hinton, J., Jenkinson, A., Jones, D., Menzies,
A., Mironenko, T., Perry, J., Raine, K., Richardson, D., Shepherd, R., Small, A., Tofts, C.,
Varian, J., Webb, T., West, S., Widaa, S., Yates, A., Cahill, D. P., Louis, D. N., Goldstraw, P.,
Nicholson, A. G., Brasseur, F., Looijenga, L., Weber, B. L., Chiew, Y. E., DeFazio, A., Greaves,
M. F, Green, A. R., Campbell, P., Birney, E., Easton, D. F., Chenevix-Trench, G., Tan, M. H.,
Khoo, S. K., Teh, B. T., Yuen, S. T., Leung, S. Y., Wooster, R., Futreal, P. A., & Stratton, M. R.
(2007). Patterns of somatic mutation in human cancer genomes. Nature, 446(7132), 153—158.
https://doi.org/10.1038/nature05610.

Hellstrom, ., Hellstrom, K. E., Pierce, G. E., & Yang, J. P. (1968). Cellular and humoral immunity
to different types of human neoplasms. Nature, 220(5174), 1352—1354.

Ishida, Y., Agata, Y., Shibahara, K., & Honjo, T. (1992). Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death. The EMBO
Journal, 11(11), 3887-3895.

Iwai, Y., Ishida, M., Tanaka, Y., Okazaki, T., Honjo, T., & Minato, N. (2002). Involvement of
PD-L1 on tumor cells in the escape from host immune system and tumor immunotherapy by
PD-L1 blockade. Proceedings of the National Academy of Sciences of the United States of

America, 99(19), 12293-12297. https://doi.org/10.1073/pnas.192461099.

Korman, A. J., Peggs, K. S., & Allison, J. P. (2006). Checkpoint blockade in cancer immunother-
apy. Advances in Immunology, 90, 297-339. https://doi.org/10.1016/S0065-2776(06)90008-X.

Latchman, Y., Wood, C. R., Chernova, T., Chaudhary, D., Borde, M., Chernova, I., Iwai, Y., Long,
A.J., Brown, J. A., Nunes, R., Greenfield, E. A., Bourque, K., Boussiotis, V. A., Carter, L. L.,
Carreno, B. M., Malenkovich, N., Nishimura, H., Okazaki, T., Honjo, T., Sharpe, A. H., &


https://doi.org/10.1038/nm1093
https://doi.org/10.1007/s00109-003-0430-2
https://doi.org/10.1038/nm730 nm730 [pii]
https://doi.org/10.1038/70932
https://doi.org/10.1002/ijc.10645
https://doi.org/10.1002/ijc.10645
https://doi.org/10.3389/fimmu.2017.00961
https://doi.org/10.3389/fimmu.2017.00961
https://doi.org/10.1038/nature05610
https://doi.org/10.1073/pnas.192461099
https://doi.org/10.1016/S0065-2776(06)90008-X

1 The Basic Concepts in Cancer Immunology and Immunotherapy 19

Freeman, G. J. (2001). PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nature
Immunology, 2(3), 261-268. https://doi.org/10.1038/85330.

Leach, D. R., Krummel, M. E,, & Allison, J. P. (1996). Enhancement of antitumor immunity by
CTLA-4 blockade. Science, 271(5256), 1734-1736.

Obeid, M., Tesniere, A., Ghiringhelli, F., Fimia, G. M., Apetoh, L., Perfettini, J. L., Castedo,
M., Mignot, G., Panaretakis, T., Casares, N., Metivier, D., Larochette, N., van Endert, P.,
Ciccosanti, F., Piacentini, M., Zitvogel, L., & Kroemer, G. (2007). Calreticulin exposure dic-
tates the immunogenicity of cancer cell death. Nature Medicine, 13(1), 54-61. https://doi.
org/10.1038/nm1523.

Pardoll, D. M. (2012). The blockade of immune checkpoints in cancer immunotherapy. Nature
Reviews Cancer, 12(4), 252-264. https://doi.org/10.1038/nrc3239.

Park, S. S., Dong, H., Liu, X., Harrington, S. M., Krco, C. J., Grams, M. P, Mansfield, A. S.,
Furutani, K. M., Olivier, K. R., & Kwon, E. D. (2015). PD-1 restrains radiotherapy-induced
abscopal effect. Cancer Immunology Research, 3(6), 610-619. https://doi.org/10.1158/2326-
6066.CIR-14-0138.

Rosenberg, S. A. (2011). Cell transfer immunotherapy for metastatic solid cancer — what clinicians
need to know. Nature Reviews. Clinical Oncology, 8(10), 577-585. https://doi.org/10.1038/
nrclinonc.2011.116.

Taube, J. M., Klein, A. P., Brahmer, J. R., Xu, H., Pan, X., Kim, J. H., Chen, L., Pardoll, D. M.,
Topalian, S. L., & Anders, R. A. (2014). Association of PD-1, PD-1 ligands, and other features
of the tumor immune microenvironment with response to anti-PD-1 therapy. Clinical Cancer
Research. https://doi.org/10.1158/1078-0432.CCR-13-3271

Thompson, R. H., Kuntz, S. M., Leibovich, B. C., Dong, H., Lohse, C. M., Webster, W. S.,
Sengupta, S., Frank, 1., Parker, A. S., Zincke, H., Blute, M. L., Sebo, T. J., Cheville, J. C., &
Kwon, E. D. (2006). Tumor B7-H1 is associated with poor prognosis in renal cell carcinoma
patients with long-term follow-up. Cancer Research, 66(7), 3381-3385. doi:66/7/3381 [pii].
https://doi.org/10.1158/0008-5472.CAN-05-4303

Tomasetti, C., Li, L., & Vogelstein, B. (2017). Stem cell divisions, somatic mutations, cancer etiol-
ogy, and cancer prevention. Science, 355(6331), 1330-1334. https://doi.org/10.1126/science.
aaf9011.

Tseng, D., Volkmer, J. P, Willingham, S. B., Contreras-Trujillo, H., Fathman, J. W., Fernhoff, N. B.,
Seita, J., Inlay, M. A., Weiskopf, K., Miyanishi, M., & Weissman, I. L. (2013). Anti-CD47 anti-
body-mediated phagocytosis of cancer by macrophages primes an effective antitumor T-cell
response. Proceedings of the National Academy of Sciences of the United States of America,
110(27), 11103-11108. https://doi.org/10.1073/pnas.1305569110.

Tseng, S. Y., Otsuji, M., Gorski, K., Huang, X., Slansky, J. E., Pai, S. L., Shalabi, A., Shin, T.,
Pardoll, D. M., & Tsuchiya, H. (2001). B7-DC, a new dendritic cell molecule with potent
costimulatory properties for T cells. The Journal of Experimental Medicine, 193(7), 839-846.

van der Bruggen, P., Traversari, C., Chomez, P., Lurquin, C., De Plaen, E., Van den Eynde, B.,
Knuth, A., & Boon, T. (1991). A gene encoding an antigen recognized by cytolytic T lympho-
cytes on a human melanoma. Science, 254(5038), 1643—-1647.

Yao, S., Zhu, Y., & Chen, L. (2013). Advances in targeting cell surface signalling molecules for
immune modulation. Nature Reviews. Drug Discovery, 12(2), 130—146. https://doi.org/10.1038/
nrd3877.


https://doi.org/10.1038/85330
https://doi.org/10.1038/nm1523
https://doi.org/10.1038/nm1523
https://doi.org/10.1038/nrc3239
https://doi.org/10.1158/2326-6066.CIR-14-0138
https://doi.org/10.1158/2326-6066.CIR-14-0138
https://doi.org/10.1038/nrclinonc.2011.116
https://doi.org/10.1038/nrclinonc.2011.116
https://doi.org/10.1158/1078-0432.CCR-13-3271
https://doi.org/10.1158/0008-5472.CAN-05-4303
https://doi.org/10.1126/science.aaf9011
https://doi.org/10.1126/science.aaf9011
https://doi.org/10.1073/pnas.1305569110
https://doi.org/10.1038/nrd3877
https://doi.org/10.1038/nrd3877

Chapter 2
Therapeutic Targets of FDA-Approved
Immunotherapies in Oncology

Svetomir N. Markovic and Anagha Bangalore Kumar

Contents
TNETOAUCTION. ..ttt bbbttt bttt bttt ea s 21
Immune System and CanCeT..........c.ceuiuiuiiiiiiiiiiiiiiiiiis s 26
Overview of Available IMMmMUNOthEIAPIES........ccveueeiereriiereiiiereiieie ettt sens .27
Immune Checkpoint Inhibitors........coeeeceveeernerinecninccnnne v 27
Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4)......ccccoeevinevnernncnneninccee .27
Programmed Cell Death Protein 1 (PD-1) Immune Checkpoint Pathway.............cccocu....... 28
Therapy Targeting the Tumor MiCroenvViroNmMeNLt..........cccouvvvievereriuiuiuiueueieieeecciiissesesesenenns 29
VaCCINES....vvererererinreranenes 29
Oncolytic Virus Therapy... e 30
CYLOKITIES. ...ttt ettt ettt ettt a ettt et s et et s et et b et s et esens 31
COmMDbINAtION TRETAPY....c.eveviiieieiiieieieiteteetete ettt ettt se et se e se e saesesesasesesassesesassesesannnns .32
Conclusion, 33
RETETENCES. ...ttt sttt ettt b et ens 33

Introduction

Cancer is a leading cause of death in the industrialized world second only to
cardiovascular diseases. It is estimated that the number of people living with cancer
is increasing. The most commonly diagnosed malignancy in women is breast cancer
and that in men is prostate cancer. Lung cancer and colorectal cancer are the second
and third most commonly diagnosed cancers, respectively, in both men and women
(Siegel et al. 2015). Cancer immunotherapy aims to augment the patient’s own
immune system, especially T cells, to fight cancer. In recent years cancer immuno-
therapy (otherwise referred as immuno-oncology, I0) has emerged to be a promis-
ing modality in cancer treatment (Mellman et al. 2011). Numerous agents have
received US Food and Drug Administration (FDA) approval to treat patients, with
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seemingly ever-increasing efficacy. Herein we summarize the state of the art of
FDA-approved agents used in clinical practice that aim to achieve a therapeutic
benefit by modulating pre-existing anti-tumor immunity (Table 2.1).

Table 2.1 Summary of the US Food and Drug Administration (FDA)-approved monoclonal
antibodies used in oncology

Immunological FDA-approved
Drug Target relevance indication Side effects
Alemtuzumab | CD 52, CD 52 is Chronic Rash, headache,
humanized expressed on lymphocytic hyper-/
mature lymphoma, hypothyroidism,
lymphocytes, cutaneous T-cell infections, infusion
monocytes, and | lymphoma reaction (Black box
dendritic cells warning—cytopenia
and infusion reaction,
infection)
Ado- HER2, HER2 is a HER2-positive Tiredness, nausea,
trastuzumab humanized, member of human | breast cancer bleeding, infusion
conjugated epidermal growth reactions (Black box
with drug factor receptor warning—cardiac
emtansine family facilitates toxicity,
uncontrolled cell hepatotoxicity, fetal
growth and death or birth
angiogenesis defects)
Atezolizumab | PD-L- PD-L1 binding Non-squamous Immune-related
inhibitor, to PD-1 releases | cell lung cancer effects, nausea,
humanized inhibitory stimuli | (NSCLC) fatigue, infections
for T-cell
activation,
proliferation, and
survival
Avelumab PD-L1 PD-L1 binding Merkel cell Immune-related side
inhibitor, to PD-1 releases | carcinoma effects, nausea, rash
human inhibitory stimuli
for T-cell
activation,
proliferation, and
survival
Bevacizumab | VEGF-A, VEGF-A Colorectal cancer, | Hypertension,
recombinant, |receptor playsa | non-squamous, bleeding, infection,
humanized role in non-small-cell lung | worsens coronary

angiogenesis,
endothelial cell
growth,
encourages cell
migration and
inhibits apoptosis

cancer, breast
cancer, metastatic
renal cell carcinoma,
glioblastoma
multiforme, ovarian,
fallopian tube or
peritoneal cancer,
cervical cancer

artery disease and
peripheral arterial
disease (Black box
warning—
gastrointestinal
perforation, wound
dehiscence,
wound-healing
problems)

(continued)
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Immunological FDA-approved
Drug Target relevance indication Side effects
Blinatumomab | CD 19, CD 19is Relapsed or Agitation, swelling
murine expressed on refractory B-cell of extremities and
follicular precursor, acute face, blurred vision,
dendritic cells lymphoblastic chest pain, fever
and B cells. B leukemia (Black box
cells lose it on warning—
maturation to neurological
plasma cells toxicities, cytokine
release syndrome)
Brentuximab CD 30 Tumor marker on | Hodgkin’s Peripheral
chimeric, Reed Sternberger | lymphoma, neuropathy,
conjugated cell and anaplastic large neutropenia, fatigue,
with drug anaplastic cell lymphoma nausea (Black box
Auristatin E | lymphoma warning—probably
fatal, progressive
multifocal
leukoencephalopathy
(PML) due to viral
infections)
Daratumumab | CD 38, CD 38 is Multiple myeloma | Infusion reaction,
human expressed on fatigue, nausea,
immune cells anemia,
like CD4, CD 8, thrombocytopenia
B cells, and
natural killer
cells. It plays a
role in cell
adhesion, signal
transduction, and
calcium signaling
Durvalumab PD-L1 PD-L1 binding Urothelial cancer | Fatigue,
inhibitor, to PD-1 releases musculoskeletal pain,
human inhibitory stimuli constipation,
for T-cell swelling of
activation, extremities
proliferation, and
survival
Elotuzumab CD 319, CD 3191is Multiple myeloma | Fatigue, diarrhea,
humanized expressed on nausea,
normal and fever
malignant
plasma cells
Ibritumomab CD 20 CD 20 is Non-Hodgkin’s Hypertension, low
murine, expressed on B lymphoma blood counts, rash,
conjugated cells from infusion reaction,
with pro-B-cell phase infections (Black box
Yttrium® or | to memory cells warning—cytopenia
Indium!!! but not plasma and infusion

cells

reaction)

(continued)
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Immunological FDA-approved
Drug Target relevance indication Side effects
Ipilimumab CTLA-4, CTLA-4 protein | Melanoma Immunological side
human is present on T effects, diarrhea,
cell, functions as demyelination
an immune
checkpoint.
‘When bound to
CD 80/CD 86 on
antigen
presenting cells,
it acts as an
off-switch and
downregulates
T-cell activation
and proliferation
Nivolumab PD-1 PD-1 acts as an Advanced Immune-mediated
checkpoint immune melanoma, lung inflammation of
inhibitor checkpoint. cancer, head and lungs, colon, liver,
PD-L1 binding neck squamous kidney, rash
to PD-1 releases | cell cancers, lung
inhibitory stimuli | cancer, Hodgkin’s
for T-cell lymphoma, renal
activation, cell carcinoma
proliferation, and
survival
Obinutuzumab | CD 20 CD 20 is Chronic Progressive
humanized expressed on B lymphocytic multifocal
cells from leukemia leukoencephalopathy
pro-B-cell phase (PML), reactivation
to memory cells of hepatitis B,
but not plasma infusion reaction,
cells bleeding (Black box
warning—hepatitis B
reactivation, PML)
Ofatumumab CD 20, CD 20 is Chronic Rash, pancytopenia,
human expressed on B lymphocytic infections
cells from leukemia
pro-B-cell phase
to memory cells
but not plasma
cells
Pembrolizumab | PD-1 PD-1 acts as an Metastatic Immune-related
immune melanoma, inflammation of
checkpoint. PD-L1) NSCLC, head and | endocrine organs,
binding to PD-1 neck SCC lungs, kidney, rash,

releases inhibitory
stimuli for T-cell
activation,
proliferation, and
survival

fatigue, infections

(continued)
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Immunological FDA-approved
Drug Target relevance indication Side effects
Pertuzumab HER2, HER2 is a HER2-positive, Diarrhea, infection,
humanized member of locally advanced, | rash, headache
human epidermal | inflammatory, (Black box
growth factor early-stage breast | warning—fetal death,
receptor family, | cancer birth defects)
facilitates
uncontrolled cell
growth and
angiogenesis
Ramucirumab | VEGFR2, VEGF receptor Advanced gastric | Diarrhea,
human plays arole in or hyponatremia,
angiogenesis, gastroesophageal | headache, high BP
endothelial cell junction (Black box
growth, adenocarcinoma, warning—
encourages cell metastatic gastrointestinal
migration, and NSCLC, perforation, wound
inhibits apoptosis | metastatic CRC dehiscence,
wound-healing
problems)
Rituximab CD 20, CD 20 s Diffuse large Infusion reaction,
chimeric expressed on B B-cell lymphoma, | cardiac arrest,
cells from non-Hodgkin’s cytokine arrest
pro-B-cell phase | lymphoma, syndrome, tumor
to memory cells | chronic lysis syndrome,
but not plasma lymphocytic infections (Black box
cells lymphoma warning—infusion
reaction, probably
fatal PML due to
viral infections and
infections)
Siltuximab 1L-6, IL-6isa HIV and Edema, arthralgia,
chimeric cytokine with HHYV8-negative infections
both Castleman’s
proinflammatory | disease
and anti-
inflammatory
properties
Trastuzumab HER2, HER2 is a HER2-positive Flu-like symptoms,
humanized member of gastric or nausea, diarrhea,
human epidermal | gastrointestinal cardiac toxicity
growth factor tumors, breast (Black box
receptor family, | cancer warning— infusion
facilitates reaction and
uncontrolled cell cytopenia,
growth and cardiotoxicity)
angiogenesis
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Immune System and Cancer

The interplay between the immune system and cancer is complex. At the inception
of a malignancy, according to our current understanding of cancer immunity, the
immune system attempts to destroy cancer cells that are identified as a foreign. This
is the first or “elimination phase.” However, due to the heterogeneity among cancer
cells, some of them escape this phase and enter the “equilibrium phase,” in which
they undergo mutations that further help them survive, while undetected by the host
immune response. This phase is characterized by a continuous process of mutations
and modifications to enable tumor cells to survive escaping the host immunity. This
process is also called “cancer immunoediting.” By the time these tumor cells enter
the “escape phase,” they have become resistant to immune control, and grow pro-
gressively as tumor masses (Smyth et al. 2006; Dunn et al. 2004). Furthermore,
tumors escape immune recognition by presenting as a self-antigen, undergoing anti-
genic modulation, creating a state of immune suppression, creating a physical bar-
rier from immune cells, or expressing antigens with low immunogenicity (Beatty
and Gladney 2015).

An anti-cancer immune response requires a series of events to occur
effectively:

(a) The tumor antigens are picked up by the antigen-presenting dendritic cells.

(b) Dendritic cells present the antigen to T cells on MHC class I and/or class II
molecules.

(c) Effective “presentation” of tumor antigens from dendritic cells to effector/regu-
latory T cells capable of destroying cancer cells.

(d) Trafficking of effector cytotoxic (killer) T cells that reach the tumors and bind
to the specific tumor antigen-expressing cancer cells and destroy them.

This cycle of events is actively disturbed in patients with cancer through many
different mechanisms, including: (i) the immune system might fail to detect the
tumor antigen, (ii) dendritic cells and T cells might treat the tumor antigen as a self-
antigen, (iii) effector T cells might not be able to infiltrate the tumor, or (iv) the
tumor microenvironment might inhibit the production of effector T cells (Motz and
Coukos 2013; Chen and Mellman 2013). Cancer immunotherapy aims to redirect
this natural cycle of tumor immunity. Careful regulation of this therapy is essential
to avoid severe adverse effects.
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Overview of Available Imnmunotherapies
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Immune Checkpoint Inhibitors
Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4)

CTLA-4 is a member of the CD 28:B7 immunoglobulin family and is normally
expressed in low levels on naive effector T cells and regulatory T cells. After stimu-
lation, CTLA-4 competes with CD 28 to bind with B7. When CTLA-4 binds with
B7, it turns off the T-cell receptor signaling (Linsley et al. 1996). It plays an
important role in preventing autoimmunity by downregulating T-cell activation
(Peggs et al. 2006). Ipilimumab is an anti-CTLA-4 antibody that causes blockade of
CTLA-4 resulting in prolonged T-cell activation, proliferation, and anti-tumor
response (Peggs et al. 2006).

Ipilimumab, an antibody that targets CTLA-4, was the first checkpoint inhibitor
approved for cancer treatment. It is being used successfully in the clinic. Hodi et al.
compared ipilimumab and gp100 vaccine (control) in their phase 3 study consisting
of 676 patients with melanoma. They randomized the group in a 3:1:1 ratio consist-
ing of 403 patients receiving ipilimumab plus gp100, 137 patients receiving only
ipilimumab, and 136 patients receiving only gp100. Patients received 3 mg/kg for
3 weeks up to four doses with or without gp100. The median overall survival was
10.0 months among patients receiving ipilimumab plus gp100, as compared with
6.4 months among patients receiving gp100 alone. There was no difference in over-
all survival (Hodi et al. 2010) This study led to FDA approval of the drug for meta-
static melanoma. Robert et al. conducted another phase 3 trial on melanoma patients
using ipilimumab 10 mg/kg plus dacarbazine comparing it with placebo plus dacar-
bazine. Ipilimumab or the placebo was administered at weeks 1, 4, 7, and 10 with
dacarbazine, followed by dacarbazine alone once in 3 weeks till 22 weeks. The
median overall survival in the ipilimumab group was 11.2 months versus 9.1 months
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in the placebo group (Robert et al. 2011) Patients with surgically resected, high risk
of relapse melanoma were treated postoperatively with ipilimumab (10 mg/kg) or
placebo. This was a phase 3 clinical trial with 476 patients in the ipilimumab group
versus 476 patients in the placebo group. The median recurrence-free interval was
significantly higher in the ipilimumab group (26.1 vs. 17.1 months). This landmark
study led to the approval of the drug in adjuvant or the post-operative setting. As the
first checkpoint inhibitor approved in melanoma by the FDA, it marks an important
milestone in cancer therapy.

Programmed Cell Death Protein 1 (PD-1) Immune Checkpoint Pathway

Programmed cell death protein 1 (PD-1) belongs to the co-stimulatory receptor
family of B7-CD28. It binds to its ligands programmed death ligands 1 and 2 (PD-
L1 and PD-L2) and downregulates T-cell activation. PD-1 binding inhibits T-cell
activation and reduces cytokine production and T-cell survival (Chen and Mellman
2013; Dong et al. 1999; Sharpe et al. 2007). Drugs targeting this pathway help in
reactivating T cells to provide anti-tumoral responses.

Pembrolizumab is a PD-1 inhibitor that has been approved for use in melanoma,
non-squamous cell lung cancer (NSCLC), and head and neck cancers. It is showing
promising results in the clinic. It was administered in advanced melanoma patients
at a dose of 10 mg/kg every 2 or 3 weeks or 2 mg/kg every 3 weeks. A total of 137
patients were treated and the response was assessed. The median progression-free
interval was 7 months in advanced melanoma (Hamid et al. 2013). Pembrolizumab
was the first PD-1 checkpoint inhibitor approved by the FDA for unresectable or
metastatic melanoma. In another phase 3 trial, Robert et al. compared
pembrolizumab and ipilimumab. They included 834 melanoma patients randomized
in aratio of 1:1:1 to receive pembrolizumab 10 mg/kg every 2 weeks, every 3 weeks,
and ipilimumab 3 mg/kg every 3 weeks for four cycles. They reported the
progression-free interval was much higher with pembrolizumab than with ipilim-
umab. The difference in dose of pembrolizumab did not change the efficacy of the
drug. The adverse effects were also fewer in the pembrolizumab group (Robert et al.
2015). Pembrolizumab was also approved for NSCLC. Reck et al. compared pem-
brolizumab with chemotherapy in 301 patients with NSCLC expressing PD-1. They
reported longer progression-free interval and overall survival and fewer side effects
in the pembrolizumab group compared to chemotherapy (Reck et al. 2016).
Pembrolizumab achieved accelerated approval for head and neck cancer after a
study found a high response rate. At present, phase 3 trials are ongoing.

Nivolumab is a PD-1 inhibitor approved for melanoma, renal cell carcinoma
(RCC), NSCLC, and head and neck squamous cell carcinoma after success in the
clinic (Larkin et al. 2017; Tomita et al. 2017; Long et al. 2017; Brahmer et al. 2015,
Harrington et al. 2017). Similarly, Durvalumab is approved for urothelial cancer,
avelumab for Merkel cell carcinoma, and atezolizumab for NSCLC.
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Checkpoint inhibitors are associated with an interesting spectrum of immune-
mediated side effects. Inmune-mediated side effects can target the skin, endocrine
system, liver, gastrointestinal tract, nervous system, eyes, respiratory system, and
hematopoietic system. CTLA4 inhibitors are frequently associated with colitis/diar-
rhea, dermatitis, hepatitis, and endocrinopathies. Fatigue, rash, and diarrhea are
common side effects of PD1 inhibitors.

Therapy Targeting the Tumor Microenvironment

The immune cells in the tumor microenvironment play a role in protecting the
tumors. It is predicted that the interaction between the tumor cells and their micro-
environment protects them from traditional anti-cancer drugs. In multiple myeloma,
junctions are formed between the myeloma cells and bone marrow stromal cells.
These junctions play a role in signaling between the myeloma and stromal cells thus
protecting them (Hideshima et al. 2004). Elotuzumab is a monoclonal antibody
against the signaling lymphocytic activation molecule F7 (SLAMF7) receptor. This
antibody blocks the protective signals between myeloma cells and stromal cells
(Magen and Muchtar 2016; Lonial et al. 2016). The FDA has approved its use with
lenalidomide and dexamethasone. The results of monoclonal antibodies in cancer
therapy are inspiring scientists to develop more anti-cancer antibodies.

Vaccines

Vaccines against human papilloma virus (HPV) and hepatitis B have been used
successfully to prevent cancers caused by these infections. Harald zur Hausen was
awarded the Nobel Prize in physiology and medicine for the discovery of the HPV
vaccine to prevent cervical cancer (Nour 2009). Understanding the immune system
and its role in cancer treatment encouraged early attempts to develop anti-cancer
vaccines. However, early attempts to develop a vaccine that can prevent cancer did
not produce fruitful results (Topalian et al. 2011; Mellman et al. 2011). Vaccines
stimulate host immunity to fight cancer. They are easy to administer in the outpa-
tient clinic and minimally toxic. However, lack of an ideal antigen to design a vac-
cine and poor efficacy are major drawbacks (Yaddanapudi et al. 2013).

An ideal anti-cancer vaccine must break the tolerance developed by tumor cells.
Antigens can be targeted to be picked up by dendritic cells. Activated dendritic
cells play an important role in coordinating between innate and adoptive responses
and are capable of breaking tumor tolerance (Topalian et al. 2011; Palucka and
Banchereau 2012). Various antigens were tried to activate the dendritic cells. An
ideal antigen needed to activate dendritic cells would be expressed only on the
tumor and not in normal tissue. They did not promise reliable results clinically
(Rosenberg et al. 2004). Combination with other immunostimulants like IL-2 has
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given better results (Schwartzentruber et al. 2011). Melanoma antigen family 3
(MAGE-3) is a tumor-specific protein expressed in melanoma, NSCLC, hemato-
logical malignancies, etc. The vaccine is a fusion protein of MAGE-3 and
Haemophilus influenza protein D. This MAGE-3-containing vaccine was tried in
NSCLC, but without satisfactory clinical reports (Vansteenkiste et al. 2007).
GVAX consists of whole tumor cells genetically modified to secrete cytokines and
irradiated to prevent cell division. GVAX failed in phase 3 trials too, probably
because the antigens could not activate the dendritic cells effectively (Copier and
Dalgleish 2010).

Unsatisfactory results of cell-based vaccines led researchers to develop dendritic
cell (DC)-based vaccines. Here, DCs are isolated from the patient’s blood, activated
with tumor antigen, and reinjected into the patient (Schuler 2010; Sabado and
Bhardwaj 2013). These vaccines have given better clinical results. Sipuleucel-T is a
DC-based vaccine that is developed with prostate acid phosphatase and DC growth
factor and used for prostate cancer (Higano et al. 2009; Kantoff et al. 2010). It was
approved by the FDA in 2010 (Farkona et al. 2016). A phase 3 trial successfully
demonstrated prolonged overall survival in patients with metastatic castration resis-
tant prostatic cancer who had received the vaccine compared to the control group. It
increased the median survival by 4 months; however, there was no impressive
reduction in tumor volume (Kantoff et al. 2010). One of the major advantages is that
there is no risk of HLA mismatch. It is also relatively hard to prepare and administer
(Mellman et al. 2011).

Intravesical bacillus Calmette-Guérin (BCG) is the only FDA-approved treatment
for in situ bladder cancer.

Oncolytic Virus Therapy

Viruses can replicate in cancer cells and the viral genome can be modified to alter
its virulence and increase anti-tumor activity. Promoters can be added into viral
genes to reduce or delete the genes expressing pathogenicity (DeWeese et al. 2001;
Brown et al. 1997). Also, some oncolytic virures can be designed to produce cyto-
kines that are required for T-cell activation (Hu et al. 2006; Liu et al. 2003; Fukuhara
et al. 2005). Tumor antigens are released after the virus kills the infected cells.
Then, there is a specific CD 8 T-cell-mediated anti-tumor response that is mounted
against these antigens (Kaufman et al. 2015). The challenge encountered in viral
vaccines is the risk of the immune system recognizing the virus and clearing it from
the body before it serves its purpose. This can be overcome by methods that prevent
the virus being recognized as an antigen. Pegylation of the viral coat or genetically
modifying the viral genome to inhibit antigen presentation are such methods
(Tesfay et al. 2013).

Herpes simplex virus, measles virus, vaccinia virus, reovirus, Newcastle disease
virus, and Seneca Valley virus have been tried for viral vaccines (Chiocca and
Rabkin 2014). So far, the most promising one has been Talimogene laherparepvec
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(T-VEC), a modified oncolytic herpes simplex virus type 1. The coding sequence
for granulocyte macrophage colony-stimulating factor (GM-CSF) has been included
in its genome and the ones for neuronal development have been deleted (Liu et al.
2003; Toda et al. 2000). This increases oncolytic therapeutic efficacy (Liu et al.
2003). A phase 3 trial was conducted enrolling 439 patients with unresectable mela-
noma. Patients were randomized in a 2:1 ratio to intralesional T-VEC or subcutane-
ous GM-CSF. T-VEC was injected into one or more tumor sites at a concentration
of 10® plaque-forming units/ml on day 1 and day 15 of each 28-day cycle for
12 months. GM-CSF was administered at a dose of 125 pg/m*/day subcutaneously
for the first 14 days of the 28-day cycle for 12 months. The study found that there
was a better overall response rate in patients receiving T-VEC compared to those
receiving GM-CSF (16.3 vs. 2.1, p-value < 0.001). The overall survival was also
increased in those receiving T-VEC. The most common side effects were fever,
fatigue, nausea, and reaction at the injection site. In October 2015, the FDA approved
T-VEC to treat advanced melanoma (Kaufman and Bines 2010).

There are currently many clinical trials testing various anti-cancer vaccines.
They are also being tried in combination with other approved drugs. There are sev-
eral obstacles that have to be cleared before they get formal approval. Side-effect
profile, cost, and efficacy are the main limitations of oncolytic virus therapy.
Nevertheless, anti-cancer vaccines have potential scope in this field.

Cytokines

Cytokines are cell-signaling molecules that function as paracrine mediators of
cell-cell interactions, secreted by one cell to influence the behaviors of another, usu-
ally closely approximated, cell. Cytokines exhibiting immune cell activation prop-
erties have been tested in oncology as potential immune-activating, anti-tumor
drugs. It was hoped they would stimulate the host immune system providing durable
anti-tumor responses. However, despite many tested agents, only a few have reached
FDA approval for clinical use in oncology: interferons and interleukin- 2 (Lee and
Margolin 2011).

Interferon-alfa (IFNa) inhibits the growth of virus-induced tumors and epithelial
tumors. Interferons (IFNs) have antiproliferative, immunoregulatory, and antiviral
properties (Li et al. 2009). IFNs have been tried in various malignancies with vari-
able success rates (Platanias 2013; Stein and Tiu 2013). Jorge Quesada et al. utilized
IFNa-A in advanced hairy cell leukemia. They used 3 million units daily and
achieved remission of the disease (Quesada et al. 1986). It was then used to treat 30
patients with hairy cell leukemia and it was successful in achieving partial remis-
sion in 17 patients and complete remission in nine patients (Bonnem 1991;
Vedantham et al. 1992). It was later approved by the FDA for this condition
(Veronese and Mero 2008). In melanoma, it is a useful adjuvant therapy. Multiple
studies have demonstrated an increase in relapse-free survival, with few suggesting
a positive impact on overall survival, especially in a subset of patients presenting
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with ulcerated primary melanomas (Ascierto et al. 2014; Kirkwood et al. 2001;
Mocellin et al. 2010; Pasquali and Mocellin 2010). Conjugation with polyethylene
glycol seems to reduce the side effects without altering the efficacy. Pegylated IFNa
was FDA-approved for metastatic melanoma in 2011 (Eggermont et al. 2008). It is
associated with flu-like syndromes, nausea, dizziness, anorexia, and leukopenia
(Daud et al. 2012). Its side effects limit its clinical use.

Interleukin-2 (IL-2) has pleiotropic effects on the immune system, and espe-
cially plays a role in T-cell and natural killer-cell activation (Morgan et al. 1976). It
has been approved by the FDA for metastatic melanoma and RCC (Jiang et al.
2016). In an initial study with high-dose (HD) IL-2, four of seven patients with
melanoma and all three cases of RCC showed response (Rosenberg et al. 1985). A
phase 2 trial conducted on 255 patients with metastatic RCC using HD IL-2 had a
response rate of 15% (Rosenberg 2014.) Although monotherapy with IL-2 was
approved for RCC and melanoma, it did not improve overall survival in those
patients. Combination with other anti-cancer treatments has been shown to improve
its efficacy and reduce side effects. In a phase 3 trial in patients with RCC, HD IL-2
monotherapy had higher response rates than in those receiving low-dose IL-2 and
IFNa (McDermott et al. 2005). Similarly, combination therapy with other chemo-
therapeutic agents has not given impressive results (Ives et al. 2007; Sasse et al.
2007). Combination with targeted inhibitors has increased the efficacy of these
drugs (Chen et al. 1997; Bersanelli et al. 2014). A recent phase 3 trial compared HD
IL-2 alone and IL-2 with gp 100 peptide vaccines (Schwartzentruber et al. 2011). It
was reported that addition of IL-2 enhanced the efficacy of the vaccine in melanoma
patients (Overwijk et al. 2000; Smith et al. 2008). HD IL-2 can be used as an adju-
vant in melanoma therapy. IL-2 is associated with vascular leak syndrome, pulmo-
nary edema, hypotension, and cardiotoxicity (Peace and Cheever 1989).

Combination Therapy

A number of cancer patients require more than a single agent to respond. Complete
remission may require multiple drugs acting on different targets. Many immuno-
therapeutic agents have been tried in combination in cancer patients and some have
yielded impressive results (Mahoney et al. 2015). CTLA-4 and PD1 inhibitors use
different signaling pathways to activate T cells and have been used in combination
(Topalian et al. 2011). The combined use of nivolumab and ipilimumab was
approved for melanoma in 2015. As this combination enhances anti-tumor immu-
nity, it also increases the adverse effects. Similarly, bevacizumab and IFNa have
acquired FDA approval for combined use in RCC. Considering the vast array of
immune-modifying agents available on the market and the even greater number of
developing agents, the future of cancer immunotherapy will depend on the optimi-
zation of combination immunotherapeutics aiming to maximize anti-tumor efficacy
and minimize treatment-related toxicity.
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Conclusion

In the nineteenth century, William Coley first identified that the body’s response to
infections could have anti-tumor effects. He used a toxin made of bacteria to treat
patients with cancer. This discovery and practice paved the way for modern immu-
notherapy. After decades of effort and dedication, scientists have developed various
techniques to harness the immune system to fight cancer. There are multiple trials
that have been currently launched to evaluate the products in the clinical setting.
The discovery of checkpoint inhibitors has revolutionized modern oncology. There
is still scope to develop combination therapies, biomarkers to predict response, and
novel agents to achieve increased therapeutic success.
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Melanoma and the Immune System

Melanoma has long been considered one of the most “immunogenic” tumors. Early
evidence suggesting that the host immune response could eradicate cancer came
from observations that melanomas, including disseminated melanomas, would
occasionally regress without therapy (Baker 1964; Everson 1967; Nathanson 1976).
Although the mechanisms involved in spontaneous regression of melanoma were
not initially known, many investigators felt that the host immune system was
responsible. As the components of the cellular immune response were identified, a
relationship was observed between tumor-infiltrating lymphocytes (TILs) and out-
come in melanoma (Clark et al. 1969; Poppema et al. 1983; Strohal et al. 1994), and
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investigators noted a correlation between TILs and spontaneous melanoma regres-
sion (Mackensen et al. 1994). The demonstration that cloned TILs could recognize
and lyse autologous melanoma cells provided an important proof of the concept of
tumor immunotherapy (Topalian et al. 1989; Itoh et al. 1988; Sensi et al. 1993). This
was further substantiated by the recognition that vitiligo (the loss of pigment in the
skin due to destruction of benign melanocytes), which is seen in higher frequency
in melanoma patients, is mediated by the immune system (Bystryn 1989). Because
of the early recognition of the immunogenicity of melanomas (as well as the relative
futility of cytotoxic chemotherapy and radiotherapy approaches to metastatic mela-
noma), melanoma has been the cancer in which immunotherapy has been most stud-
ied. Thus, to describe the rationale for various immunotherapies for melanoma, we
will first discuss the means by which melanomas both stimulate and suppress the
host anti-tumor immune response.

Inherent Imnmunogenicity of Melanoma

Once it became clear that the immune system was capable of recognizing melano-
mas, investigators sought to determine the antigens responsible for immune recog-
nition. Melanoma antigens have been classified into cancer-testis antigens,
overexpression antigens, melanocyte differentiation antigens, and neoantigens.
Cancer-testis antigens are germline-encoded antigens with no expression or mini-
mal expression by most tissues of the body, but are expressed in the testis (which
normally has no HLA class I expression) and by a subset of melanoma cells. The
prototypic cancer-testis antigens are the melanoma antigen-encoding (MAGE) pro-
teins (Van Der Bruggen et al. 1991; Chomez et al. 2001). Overexpression antigens
are normally expressed at low levels, but are expressed at higher levels by tumors;
these include the proteins survivin (Schmitz et al. 2000), melanoma antigen prefer-
entially expressed in tumors (PRAME) (Ikeda et al. 1997), and telomerase
(Vonderheide et al. 1999). Melanocyte differentiation antigens have shared expres-
sion by melanoma cells and normal melanocytes. While the presence of differentia-
tion antigens on non-malignant melanocytes suggests that self-tolerance may be a
key concern, tumor-infiltrating lymphocytes recognizing the differentiation anti-
gens Melan A (MART-1) (Kawakami et al. 1994), glycoprotein 100 (gp100) (Bakker
et al. 1994), and tyrosinase (Brichard et al. 1993) have been described. Finally, with
the advent of next-generation sequencing and algorithms capable of predicting the
binding of peptide antigens to HLA molecules (Overwijk et al. 2013), antigens
comprised of mutated proteins, referred to as neoantigens, have been shown to be
recognized by a high proportion of melanoma TILs (Gros et al. 2016). Of note,
because melanomas harbor a relatively high number of non-synonymous mutations,
they have, on average, the highest number of neoantigens of any tumor type
(Schumacher and Schreiber 2015).

In addition to being the tumor most capable of stimulating the adaptive immune
response, melanoma stimulates the innate immune system via a variety of mechanisms.
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Gene expression profiling of melanoma metastases has demonstrated significant
expression of type I interferons IFNs) (Harlin et al. 2009), which are produced by
innate immune cells in response to a variety of stimuli. Type I IFNs are typically
produced in response to binding of a variety of innate immune receptors, including
the toll-like receptors (TLRs), nod-like receptors (NLRs), C-type lectin receptors,
and the STING receptor (Gajewski et al. 2012). Melanomas have been reported to
express high levels of many damage-associated molecular patterns (DAMPs) capa-
ble of stimulating type I IFN production; this contributes to the inherent immunoge-
nicity of melanoma.

Mechanisms of Immunosuppression Employed by Melanoma

Despite containing a relatively high number of antigens and innate immune stimuli,
most advanced melanomas are not eradicated by the host immune response. This is
due in part to immune editing (selection of subclones of melanoma cells that do not
express dominant antigens), but is also due to melanoma-induced immunosuppres-
sion. Most melanoma immune-escape mechanisms involve alterations in the tumor
microenvironment (TME). One key means of melanoma immune evasion is the loss
of HLA class I molecules, leading to a lack of antigen presentation (Ferrone and
Marincola 1995). Loss of class I molecules would be expected to lead to increased
sensitivity to natural killer (NK) cell recognition and killing, but melanomas often
downregulate NK cell ligands as well (Burke et al. 2010). In addition to the loss of
ligands recognized by immune cells, melanomas elaborate many immunosuppres-
sive factors into the TME, including vascular endothelial growth factor (VEGEF),
transforming growth factor beta (TGFp), interleukin 10 (IL-10), and nitric oxide
(NO) (Kusmartsev and Gabrilovich 2006). Many melanomas constitutively express
indolamine 2,3-dioxygenase (IDO) enzymes, which convert tryptophan to kynuren-
ine (Uyttenhove et al. 2003). Tryptophan is important for the function of cytotoxic
T cells (CTL) and T-helper 1 (Thl) cells (Hwu et al. 2000), whereas kynurenine
supports regulatory T cell (Treg) function (Mezrich et al. 2010). In this way,
melanoma-mediated IDO expression leads to anergy of proinflammatory T cells and
allows for an increase in immunosuppressive Tregs. Tregs, in turn, support expan-
sion of myeloid-derived suppressor cells (MDSCs), which express arginase |
(resulting in depletion of L-arginine, which is needed for effector T cell function)
and inducible nitric oxide synthase (iNOS—resulting in the production of NO and
reactive oxygen species) (Umansky and Sevko 2012).

Perhaps the most well-known immunosuppressive factor produced by melanoma
is programmed death ligand 1 (PD-L1). By binding to the co-inhibitory receptor
programmed death 1 (PD-1), PD-L1 activates tyrosine-protein phosphatase non-
receptor type 11 (PTPN11, also known as Shp2) and decreases signaling through
CD28 and the T-cell receptor. In most melanomas, PD-L1 is not constitutively
expressed but is rather induced in response to one of several stimuli. Classically,
PD-L1 expression is induced by IFN, which is expressed by TILs (Spranger et al.
2013). In this way, PD-L1 limits the degree of immune damage done to melanomas
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via upregulation in the context of Thl-mediated immune responses. Additionally,
PD-L1 is upregulated in response to BRAF inhibition (Jiang et al. 2013), and thus
can subvert the clinical efficacy of targeted therapy. While most investigators have
focused on the immunosuppressive properties of membrane-bound PD-L1, a subset
of melanomas also secrete a soluble splice variant of PD-L1 (Zhou et al. 2017);
expression of soluble PD-L1 is a poor prognostic marker in melanoma. The key role
played by PD-L1 in melanoma-mediated immunosuppression is perhaps best dem-
onstrated by the clinical efficacy of antibodies that disrupt the interaction between
PD-L1 and PD-1, as discussed below.

While the immunosuppressive mediators described above primarily work within
the melanoma TME, melanomas have also been demonstrated to cause regional and
systemic alterations in immunity, which can also lead to suppression of anti-
melanoma immune responses. Sentinel lymph nodes from resected early-stage mel-
anoma patients demonstrate evidence of Th2 polarization, including a decrease in
CD8+ T cells and an increase in VEGF (Grotz et al. 2015). This repolarization of
lymph nodes, which occurs even in stage I melanoma patients, is mediated in part
through the elaboration of extracellular vesicles (EVs) (Maus et al. 2017), which
contain several immunosuppressive factors. Once melanoma has metastasized,
many patients demonstrate systemic Th2 polarization, as demonstrated by Th1 cell
dysfunction and high levels of Th2 cytokines circulating in plasma (Nevala et al.
2009). Patients with metastatic melanoma also exhibit decreased circulating den-
dritic cells (DCs) and altered monocyte function (Chavan et al. 2014). While the
mechanisms behind the systemic shift from Thl- to Th2-dominated immunity are
not completely clear, one cause may be galectin 9, which is commonly found in the
plasma of metastatic melanoma patients, and which converts immune responses
from Thl to Th2 (Enninga et al. 2016). The presence of regional and systemic
immune dysregulation has the potential to impact the efficacy of melanoma immu-
notherapies (see Table 3.1).

Table 3.1 Melanoma antigens and immunomodulatory properties of melanoma

Immunogenic factors Immunosuppressive factors
High level of T-cell antigens Antigen loss
Cancer-testis antigens (MAGE family, NY-ESO-1, etc.) Loss of HLA molecules
Overexpression antigens (survivin, PRAME, Loss of NK cell ligands
telomerase, etc.) Production of
Melanocyte differentiation antigens (MART-1, immunosuppressive cytokines
tyrosinase, gp100, etc.) VEGF
Neoantigens (highest number of any tumor type due to TGFp
high burden of non-synonymous mutations) IL-10
Strong stimulation of innate immune system NO
Heat shock proteins PD-L1
Other DAMPs IDO (supports Tregs, inhibits
CTLs and Thls)
MDSCs
Th2-biasing of regional LN
Systemic T2 repolarization
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Adjuvant Immunotherapy for Melanoma

Once a primary melanoma has been resected, the risk for recurrence depends on the
site of the primary tumor, the depth of invasion, and the presence or absence of
regional lymph node metastasis. For a thin cutaneous melanoma with no lymph
node metastasis, the risk of distant melanoma metastasis is minimal, and no sys-
temic therapy is recommended. However, for non-cutaneous melanomas, thick pri-
mary cutaneous melanomas, and melanomas with lymph node metastasis, the risk
of recurrence after definitive surgery is relatively high. Whereas the majority of
resected solid organ cancers can be treated effectively with cytotoxic chemotherapy,
this approach has not proven beneficial in the adjuvant setting for melanoma.
However, two immunotherapy approaches—IFN a and ipilimumab—are approved
by the US Food and Drug Administration (FDA) for the treatment of stage III mela-
noma following surgical resection, and other immunotherapy approaches are being
tested in the adjuvant setting.

Interferon Alfa

Interferons are proteins produced naturally by the body in response to several patho-
gens, most notably viruses. [IFNa is secreted by leukocytes of the innate immune
system and stimulates a number of host immune functions, including induction of
fever via the hypothalamus (Wang et al. 2004), increased expression of MHC class
I molecules (Schiavoni et al. 2013), increased T-cell co-stimulation (Snell et al.
2017), and direct impairment of tumor cell growth (Balmer 1985).

Based on these properties, investigators have tested recombinant IFNa as an
adjuvant therapy in patients with resected high-risk melanoma. Multiple random-
ized clinical trials have been conducted testing both aqueous and pegylated forms of
IFNa. A meta-analysis of 18 randomized clinical trials testing adjuvant IFN« in
patients with stage II and stage III melanoma showed that adjuvant IFNa improves
disease-free survival (hazard ratio (HR) 0.83, confidence interval (CI) 0.78-0.87)
and, to a small extent, overall survival (HR 0.91, CI 0.85-0.97) (Mocellin et al.
2013). The number of melanoma patients that must be treated with IFNa to prevent
one death is approximately 35. Similarly, a second meta-analysis combining results
from trials testing several different forms and dosing schedules of IFNa showed that
the use of adjuvant IFNa was associated with a modest improvement in event-free
survival and overall survival, with an absolute 10-year event-free survival benefit of
2.5% and overall survival benefit of 2.6% (Ives et al. 2017).

Unfortunately, the use of adjuvant IFNa is associated with considerable toxicity
in some patients. The most common toxicities are fatigue, depression, liver test
abnormalities, pyrexia, headache, and myalgia. Toxicity rates vary among different
formulations of IFN«, with high-dose treatment (20 million units/m? intravenously
(IV) at various frequencies) being more toxic than intermediate dose treatment
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Table 3.2 Toxicities associated with interferon (IFN) o

Pegylated High-dose Intermediate-dose | Low-dose

Toxicity IFN« IFNa IFNa IFNa
Fatigue 16% 21-25% 13-15% 1-6%
Liver function tests 11% 27-29% 4-5% 2-4%
Pyrexia 5% 10-35% 19-22% <1%
Headache 4% 10-12% 6% 0%
Myalgia 5% 15-17% 8% 3%
Depression 7% 40% 10-12% 1-4%

(5-10 million units/m? IV), low-dose treatment (3 million units/m? V), or pegylated
IFNa (6 pg/kg subcutaneously once weekly). A table comparing the rate of severe
(grade 3 or higher) toxicities is shown in Table 3.2 (Di Trolio et al. 2015).

Because of its marginal oncologic efficacy and significant toxicity, the use of
adjuvant IFNa for high-risk resected melanoma remains somewhat controversial
despite FDA approval.

Ipilimumab

The discovery that the inducible T-cell surface protein cytotoxic T-lymphocyte anti-
gen 4 (CTLA-4) functions as a coinhibitory receptor led rapidly to the finding that
targeting of CTLA-4 with monoclonal antibodies can lead to the enhancement of
anti-tumor immune responses (Leach et al. 1996). This led to the testing and subse-
quent FDA approval of the CTLA-4-binding monoclonal antibody ipilimumab in
the setting of metastatic melanoma, as is discussed in section “Immunotherapy for
Metastatic Melanoma” of this chapter. Given the success of adjuvant ipilimumab in
the metastatic setting, investigators queried whether ipilimumab could provide ben-
efit to patients with resected stage III melanoma. To that end, a trial was conducted
comparing adjuvant ipilimumab dosed at 10 mg/kg with a placebo in patients with
resected with stage III cutaneous melanoma (with the caveat that for patients with
stage IIIA melanoma, the metastatic nodal focus must be greater than 1 mm in
maximal diameter) (Eggermont et al. 2015). Adjuvant ipilimumab was associated
with improved recurrence-free survival (HR 0.75, median RFS 26.1 months versus
17.1 months) and was approved by the FDA on this basis. It was later demonstrated
that ipilimumab was also associated with an improvement in overall survival when
compared with placebo (HR 0.72, 5-year overall survival 65.4% vs. 54.4%)
(Eggermont et al. 2016). A trial comparing ipilimumab with IFN and comparing
ipilimumab at 10 mg/kg versus 3 mg/kg is currently underway (U.S. Intergroup
E1609, NCT01274338).

Although the mechanism of action of ipilimumab is distinct from that of IFN,
ipilimumab can also cause significant immune-related toxicity, generally thought to
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Table 3.3 Toxicities associated with adjuvant ipilimumab

Event Any grade Grade 3 Grade 4 Grade 5
Any immune-related event 90.4% 35.9% 5.7% 1.1%
Cutaneous events 63.3% 4.2% 0% 0%
Diarrhea 41.2% 9.8% 0% 0%
Colitis 15.5% 6.8% 0.8% 0.6%
Hypophysitis 16.3% 4.2% 0.2% 0%
Increased liver enzymes 17.6% 3.0% 1.3% 0%

be mediated by T-cell responses against the host. Moreover, the frequency of toxic-
ity seen in resected melanoma patients is considerably higher than for patients
treated in the metastatic setting. This may be due in part to the difference in immune
potential between patients with resected versus metastatic melanoma, but is likely
largely due to the difference in the dose of ipilimumab approved for adjuvant versus
metastatic use (10 mg/kg vs. 3 mg/kg). For patients treated with adjuvant ipilim-
umab, the most common severe toxicities include diarrhea/colitis, hepatitis, and
hypophysitis. Table 3.3 showing select toxicities associated with adjuvant ipilim-
umab is shown below (Eggermont et al. 2016). Of the patients allocated to ipilim-
umab treatment, 52% discontinued therapy due to adverse events. Changes in
health-related quality of life were observed between ipilimumab- and placebo-
treated patients during the induction phase of treatment, especially related to diar-
rhea and insomnia, but these differences did not continue after the completion of
induction (Coens et al. 2017).

Other Adjuvant Immunotherapy Treatments

Multiple additional immunotherapeutic approaches are currently being tested in the
adjuvant setting for resected melanoma. The success of the PD-1-targeting mono-
clonal antibodies nivolumab and pembrolizumab in metastatic melanoma (as dis-
cussed in section “Immunotherapy for Metastatic Melanoma” of this chapter) has
led to multiple trials testing these agents alone or in combination with other immune-
modulating drugs. In addition, vaccines targeting specific melanoma antigens, vac-
cines comprised of autologous or allogeneic melanoma cells, and passive
immunization with tumor-infiltrating lymphocytes (TILs) have been and are being
tested in multiple trials in resected melanoma patients. Finally, other cytokines such
as recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF, sar-
gramostim) have been tested (Lawson et al. 2015). While at present IFNa and ipili-
mumab are the only FDA-approved immunotherapy interventions for resected
high-risk melanoma, it is likely that additional advances will be reported in the near
future.
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Immunotherapy for Metastatic Melanoma

Perhaps no other solid organ cancer setting has experienced a more dramatic clini-
cal impact from immunotherapy than that of metastatic melanoma. While there is a
longstanding history of the use of high-dose interleukin 2 and tumor-infiltrating
lymphocytes in metastatic melanoma patients, the advent of immune checkpoint-
inhibiting monoclonal antibodies has allowed immunotherapy to emerge as a
standard-of-care for first-line therapy of metastatic melanoma. Whereas prior to the
advent of immune checkpoint inhibitor therapy, the median overall survival of
patients with metastatic melanoma was 6.2 months (Korn et al. 2008), many current
clinical trials in metastatic melanoma demonstrate median survivals in excess of
2 years. While other drugs (namely small-molecule inhibitors of BRAF and MEK)
have undoubtedly contributed to this increase in patients with BRAF-mutated mela-
noma, immunotherapies have been responsible for the majority of this improvement
in clinical outcomes. In addition, melanoma is the first tumor for which an oncolytic
virus has demonstrated clinical benefit in a randomized phase 3 clinical trial.

High-Dose Interleukin 2

Interleukin 2 (IL-2) is a cytokine produced by activated T cells. It serves as a growth
factor for T cells and NK cells. Upon binding to its receptor, IL-2 activates multiple
pathways within T and NK cells to drive cell proliferation and prevent apoptotic cell
death. It is hypothesized that the basis for clinical benefit observed in select patients
is that IL-2 drives expansion of melanoma-specific T cells and allows them to infil-
trate tumors. However, the IL-2 receptor is also expressed by regulatory T cells
(Tregs). Expansion of Tregs may be one reason why clinical benefit from IL-2 ther-
apy is far from universal (Nicholas and Lesinski 2011).

Recombinant IL-2 therapy has been studied both as a single agent and in combi-
nation with IFN and with cytotoxic chemotherapy. A case record-based analysis of
631 patients treated on multiple clinical trials demonstrated a single-agent response
rate of 14.9%, a response rate to IL-2 plus chemotherapy of 20.8%, a response rate
to IL-2 plus IFN of 23.0%, and a response rate to IL-2 plus IFN plus chemotherapy
(known as biochemotherapy) of 44.9% (Keilholz et al. 1998). The median overall
survival for the entire cohort was 10.5 months; median survival times of patients
treated with IL-2 alone, IL-2 plus chemotherapy, IL-2 plus IFN, and IL-2 plus IFN
plus chemotherapy were 7.5, 9.9, 10.5, and 11.4 months, respectively.

Due to adverse events such as respiratory distress and capillary leak syndrome,
IL-2 is often administered in the intensive care unit. The potential for severe adverse
events has limited the use of high-dose IL-2 to specialized high-volume centers.
Commonly observed grade 3 and higher toxicities include nausea, vomiting, hypo-
tension, renal dysfunction, hepatic dysfunction, anemia requiring transfusion,
thrombocytopenia, and neutropenic fever. In one meta-analysis, toxicity-related
deaths occurred in 1.7% of patients (16/948) (Petrella et al. 2007).
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Tumor-Infiltrating Lymphocyte (TIL) Therapy

Given the documented ability of T cells to recognize melanoma antigens and to lyse
melanoma cells in vitro, investigators have been intrigued by the possibility of pas-
sively immunizing patients with melanoma-specific activated T cells. Since mela-
noma metastases frequently demonstrate T cell infiltrates; the concept of harvesting
T cells from tumors (so-called tumor-infiltrating lymphocytes, or TILs), expanding
them in vitro using cytokines, and re-infusing them into patients was developed.
Initial trials of TILs rarely resulted in durable clinical benefit, as the TILs often
failed to persist for more than a few days after adoptive transfer. However, the added
steps of pre-conditioning patients with high doses of chemotherapy and infusing
IL-2 after TIL therapy has led to improved TIL persistence and a higher frequency
of objective responses, albeit at a cost of increased toxicity. For example, a trial of
TIL therapy following intensive myeloablative chemotherapy led to objective
responses in 49% of patients treated (the number of patients enrolled in the study
was not reported, and so the intent-to-treat response rate cannot be calculated)
(Dudley et al. 2008). Of patients treated, 56% had febrile neutropenia, 10% of
patients required intubation, and 2% of patients died due to toxicity. Thus, while the
objective response rate of TIL therapy is promising, the use of TILs has thus far
been confined to a limited number of centers.

Ipilimumab

Whereas the unique toxicities and single patient manufacturing requirements of
high-dose IL-2 and TIL therapies have limited their use to specialized institutions,
the FDA approval of ipilimumab and its widespread adoption into clinical practice
in 2011 ushered cancer immunotherapeutics into mainstream oncology. As dis-
cussed in section “Adjuvant Immunotherapy for Melanoma” of this chapter, ipilim-
umab binds to CTLA-4 and prevents it from binding to its ligands B7—1 and B7-2,
thus preventing CTLA-4-driven coinhibitory signaling. As such, CTLA-4 blockade
leads to increased expansion of activated T cells.

Ipilimumab was approved for use in metastatic melanoma on the basis of two
randomized clinical trials. The first trial employed a 1:1:3 randomization of HLA-
A2-positive previously treated metastatic melanoma patients to ipilimumab 3 mg/
kg, a vaccine targeting gpl00, or ipilimumab plus vaccine (Hodi et al. 2010).
Although median progression-free survival was similar between the three groups,
median overall survival was improved from 6.4 months in the vaccine-only arm to
10.1 and 10.0 months in the ipilimumab-only and ipilimumab plus vaccine arms,
respectively. Importantly, the overall survival rates at 24 months were 23.5% and
21.6% for ipilimumab alone and ipilimumab plus vaccine, versus 13.7% for vaccine
alone. The second trial randomized untreated metastatic melanoma patients to
receive the cytotoxic chemotherapy drug dacarbazine (DTIC) plus placebo versus
DTIC plus ipilimumab dosed at 10 mg/kg (Robert et al. 2011). Median overall
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survival was 9.1 months in the DTIC plus placebo arm and 11.2 months in the DTIC
plus ipilimumab arm. Ultimately, the 3 mg/kg dose of ipilimumab was approved for
use in metastatic melanoma.

Toxicities observed with ipilimumab are somewhat unique compared with those
observed non-immune cancer therapeutics, in that the majority of toxicities are con-
sidered to be related to inflammatory responses targeting various organ systems.
Immune-related toxicities include colitis, dermatitis, and hepatitis, among a host of
others. In the above-mentioned clinical trials, grade 3 and 4 adverse events occurred
in 45.8%, 45.5%, and 56.3% of patients treated with ipilimumab alone, ipilimumab
plus vaccine, and ipilimumab plus DTIC, respectively. Most immune-related
adverse events resolved with the use of steroids. However, management of immune-
related toxicities remains a challenge in some patients, and toxicities that do not
promptly resolve with steroid initiation should be managed by a multidisciplinary
team (Kottschade et al. 2016).

Pembrolizumab and Nivolumab

Just as CTLA-4 is expressed on activated T cells as a co-inhibitory receptor to the
B7-1 and B7-2 ligands, programmed death 1 (PD-1) is expressed by activated T
cells and triggers T-cell death and anergy when bound by one of its ligands: PD-L1
(B7-H1) or PD-L2 (Dong and Chen 2003). PD-L1 is expressed by many tumors and
tumor-infiltrating leukocytes; most often, PD-L1 expression is induced by IFNy
(Dong et al. 2002). In this way, expression of PD-L1 is a means for tumors to attenu-
ate productive anti-tumor-immune responses.

Monoclonal antibodies that bind to PD-1 or PD-L1 can block the interaction
between receptor and ligand and can prevent the resultant T-cell inhibition. In this
way, anti-PD-1 antibodies allow for increased persistence of activated TILs in
tumors that express PD-L1. The first PD-1-targeting monoclonal antibodies to be
tested in clinical trials were pembrolizumab (initially known as lambrolizumab) and
nivolumab.

The first report of pembrolizumab in melanoma was in 2013 by Dr. Hamid and
colleagues (Hamid et al. 2013). Here, patients with advanced melanoma were
treated with one of three dosing schedules: 10 mg/kg every 2 weeks, 10 mg/kg every
3 weeks, or 2 mg/kg every 3 weeks. Confirmed tumor responses were seen in 38%
of patients, and responses rates were similar in patients who were naive to ipilim-
umab or had received prior ipilimumab. On this basis, pembrolizumab at 2 mg/kg
every 3 weeks was approved by the FDA for use in metastatic melanoma in patients
who had previously been treated with ipilimumab.

Pembrolizumab was then compared with ipilimumab, which had emerged as a
standard for first-line therapy of metastatic melanoma. Patients were randomized to
receive either ipilimumab or pembrolizumab at 10 mg/kg every 2 weeks or pembro-
lizumab at 10 mg/kg every 3 weeks (Robert et al. 2015b). Median progression-free
survival times were 5.5 months, 4.1 months, and 2.8 months for pembrolizumab
every 2 weeks, pembrolizumab every 3 weeks, and ipilimumab, respectively.
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Although median overall survival was not reached at the time of the trial report, the
12-month survival rates were 74.1%, 68.4%, and 58.2%, while the objective
response rates were 33.7%, 32.9%, and 11.9% for pembrolizumab every 2 weeks,
pembrolizumab every 3 weeks, and ipilimumab, respectively. On this basis, pem-
brolizumab was approved as first-line therapy for melanoma.

Similar to pembrolizumab, nivolumab is a monoclonal antibody that binds to
PD-1 and disrupts the ability of PD-1 to bind to ligands and drive T-cell death and
anergy. Nivolumab was developed in parallel as a single-agent therapy and in com-
bination with ipilimumab. As a single agent, nivolumab was compared to DTIC in a
placebo-controlled randomized phase III trial in untreated patients with metastatic
melanoma without a BRAF mutation (Robert et al. 2015a). Here, nivolumab was
given at 3 mg/kg every 2 weeks. Nivolumab therapy led to objective responses in
40.0% of patients, versus 13.9% of patients with DTIC. Median progression-free
survival was 5.1 months with nivolumab versus 2.2 months with DTIC. Median
overall survival was not reached for patients on nivolumab versus 10.8 months for
patients on DTIC. Based on a significant improvement over DTIC, nivolumab was
approved as monotherapy for metastatic melanoma.

The toxicities associated with single-agent pembrolizumab and single-agent
nivolumab are similar both to each other and to those associated with ipilimumab.
However, the frequency of severe adverse events was considerably lower for either
anti-PD-1 therapy than for ipilimumab. Grade 3 or higher adverse events were seen
in 34.8% of patients receiving pembrolizumab (Hamid et al. 2013) (31.8% of
patients treated with 2 mg/kg every 3 weeks), and in 34% of patients treated with
nivolumab (Robert et al. 2015a) (recall that 45.8% of patients treated with ipilim-
umab (Hodi et al. 2010) had grade 3 or higher adverse events). Thus, the PD-1-
targeting drugs are associated with both higher objective response rates and lower
toxicity as single agents than ipilimumab, which targets CTLA-4.

Combined Ipilimumab and Nivolumab

Given that CTLA-4 and PD-1 send distinct negative regulatory signals to T cells,
and given that they are frequently engaged at different times and locations in the
body, investigators hypothesized that combined targeting of CTLA-4 and PD-1
might lead to better control of melanoma than either agent alone. As such, the com-
bination of ipilimumab (at 3 mg/kg every 3 weeks for four cycles) and nivolumab
(1 mg/kg every 3 weeks for four cycles, followed by 3 mg/kg every 2 weeks) was
compared against either agent alone in patients with untreated metastatic melanoma
(Larkin et al. 2015). This led to statistical improvements in multiple oncologic
outcomes over ipilimumab monotherapy, as well as numeric increases in multiple
oncologic measures over nivolumab monotherapy. However, this improvement
came at a cost of increased toxicity compared with either single agent. Nonetheless,
the impressive rate of melanoma control by combined therapy with ipilimumab and
nivolumab led to FDA approval of the combination in 2015. A summary of the out-
comes of this phase III trial is shown in Table 3.4.
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Table 3.4 Comparison of outcomes with combined ipilimumab and nivolumab, single-agent
nivolumab, and single-agent ipilimumab

Regimen Ipilimumab + nivolumab | Nivolumab | Ipilimumab
Objective response rate 57.6% 43.7% 19.0%
Median progression-free survival (months) | 11.5 6.9 29

Grade 3+ adverse events 68.7% 43.5% 55.6%
Grade 3+ treatment-related adverse events | 55.0% 16.3% 27.3%

Talimogene Laherparepvec

While ipilimumab, pembrolizumab, and nivolumab act by blocking immune-
inhibitory signals, Talimogene Laherparepvec (T-VEC) is an oncolytic virus that,
when injected intratumorally, stimulates the immune system both by directly killing
tumor cells and by secreting the cytokine GM-CSF. GM-CSF serves as a chemoat-
tractant for multiple leukocytes and recruits them into the tumor, where they encoun-
ter antigens released by killed melanoma cells, thus stimulating the anti-tumor
immune response (Kohlhapp and Kaufman 2016).

Intratumoral T-VEC was compared against subcutaneously administered
GM-CSF in patients with unresectable stage III or stage IV melanoma (Andtbacka
et al. 2015). Overall response rate to T-VEC was 26.4% versus 5.7% for GM-CSF,
while durable (> 6 months) response rate was 16.3% for T-VEC versus 2.1% for
GM-CSF. The median overall survival for patients receiving T-VEC was 23.3 months
versus 18.9 months for patients receiving GM-CSF. T-VEC was quite well toler-
ated, with cellulitis (2.1%) as the only severe adverse event occurring in more than
2% of patients. The trial was criticized due to the fact that GM-CSF is not consid-
ered by many to be a reasonable standard-of-care for patients with metastatic mela-
noma; however, T-VEC was approved by the FDA and is an active agent, particularly
for patients with unresectable stage Il and stage IVa melanoma (melanoma involv-
ing only subcutaneous sites and/or lymph nodes). T-VEC is generally not consid-
ered appropriate as monotherapy for patients with melanoma involving the lungs or
other visceral organs; however, trials testing combinations of T-VEC with immune
checkpoint inhibitors are ongoing.

Ongoing Clinical Trials

The success of anti-CTLA-4 and anti-PD-1 monoclonal antibodies for patients with
metastatic melanoma has led to a multitude of clinical trials testing additional
immunotherapies. These include blocking monoclonal antibodies to other immune
checkpoints, immunostimulatory monoclonal antibodies, cytokines, vaccines,
oncolytic viruses, and small-molecule inhibitors of proteins involved in modulating
the nature of the immune response, as well as combinations of the above and
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combinations of immunotherapies with other treatments. It is beyond the scope of
this book to discuss all of the ongoing clinical research efforts in the field of mela-
noma immunotherapy. However, it is worth mentioning the interesting clinical data
regarding small molecule inhibitors of the IDO enzyme (see section “Melanoma
and the Immune System” of this chapter), as these have shown intriguing clinical
activity in combination with PD-1-blocking antibodies, with little added toxicity.
Specifically, trials testing pembrolizumab combined with the IDO inhibitors
epacadostat and indoximod have been reported in abstract form (Zakharia et al.
2016), and have noted objective responses in over 50% of patients with untreated
metastatic melanoma with minimal increases in toxicity over pembrolizumab
monotherapy. Randomized phase III trials testing these combinations are underway
(NCT02752074 on www.clinicaltrials.gov).

Summary

In summary, melanomas tend to be quite immunogenic, but employ many mecha-
nisms to evade or subvert anti-melanoma immune responses. At present, adjuvant
ipilimumab is considered standard-of-care for patients with resected stage III mela-
noma. For patients with metastatic melanoma, patient outcomes have dramatically
improved thanks in part to the use of ipilimumab, pembrolizumab, nivolumab, and
T-VEC. With additional immunosuppressive pathways being targeted in ongoing
clinical research, it is likely that additional immunotherapies for melanoma will
prove useful in the near future.

Take Home Messages for Patients

* The role of the immune system in fighting melanoma has been long studied.
Because of this relationship between immunity and melanoma, and because of
the relative futility of chemotherapy and radiotherapy in treating metastatic
melanoma, melanoma is the cancer in which immunotherapy has been most
researched.

* Melanomas have been known to suppress the immune system through various
mechanisms. One of the most classic ways is by expressing PD-L1, which binds
to PD-1 expressed on the immune T cells, resulting in inactivation of the T cells.

Adjuvant (post-operative) immunotherapy in melanoma

*  Whereas the majority of resected solid organ cancers can be treated effectively
with chemotherapy, this approach has not proven beneficial in the adjuvant set-
ting for melanoma. However, two immunotherapy approaches—IFNa and ipili-
mumab—are approved by the FDA for the treatment of stage III melanoma
following surgical resection, and other immunotherapy approaches are being
tested
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IFNs are proteins produced naturally by the body in response to several patho-
gens, most notably viruses. Investigators have tested recombinant IFN« as an
adjuvant therapy in patients with resected high-risk melanoma. By collecting and
analyzing the results of multiple trials, we have seen that adjuvant IFNa in
patients with stage II and stage III melanoma can improve disease-free survival,
and to a smaller extent, overall survival.

Unfortunately, the use of adjuvant IFNa is associated with considerable side
effects in some patients. The most common ones are fatigue, depression, liver
test abnormalities, fever, headache, and muscle aches.

T cells have an inhibitory protein on their surface called CTLA-4. By using the
antibody ipilimumab to target CTLA-4, we can allow T cells to become more
activated and induce stronger immune responses. This led to the testing and sub-
sequent FDA approval of ipilimumab in the setting of metastatic melanoma as
well as resected stage III melanoma.

For patients treated with adjuvant ipilimumab, the most common severe toxici-
ties include diarrhea, inflammation of the liver, and inflammation of the pituitary
gland.

Immunotherapy in metastatic melanoma

Interleukin 2 (IL-2) is a molecule produced by activated T cells that serves to
activate T cells and other immune cells.

IL-2 therapy has been studied both as a single agent and in combination with
IFNa and with cytotoxic chemotherapy. A case record-based analysis of 631
patients treated on multiple clinical trials demonstrated a single-agent response
rate of 14.9%, a response rate to IL-2 plus chemotherapy of 20.8%, a response
rate to IL-2 plus IFNa of 23.0%, and a response rate to IL-2 plus IFNa plus che-
motherapy of 44.9%.

The potential for severe adverse events such as vomiting, shortness of breath,
low blood pressure, kidney injury, liver injury, and blood disorders has limited
the use of high-dose IL-2 to specialized high-volume centers.

In 2011, the FDA approved the use of ipilimumab for metastatic melanoma
based on the results of trials showing that adding ipilimumab to chemotherapy
improved the survival of patients

As mentioned earlier, expression of PD-L1 is a means for tumors to inhibit
immune responses by binding to PD-1 on T cells and inactivating them. By using
antibodies to block PD-1, we can restore the immune function and allow our
immune cells to resume fighting the cancer. The first PD-1-targeting antibodies
to be tested in clinical trials were pembrolizumab and nivolumab.
Pembrolizumab was approved as first-line therapy for melanoma when it was
shown to result in improved survival rates compared to ipilimumab.

Nivolumab was approved as a single-agent option for metastatic melanoma when
it was shown to result in improved survival rates compared to combined
chemotherapy
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* The side effects of pembrolizumab and nivolumab are similar in nature to ipili-
mumab (diarrhea, liver inflammation, skin rash), but occur at lower frequency
than with ipilimumab.

e Combining ipilimumab with nivolumab was shown to result in even greater
response rates and progression-free survival. However, this improvement came
at a cost of increased toxicity compared with either single agent.

e While ipilimumab, pembrolizumab, and nivolumab act by blocking immune-
inhibitory signals, Talimogene Laherparepvec (T-VEC) is a virus that when
injected works by directly killing tumor cells and by secreting the molecule GM-
CSF, which attracts immune cells to the tumor site. T-VEC is most helpful in
controlling melanoma that has metastasized to skin, subcutaneous tissues, and/or
lymph nodes.
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Introduction

Lung cancer is the most common cause of cancer-related mortality in the USA
(Siegel et al. 2017) and worldwide (Ferlay et al. 2015). As such, lung cancer repre-
sents a major global disease burden. Over the last few years there have been major
advances in the treatment of lung cancer with the development of drugs that can
target specific molecular abnormalities and with the advent of immunotherapy.
Lung cancer is not a single disease but it represents many types of cancers that
can arise within the lungs. Lung cancer is classified primarily by whether it is small-
cell lung cancer (SCLC) or non-small-cell lung cancer (NSCLC). There are multiple
types of NSCLC but the two most common are adenocarcinoma and squamous
cell carcinoma, of which adenocarcinoma is the most common. Sadly, many cases
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of lung cancer are due to tobacco exposure, but a large proportion of these patients
are never smokers. Other risk factors include radiation, asbestos, radon, and other
environmental pollutants.

Staging and Treatments

The staging of lung cancer is very important because the stage of the cancer deter-
mines treatment options and influences survival. Although both NSCLC and SCLC
are staged by the same TNM system, clinical decisions for SCLC are based on the
Veterans Administration (VA) staging system. For NSCLCs that are localized to the
lung, and whose removal would not significantly compromise pulmonary function,
surgical removal of the tumor is considered. Sometimes because of co-morbidities
such as cardiac or pulmonary disease, patients cannot undergo surgery, and ablation
or radiotherapy may be considered instead. In patients with NSCLC that has spread
to the lymph nodes in the mediastinum, consideration is given to a combination of
cytotoxic chemotherapy and radiation therapy. In select cases with mediastinal
involvement, patients may be considered for surgery. Once the disease has spread
beyond the lung(s) and mediastinal lymph nodes, or if radiation therapy cannot be
safely administered, systemic therapies are considered. Systemic treatment options
can include cytotoxic chemotherapy, immunotherapy, or targeted therapy. The
selection of targeted therapy depends on the detection of a mutation in EGFR, ALK,
ROS1, or BRAF (Ettinger et al. 2017).

The treatment of SCLC is different to that of NSCLC. Surgery is rarely considered
for SCLC. More commonly, if the diagnosis of SCLC is made, consideration for
chemotherapy with radiation therapy is given if the disease is limited to a radiation
port. If the disease is more widespread, chemotherapy alone is given with consideration
of radiation to the chest or head afterwords, if not used previously. Immunotherapy
is not yet FDA-approved for SCLC but is increasingly used based on recommenda-
tions from the National Comprehensive Cancer Network.

Immunotherapy

The treatment landscape of NSCLC is rapidly changing. The discovery of pro-
grammed cell death ligand 1 (PD-L1, aka B7-H1 and CD274) at the Mayo Clinic
(Dong et al. 1999), the detection of PD-L1 on lung cancer tumor cells (Boland et al.
2013; Velcheti et al. 2014), and the negative regulation of T-cell proliferation
through apoptosis of tumor-specific T-cells following engagement of PD-L1 with its
receptor programmed cell death protein 1 (PD-1) (Dong et al. 2002), suggest that
blocking the PD-L1/PD-1 axis in lung cancer is a reasonable therapeutic strategy for
this malignancy (Pardoll 2012). As of 2017, three drugs that block this axis have
been approved, and others are far along in development (Leventakos and Mansfield
2014, 2016).
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Nivolumab

Nivolumab, a human IgG4 antibody that targets PD-1, was the first immunotherapy
to receive approval for NSCLC in the USA. In a phase 1 dose-escalation cohort
expansion trial, 129 patients with advanced NSCLC who had been receiving prior
lines of therapy were included (Gettinger et al. 2015). The patients were almost
equally distributed between squamous and non-squamous histologies. Subjects
received nivolumab at 1, 3, or 10 mg/kg intravenously once every 2 weeks in 8-week
cycles for up to 96 weeks. In the subjects receiving nivolumab 3 mg/kg, the median
overall survival was 14.9 months (95% CI 7.3-30.3). The median overall survival
was 9.2 months in both the 1- and 10-mg/kg cohorts. Overall response rates (ORR,
the combination of complete and partial responses) were similar in subjects with
squamous (16.7%) and non-squamous NSCLC (17.6%). Eighteen responding sub-
jects discontinued nivolumab for reasons other than progressive disease; nine (50%)
of those had responses that lasted more than 9 months after their last dose. Grade
3—4 treatment-related adverse events occurred in 14% of patients, of which fatigue
(3.1%) and pneumonitis (2.3%) were most common. There were three treatment-
related deaths associated with pneumonitis. Overall, this study determined the dose
of nivolumab that was used in subsequent studies (3 mg/kg) and showed that
nivolumab results in durable responses with encouraging survival rates in pre-
treated patients with metastatic NSCLC.

CheckMate 063 restricted treatment to patients with squamous cell carcinoma
(Rizvi et al. 2015b). In this phase 2 single-arm trial the therapeutic activity of
nivolumab was tested in patients with advanced and refractory squamous NSCLC in
Europe and the USA. The primary endpoint of this study was a confirmed ORR, and
17 of 117 subjects (14.5%) achieved a response. Whereas delayed responses with
immune checkpoint inhibitors have been observed, the median time to response was
3.3 months. The majority of responses were still ongoing at the time of the report of
this trial, and the median duration of responses still has not been published. In addi-
tion to the subjects who responded to treatment, 30 of 117 patients (26%) had stable
disease (median duration 6 months, 95% CI 4.7-10.9 months). In this trial, there
were two treatment-associated deaths (one due to pneumonia and one due to stroke)
and grade 3—4 treatment related adverse events were present in 17% of subjects with
fatigue (4%), pneumonitis (3%), and diarrhea (3%) being the most common. For 76
patients in this study, assessment of their pretreatment archival tumor samples for
PD-L1 expression was possible. Using a cut-off of 5% expression of PD-L1 by
tumor cells, 25 of 76 patients (33%) had positive tumors. Of the 25 patients with
PD-L1-positive tumors and evaluable treatment responses, six of them (24%)
achieved a partial response compared to 7 of 51 patients (14%) with PD-L1-negative
tumors. This non-randomized, open-label clinical trial provided strong evidence
that nivolumab is effective for the treatment of advanced and treatment-refractory
squamous NSCLC. Furthermore, the data suggest that responses are independent of
detectable PD-L1 expression in squamous NSCLC.
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Subsequent to Checkmate 063, nivolumab was compared to docetaxel in a phase
3 randomized, open label, international clinical trial called CheckMate 017 for
patients with squamous NSCLC (Brahmer et al. 2015). In this study, 272 patients
were randomized to either treatment. Median overall survival was better with
nivolumab (9.2 months, 95% CI 7.3—13.3) than with docetaxel (6.0 months, 95%
CI 5.1-7.3). Similar to the phase 1 study and Checkmate 063, the response rate
to nivolumab was 20%, which was significantly higher than that seen with
docetaxel (9%). Progression-free survival was also significantly better for nivolumab
(3.5 months) than for docetaxel (2.8 months). The two treatment groups were
balanced for PD-L1 expression but this was neither prognostic nor predictive of
benefit from nivolumab. Treatment-related grade 3 or 4 adverse events were more
common with docetaxel (55%) and were attributable mainly to hematologic toxic
events and infections. In comparison, only 7% of subjects who received nivolumab
experienced grade 3 or 4 treatment-related adverse events, with the most common
being fatigue, decreased appetite, and leukopenia.

CheckMate 017 confirmed that nivolumab provides meaningful survival benefit
to patients with advanced, previously treated squamous-cell NSCLC with an
improved safety profile compared to the standard-of-care. Nivolumab was approved
by the US Food and Drug Administration (FDA) for patients with metastatic
squamous NSCLC who have experienced progression with or after platinum-based
chemotherapy based on data from CheckMate 063. The FDA approval did not make
any statement about PD-L1 testing for patients with squamous NSCLC.

After the positive results of nivolumab in squamous NSCLC, this agent was
compared to docetaxel in patients with non-squamous NSCLC that had progressed
during or after platinum-based doublet chemotherapy in CheckMate 057 (Borghaei
et al. 2015). The median overall survival was significantly better among the 292
subjects in the nivolumab group (12.2 months, 95% CI 9.7-15) than with the 290
subjects in the docetaxel group (9.4 months, 95% CI 8.1-10.7). Surprisingly, median
progression-free survival was shorter in subjects who received nivolumab
(2.3 months) than those who received docetaxel (4.2 months); however, the rate of
progression-free survival at 1 year was higher with nivolumab (19%) than docetaxel
(8%). The majority of subjects (78%) had tissue available for analysis of PD-L1
expression and rates of PD-L1 expression were balanced between the two treatment
groups. In contrast with CheckMate 017 in squamous NSCLC where PD-L1 expres-
sion was not predictive of benefit, in this study PD-L1 expression in non-squamous
NSCLC was strongly predictive of treatment benefit with nivolumab. Among sub-
jects whose tumors expressed PD-L1, nivolumab nearly doubled the median overall
survival as compared with those who received docetaxel. The hazard ratios in the
analysis of overall survival did not favor nivolumab for the 82 patients with EGFR
mutations, but definite conclusions are difficult due to the width of the confidence
intervals (CI 0.69-2.00). Treatment-related grade 3 or 4 adverse events were
reported in 10% of the patients in the nivolumab group, with fatigue, nausea, and
diarrhea being the most common, as compared with 54% of those in the docetaxel
group that experienced hematologic and infectious complications.
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In CheckMate 057, this randomized, open-label, international phase 3 study
showed the strong clinical benefit of nivolumab in patients with non-squamous
NSCLC and the predictive role of PD-L1 expression for these patients. These results
led to the extension of the FDA approval of nivolumab to non-squamous histology.
The FDA also approved a complementary test for PD-L1 by immunohistochemistry
(28-8 pharmDx) to guide physicians in patient selection for nivolumab treatment
but a positive result is not needed for initiation of treatment.

Nivolumab has been tested as a single-agent for first-line treatment of NSCLC. In
CheckMate 026, patients were randomized 1:1 to receive nivolumab or platinum-
based chemotherapy (Carbone et al. 2017). Although patients with > 1% PD-L1
tumor cell expression were included, the primary endpoint of progression-free
survival as determined by independent central review was assessed only amongst
patients with > 5% PD-L1 tumor cell expression. Amongst 423 patients who were
randomized with > 5% PD-L1 tumor cell expression, median progression-free
survival was 4.2 months for patients treated with nivolumab and 5.9 months for
patients treated with chemotherapy (HR 1.15, 95% CI 0.91-1.45; p=0.25). overall
survival was also similar between the groups, with a median of 14.4 months and
13.2 months for nivolumab and chemotherapy, respectively (HR 1.02, 95% CI
0.80—1.30). Crossover was allowed and 60% of patients initially treated with che-
motherapy received subsequent nivolumab. As an exploratory endpoint, tumor-
mutation burden was determined and patients were stratified based on this result.
Patients with a high tumor mutation burden treated with nivolumab had a superior
median progression-free survival (9.7 months) to those treated with chemotherapy
(5.8 months; HR 0.62, 95% CI 0.38-1.0). In contrast, patients with low or medium
tumor-mutation burdens treated with nivolumab had worse median progression-free
survival (4.1 months) than those who received chemotherapy (6.9 months, HR 1.82,
95% CI 1.30-2.55). In summary, nivolumab is not superior to chemotherapy for
frontline treatment of NSCLC when > 5% PD-L1 tumor cell expression is used for
selection. Nivolumab has notbeen approved for frontline treatment of NSCLC. Tumor
mutation burden is a potential predictor of benefit to nivolumab such that patients
with the highest burden may benefit the most, but validation is needed.

Pembrolizumab

The side effects, safety, and anti-tumor activity of pembrolizumab were first evalu-
ated in a large phase 1, open-label clinical trial with 495 subjects with adenocarci-
noma or squamous cell NSCLC at a ratio of approximately 4:1 (Garon et al. 2015).
Most of the patients (81%) had received at least one previous treatment.
Pembrolizumab was given at a dose of either 2 or 10 mg/kg every 3 weeks or 10 mg/
kg every 2 weeks. Median overall survival was 12.0 months (95% CI 9.3-4.7) for
all subjects, 9.3 months for previously-treated subjects, and 6.2 months for previ-
ously untreated subjects. The objective response rate was 19.4% with a median
duration of response of 12.5 months for all of the subjects. In this study, 23.2% of
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subjects had detectable PD-L1 expression in at least 50% of tumor cells, and 37.6%
of subjects had at least 1-49% of PD-L1 expression by tumor cells using the anti-
PD-L1 antibody clone 22C3 (pharmDX). The median overall survival of the sub-
jects with at least 50% tumor cell expression of PD-L1 was not reached (95% CI
13.7 months to not reached). Progression-free and overall survivals were higher for
these subjects than other groups of expression. The most common side effects asso-
ciated with pembrolizumab were fatigue, pruritus, and decreased appetite, regard-
less of dose or schedule. Almost 10% (47/495) of subjects experienced adverse
events of grade 3 or higher, with the most common being dyspnea (3.8%) and pneu-
monitis (1.8%). Overall, this study suggested that pembrolizumab is effective and
tolerable in patients with NSCLC. Clearly, PD-L1 expression was predictive of ben-
efit with pembrolizumab; however, many more subjects were found to have any
expression of PD-L1 with this clone than had been previously reported in NSCLC.

Based on the promising results of KEYNOTE-001, pembrolizumab was tested in
an international, randomized, controlled, open-label, phase 2/3 study
(KEYNOTE-010) (Herbst et al. 2016). Subjects with previously treated NSCLC
with PD-L1 expression on at least 1% of tumor cells were randomly assigned 1:1:1
to receive pembrolizumab 2 mg/kg, pembrolizumab 10 mg/kg, or docetaxel every
3 weeks. Median overall survival was significantly longer for the subjects who
received pembrolizumab: 10.4 months (95% CI 9.4-11.9) for the pembrolizumab
2 mg/kg group, 12.7 months (95% CI 10-17.3) for the pembrolizumab 10 mg/kg
group, and 8.5 months (95% CI 7.5-9.8) for the docetaxel group. Median
progression-free survival was almost equal for the three groups around 4 months.
PD-L1 expression of at least 50% by tumor cells was predictive of improved sur-
vival with pembrolizumab than docetaxel, with median overall survival of 14.9 and
17.3 months for the groups of subjects treated with pembrolizumab 2 and 10 mg/kg,
respectively, compared with subjects treated with docetaxel (8.2 months). During
this trial, both archival and new tumor specimens were analyzed for PD-L1 expres-
sion, and detection from either was predictive of survival benefit with pembroli-
zumab. The subgroup analysis of overall survival suggested that there was benefit
for subjects with adenocarcinoma (hazard ratio (HR) 0.63; 95% CI 0.5-0.79) and
those with squamous NSCLC (HR 0.74; 95% CI 0.5-1.09). In accordance with
what was observed in CheckMate 057 in patients with EGFR mutations, there was
a trend for better outcomes with docetaxel treatment (HR 1.79; 95% CI 0.94-3.42),
but the few patients with EGFR mutations who were included in this study limit any
definite conclusions. Grade 3-5 treatment-related adverse events were less common
with pembrolizumab than with docetaxel (13% of subjects who received 2 mg/kg,
16% of subjects who received 10 mg/kg, compared with 35% of subjects who
received docetaxel). The most common grade 3—5 adverse event was pneumonitis
(2%) in both of the pembrolizumab groups. Overall, KEYNOTE 010 demonstrated
that pembrolizumab is relatively well tolerated and effective in patients with previ-
ously treated NSCLC whose tumors express PD-L1. Based on this study, the FDA
granted accelerated approval for pembrolizumab in the treatment of patients with
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advanced NSCLC whose disease has progressed on or after other first-line therapies.
The 22C3 clone for PD-L1 detection by IHC was also approved as a companion
diagnostic test to identify tumors with PD-L1 expression. In contrast to nivolumab,
a positive test for PD-L1 expression is needed for use of pembrolizumab.

Frontline Pembrolizumab

As of 2017 pembrolizumab is the only approved frontline PD-1 inhibitor for
NSCLC. In the clinical trial that lead to this approval of pembrolizumab, patients
with 50% or greater expression of PD-L1 on their tumor cells as detected by the
22C3 clone were randomized to receive pembrolizumab or the investigator’s choice
of standard-of-care chemotherapy (Reck et al. 2016). Whereas the median
progression-free survival was 10.3 months in patients who received pembrolizumab,
it was 6.0 months in those who received chemotherapy (HR for disease progression
or death 0.50). Patients who received pembrolizumab also had a higher response
rate (44.8%) than those who received chemotherapy (27.8%). The duration of
response was not reached in those treated with pembrolizumab, and there were
fewer treatment-related adverse events. In short, pembrolizumab improves responses
rates, duration of response, and survival compared to chemotherapy in patients with
50% or great PD-L1 tumor cell expression. In contrast, a different clinical trial com-
pared nivolumab to platinum-based chemotherapy in patients with 1% or greater
tumor cell expression of PD-L1 as detected by the 28—8 clone; however, the primary
endpoint was progression-free survival amongst patients with 5% or greater PD-L1
expression. The median progression-free survival was 4.2 months in the group of
patients that received nivolumab and 5.9 months in the group that received chemo-
therapy (HR for disease progression or death 1.15). In an exploratory analysis, it
was shown that patients with a high mutation burden (defined as 243 or more muta-
tions) had an improved mprogression-free survival when treated with nivolumab
(9.7 months) compared to those treated with chemotherapy (5.8 months; HR 0.62).
Conversely, patients with a low (defined as 0-99 mutations) or medium (defined as
100-242 mutations) mutation burden had an inferior mprogression-free survival
when treated with nivolumab (4.1 months) compared to those treated with chemo-
therapy (6.9 months; HR 1.82). It is worth emphasizing that the tumor mutation
burden analysis has not been approved for use as a diagnostic test and is explor-
atory; however, it has some encouraging potential to select patients and will be
discussed in more detail below. It is challenging to state with certainty why the
frontline trial of pembrolizumab was successful but that of nivolumab was not, as
these two agents target the same molecule. In the end, the major differences between
the trials other than the agents themselves were the PD-L1 clones used for immuno-
histochemistry, and the cut-off applied to determine a positive case. As frontline
approvals currently stand, pembrolizumab may be used for the treatment of patients
with 50% or greater tumor cell PD-L1 expression.
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Pembrolizumab has also received accelerated approval by the FDA for treatment
of NSCLC-adenocarcinomas in combination with carboplatin and pemetrexed
(Langer et al. 2016). In the clinical trial that led to this approval, patients who were
stratified by PD-L1 tumor cell expression (< 1% compared to > 1%) were random-
ized to chemotherapy alone, or chemotherapy with pembrolizumab. Those who
received chemotherapy alone could receive maintenance pemetrexed indefinitely,
and those who received the combination of chemotherapy with pembrolizumab
could receive maintenance pemetrexed indefinitely and pembrolizumab for up
24 months. Only 123 patients participated in this trial; however, the response rate
was significantly higher for the group receiving pembrolizumab with chemotherapy
(55%) than chemotherapy alone (29%), albeit with more toxicity (39% vs. 26%,
respectively). Response rates of patients treated with pembrolizumab and chemo-
therapy varied by PD-L1 tumor cell expression, such that the response rate of those
with < 1% expression was 57%, those with > 1% expression was 54%, those with
1-49% expression was 26%, and those with > 50% expression was 80%.
Accordingly, the expression of PD-L1 seems to enrich for responses when a higher
cut-off is used.

Atezolizumab

Atezolizumab (also known as MPDL3280A) is a humanized, IgGl monoclonal
antibody that targets PD-L1. The phase 2 POPLAR trial randomly assigned 287
patients with squamous (34%) and non-squamous (66%) NSCLC who had pro-
gressed on prior platinum-based therapy to receive either atezolizumab 1,200 mg
every 3 weeks or docetaxel (Fehrenbacher et al. 2016). Whereas nivolumab and
pembrolizumab target PD-1, which is more commonly detected on T cells than
tumor cells, atezolizumab targets PD-L1. While the complementary and companion
diagnostics tests of PD-L1 for nivolumab and pembrolizumab have focused on
PD-L1 expression by cancer cells, the POPLAR study with atezolizumab investi-
gated PD-L1 expression on tumor cells (TC) and tumor-infiltrating immune cells
(IC). Accordingly, subjects who participated in POPLAR had PD-L1 expression
scored semi-quantitatively as IC O, 1, 2, or 3 and TC 0, 1, 2, or 3. Overall survival
was significantly better for subjects treated with atezolizumab (12.6 months, 95%
CI 9.7-16.4) than those treated with docetaxel (9.7 months, 95% CI 8.6-12). Even
though the objective response rates were the same for the two groups (15%), the
responses were more durable with atezolizumab, (14.4 months, 95% CI 11.6—non-
estimable) than with docetaxel (7.2 months, 95% CI 5.6-12.5). POPLAR included
97 patients with squamous NSCLC, and in this group overall survival was
10.1 months in the atezolizumab group and 8.6 months in the docetaxel group (HR
0.80; 0.49—-1.30). In the 190 patients with non-squamous NSCLC, overall survival
was 15.5 months in the atezolizumab group and 10.9 months in the docetaxel group
(HR 0.69; 95% C1 0.47—-1.01). There was a predictive benefit for atezolizumab with
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increasing PD-L1 expression by TC, IC, or both. Patients in the TC2/3 or IC2/3
subgroups treated with atezolizumab had an improved overall survival (15.1 months,
95% CI 8.4—non-estimable) compared with patients receiving docetaxel (7.4 months,
95% CI 6-12.5). In contrast, patients with PD-L1 levels less than 1% (TCO0 and ICO
groups) did not appear to benefit from atezolizumab and had the same survival as
subjects treated with docetaxel (9.7 months). This study also looked into the T-cell
effector-associated and interferon-y-associated gene expression signatures, and they
both were found to correlate with PD-L1 expression by IC but not by TC.
Atezolizumab improved overall survival in patients with tumors with high expres-
sion T-cell-effector associated and interferon-y associated genes and high expres-
sion of other genes associated with the PD-L1: PD-1 pathway (PD-L1 receptors
PD-1 and B7.1, and the alternative ligand, PD-L2). Grade 3-5 adverse events were
less common in patients treated with atezolizumab (40%) compared with patients
treated with docetaxel (53%). The most common treatment-related AEs of any
grade reported for atezolizumab were fatigue (20.4%), decreased appetite (17.6%),
and nausea (12%). Pneumonitis of any grade was reported in 3% of patients.
POPLAR was the first study to show the promising safety and the efficacy of PD-L1
blockade in second- or third-line treatment of NSCLC and demonstrated the predictive
use of PD-L1 expression by TC and IC.

Subsequent to the POPLAR trial, the OAK trial randomized patients who had
received 1-2 prior treatments to atezolizumab or docetaxel (Rittmeyer et al. 2017).
The primary endpoint was overall survival in the intention-to-treat population and
in the PD-L1 expression groups (TC 1/2/3 or IC 1/2/3, > 1% PD-L1 expression on
tumor cells or tumor-infiltrating immune cells). The primary efficacy analysis was
performed on 850 of the 1,225 enrolled patients. Overall survival was significantly
better amongst patients who received atezolizumab (median 13.8 months) than
docetaxel (median 9.6 months; HR 0.73; 95% CI 0.62-0.87, p=0.0003). Although
overall survival in the TC 1/2/3 or IC 1/2/3 population was even better amongst
patients who received atezolizumab (median 15.7 months) than docetaxel (median
10.3 months; HR 0.74; 95% CI 0.58-0.93, p=0.0102), overall survival was also bet-
ter in the PD-L1 undetectable group for patients treated with atezolizumab (median
12.6 months) than docetaxel (median 8.9 months; HR 0.75; 95% CI 0.59-0.96).
This survival benefit was seen regardless of histology. Less toxicity was observed
with atezolizumab than docetaxel. In previously treated NSCLC, atezolizumab
improves survival with a better safety profile compared to docetaxel.

Small Cell Lung Cancer

Most of the recent discoveries and advances in lung cancer treatment have focused
on NSCLC and the approach to SCLC has not changed significantly for decades.
The encouraging responses to immunotherapy seen in NSCLC and other malignan-
cies have prompted the study of this treatment for SCLC. A phase 1/2 clinical trial



68 K. Leventakos and A.S. Mansfield

for SCLC tested nivolumab or nivolumab and ipilimumab in patients with progres-
sion after a platinum-containing regimen. Patients who received nivolumab alone
were treated at 3 mg/kg every 2 weeks, whereas those who received the combination
of nivolumab and ipilimumab received 1 mg/kg plus 1 mg/kg or 1 mg/kg plus 3 mg/
kg or 3 mg/kg plus 1 mg/kg, respectively, every 3 weeks, followed by nivolumab
3 mg/kg every 2 weeks. The trial was ongoing at the time of publication, but the data
for 216 patients were reported with response rates varying from 10% for nivolumab
alone, to 33% (1/3) in patients receiving 1 mg/kg of nivolumab with 1 mg/kg of
ipilimumab, to 23% (14/61) of patients receiving 1 mg/kg of nivolumab and 3 mg/
kg of ipilimumab (Antonia et al. 2016). Responses were observed regardless of
PD-L1 expression. Given the response rates seen with the commonly used second-
line agent topotecan (Von Pawel et al. 2014), these results strongly encourage the
use of combined CTLA-4 and PD-1 inhibition in SCLC. Although this combination
has not yet been approved by the FDA, its use is recommended by the National
Comprehensive Cancer Network as of March 2017. Other drugs such as pembroli-
zumab are also being tested in SCLC.

Endpoints in Immunotherapy Trials for Non-Small-Cell Lung
Cancer

Soon after the CTLA-4 inhibitor ipilimumab was introduced for the treatment of
melanoma it was recognized that there are distinct response patterns associated with
favorable survival including responses after a radiographic increase in tumor size
and appearance of new lesions (pseudoprogression). These observations led to the
introduction of the Immune-Related Response Criteria (irRC) instead of Response
Evaluation Criteria in Solid Tumors, version 1.1 (RECIST v1.1) for the assessment
of the efficacy of immunotherapy in melanoma (Wolchok et al. 2009). Recently a
study focusing on melanoma patients in the KEYNOTE-001 study treated with
pembrolizumab compared the responses measured by irRC and RECIST vl1.1. It
was found that there was a discrepancy in the 2-year overall survival rates depend-
ing on the criteria used to determine progressive disease (37.5% in patients with
progressive disease per RECIST vl.1 but non-progressive disease per irRC, com-
pared with 17.3% in patients with progressive disease per both criteria). Thus, iden-
tification of progression per RECIST v1.1 can lead to premature discontinuation of
immunotherapy and may deprive patients of additional benefit (Hodi et al. 2016). It
is estimated that immune-related radiologic responses—including pseudoprogres-
sion—have an overall incidence of 4% in the first immune checkpoint trials, but this
calculation can be an underestimation because irRc were not evaluated across all
patients (Chiou and Burotto 2015). The existing data are even more scant for
NSCLC, and there is an unquantified report of immune-related radiologic responses
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in NSCLC patients in a study with multiple malignancies (Topalian et al. 2012).
Overall it seems that pseudoprogression is not as common in NSCLC as it is in
melanoma, but still clinicians should consider it as a possibility until more extensive
reporting of the immune-related responses in the current clinical trial will clarify
this phenomenon. Clinically, it can be challenging to separate out patients with
pseudoprogression from true progression. The decision to continue therapy will
depend on other factors such as tolerance of therapy and goals of care.

The novel immunotherapeutic strategies used in the treatment of NSCLC have a
mechanism of action that is distinct from the classic cytotoxic chemotherapies.
Immunotherapy typically does not have any immediate or direct cytotoxic effects
but indirectly acts against tumors by mobilizing the immune system. Nevertheless,
the phase 2 and 3 clinical trials of immunotherapy have used the same efficacy end-
points (overall survival, progression-free survival, time to progression, overall
response) that have been well established in the evaluation of classic cytotoxic
agents. In CheckMate 057 the progression-free survival benefit, in an intention-to-
treat analysis, was initially no different or slightly better for docetaxel than
nivolumab. It was only after the 8-month mark that nivolumab appeared to be supe-
rior, primarily due to the duration of response of the patients who benefited from
this agent. The progression-free and overall survival benefits clearly favored
nivolumab for patients with detectable PD-L1 expression.

For cytotoxic agents, the progression-free survival usually correlates with overall
survival (Suzuki et al. 2015), but this observation does not always hold, possibly
due to crossover and the advent of targeted therapies (Hotta et al. 2013; Blumenthal
et al. 2015). Since the first studies of immunotherapy, it was noted that the lack of a
benefit for progression-free survival does not exclude a significant overall survival
benefit—as seen in the CheckMate, KEYNOTE, and POPLAR clinical trials. Thus,
for immunotherapy trials, the use of immune-related progression-free survival and
overall survival may be more appropriate when judging the efficacy of a new agent
(Johnson et al. 2015).

The introduction of immunotherapeutic agents in clinical trials motivates us to
re-evaluate our current metrics for a successful trial. Another unique characteristic
of the immunotherapy trials is that, usually, the treatment groups do not begin to
separate until many months after randomization, while in trials with cytotoxic
agents the treatment arms usually would separate soon after randomization. The
existing methods that are used for progression-free survival and overall survival are
based on the Kaplan Meier method, which assumes that the hazards for the groups
under comparison are constant over time. However, in immunotherapy trials, the
survival benefit is mainly seen at the tail of the curves many months after random-
ization. Accordingly, new statistical tools have been proposed (e.g., using the
weighted log-rank test, performing additional sensitivity analyses, or estimating
survival rates at later rather than usual time points). These statistical tools account
for long survivors and late responses (Dranitsaris et al. 2015).
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PD-L1 Assessment and Companion Assays

Each of the three FDA-approved PD-1 or PD-L1 inhibitors for NSCLC has a differ-
ent diagnostic test associated with it for the detection of PD-L1 expression
(Table 4.1). Each of the clones used to detect PD-L1 has its own staining character-
istics, and its own cut-off for positivity. Given the use of variable cut-offs for PD-L1
expression, and different clones for PD-L1 detection, there is significant confusion
over the ideal strategy to test for PD-L1 expression in the clinic (Mansfield and
Dong 2016). This confusion is confounded by variable agreement between the
assays, intratumoral and intertumoral agreement.

Assay Agreement

Many investigators have assessed how well assays for PD-L1 agree with one
another. In one effort, the clones associated with the FDA-approved PD-1 or PD-L1
inhibitors and SP263 were compared to one another amongst 40 NSCLC specimens
(Hirsch et al. 2017). The 22C3, 29-8, and SP263 clones similarly detected tumor
cell expression; however, SP-142 typically underscored the other clones. Conversely,
the SP-142 clone typically detected immune cell PD-L1 expression at higher levels
than the other clones. This discrepancy might be because the 28-8, 22C3, and
SP142 clones detect extracellular epitopes of PD-L1, and SP142 detects an intracel-
lular epitope. When the respective cut-offs of PD-L1 expression for each clone were
applied, 14/38 specimens (37%) were discrepantly categorized. These same four
clones were also tested amongst multiple academic institutions using 90 archival
NSCLC specimens. In this study, the SP142 clone detected lower PD-L1 expression
in tumor cells and immune cells than the other clones. There was better agreement
amongst the clones for tumor cell expression than immune cell expression of PD-L1.
Agreement between pathologists was very good overall (Rimm et al. 2017). In
another study, the 22C3, 28-8, and SP263 clones were tested in 500 archival NSCLC
specimens and 90% or better agreement was observed at multiple expression
cut-offs (Ratcliffe et al. 2017). These studies suggest that the agreement between
most assays for PD-L1 is good overall, but some clones have different patterns of
detection, and application of cut-offs can affect agreement.

Table 4.1 US Food and Drug Administration-approved agents and their assays

Agent Line Clone Platform Cutoff
Nivolumab >2 28-8 Autostainer Link 48 >1% tumor cell
Pembrolizumab >1 22C3 Autostainer Link 48 >50% tumor cells
Atezolizumab >2 SP142 BenchMark ULTRA TC 1/2/3,1C 1/2/3
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Heterogeneity

The heterogeneity of PD-L1 expression in lung cancer and other malignancies may
affect its applicability as a predictive biomarker. One team of investigators com-
pared PD-L1 expression using the SP142 clone between completely resected lung
cancers and matched biopsy specimens. The overall discordance rate was 48% with
a kappa value (x) of 0.218. Agreement of PD-L1 expression improved between
matched pairs when many core biopsies were obtained (Ilie et al. 2016). These
results suggest that there is a significant degree of intratumoral heterogeneity in
PD-L1 expression, and a biopsy without detectable PD-L1 expression does not
exclude the possibility of PD-L1 expression elsewhere.

Since most patients who receive immunotherapy for lung cancer have metastatic
disease, we have been interested in the heterogeneity of PD-L1 expression between
paired lesions. Accordingly, we assessed the agreement of PD-L1 expression
between fully resected multifocal lung cancer specimens from 32 patients. Overall,
we observed agreement of PD-L1 expression by the tumor cells in paired lesions of
20 patients and disagreement of PD-L1 expression by the tumor cells in paired
lesions of 12 patients (k = 0.01). The expression of PD-L1 is heterogeneous among
paired independent lung cancers, but there are high levels of agreement in intrapul-
monary metastasis. We used mate-pair sequencing to determine whether these
paired multifocal lung cancers were related or not (Mansfield et al. 2016b), and
found that 23 patients had independent primary lung cancers and that nine patients
had related cancers (intrapulmonary metastases). Amongst the paired lesions from
patients with related lung cancers, there was agreement of PD-L1 expression by the
tumor cells in eight patients and disagreement in one patient (x = 0.73). We con-
cluded that the expression of PD-L1 is heterogeneous among paired independent
lung cancers, but agreement improves amongst cases of intrapulmonary metastasis
(Mansfield et al. 2016b).

In a subsequent project, we assessed the agreement of PD-L1 expression between
fully resected primary lung cancers and brain metastases from 73 patients. We
observed disagreement of tumor cell PD-L1 expression in 10 cases (14%, k =0.71),
and disagreement of tumor-infiltrating lymphocyte PD-L1 expression in 19 cases
(26%, « = 0.38) (Fig. 4.1) (Mansfield et al. 2016a). We additionally assessed tumor
infiltrating lymphocytes and scored the paired lesions by an immunologic classifica-
tion schema that others have proposed (Table 4.2) (Teng et al. 2015). Brain metas-
tases commonly lost PD-L1 expression or tumor-infiltrating lymphocytes that were
detected in the paired resected specimens, resulting in frequent changes in the
immunologic categorizations between primary and metastatic lesions. In summary,
the intratumoral and intertumoral heterogeneity of PD-L1 expression may limit the
use of PD-L1 expression as a predictive biomarker. Although high PD-L1 expres-
sion may enrich for responses to immunotherapy, the lack of PD-L1 expression may
not preclude benefit from immunotherapy. Additional work is needed to identify
more robust predictors of benefit.
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Fig. 4.1 Circos diagram of tumor microenvironment categorizations between paired lesions. The
tumor microenvironments of the paired lesions in our series were classified according to Table 4.2
based on tumor-cell expression of PD-L1 and tumor-infiltrating lymphocytes. The circular seg-
ments are labeled with these classifications, and the numbers of lesions within each classification
are shown with tick marks around the segments. Cases with discordant classifications between the
paired primary lung cancers and brain metastases are connected by colored ribbons to demonstrate
the dynamics of the discrepant tumor microenvironment classifications between pairs. Concordant
cases are not connected by ribbons. Overall, many of the brain metastases lost PD-L1 expression
or tumor lymphocyte infiltration that was present in the primary lung cancer specimens (Figure
used with permission by Oxford University Press and was previously published elsewhere
(Mansfield et al. 2016a))

Table 4.2 Immunologic classification of tumors

PD-L1* PD-L1-
TIL* Adaptive immune resistance Tolerance (other suppressors)
TIL- Intrinsic induction Immunologic ignorance

The immunologic classification is summarized above based on the presence of tumor-cell expres-
sion of PD-L1 and tumor-infiltrating lymphocytes (TIL) as proposed by others (Teng et al. 2015).
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Other Biomarkers and Future Developments

As novel biomarkers are investigated and developed, it is important to consider
where they fit into the steps required for an anti-tumor T-cell response. In this
regard, others have proposed analyzing tumors with a cancer immunogram (Blank
et al. 2016). This immunogram considers many factors that are required for an
effective T-cell response including: tumor foreignness or its mutational load, overall
lymphocyte count, presence of intratumoral T cells, absence of immune checkpoint
expression, absence of soluble inhibitors, absence of inhibitory tumor metabolism,
and tumor sensitivity such as MHC expression. One could imagine that a cancer
with a high mutation burden, that presents neoantigens on HLA molecules, that
does not express soluble T-cell inhibitors but does express an immune checkpoint,
may be responsive to immune checkpoint inhibition. This immunogram also sug-
gests that many components of the immune system and tumor may need to be mea-
sured to most accurately predict who will benefit from immunotherapy. In this
regard, one group from Japan has started to classify lung cancers with a variation of
this immunogram in order to personalize immunotherapy recommendations for
patients (Karasaki et al. 2017). This group observed three common immunogram
patterns, which suggests that more than one immunologic approach may be neces-
sary moving forward.

Another group has looked at the significance of tumor mutation burden. Their
results have suggested that high somatic, non-synonymous mutation burdens are
associated with clinical benefit with the PD-1 inhibitor pembrolizumab (Rizvi et al.
2015a). Subsequent work with other investigators demonstrated that clonal neoanti-
gens elicit T-cell immunoreactivity (Mcgranahan et al. 2016). As mentioned above,
a retrospective analysis suggested that a high tumor mutation burden is associated
with benefit with frontline treatment with the PD-1 inhibitor nivolumab (Carbone
et al. 2017), even though 5% or greater PD-L1 expression was not predictive of
benefit. When placed in the context of the cancer immunogram mentioned above, a
high tumor mutation burden suggests that there are neoantigens that may elicit an
anti-tumor T-cell response; however, tumor mutation burden alone ignores the rest
of the immunologic milieu that might be needed to select immunotherapy or others
as novel therapeutic options become available.

Conclusion

Immunotherapy is rapidly moving forward in lung cancer. Three immunotherapies
that target PD-1 or PD-L1 are already approved by the FDA for metastatic NSCLC,
and others are in development. These agents are being tested in earlier stages of
disease prior to surgery, and in combination with or following chemoradiation.
Novel blood-based and tissue biomarkers are being developed and validated. On the
preclinical side, better models are being developed that will allow further
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interrogation of immunologic interplay with lung cancer. Although significant
strides have been made so far, many more are to come with patient selection, treat-
ment individualization, and monitoring.
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Bladder Cancer
Introduction

Bladder cancer is the most common malignancy involving the urinary system. In the
USA, almost 75,000 new cases and 16,000 deaths occur each year due to bladder
cancer, making it the fourth most common cancer in men and 11th most common
cancer in women (Siegel et al. 2017). Bladder cancer is usually diagnosed in older
individuals, usually in the seventh decade of life (Lynch and Cohen 1995), and the
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incidence increases with age. The disease is extremely rare in children and young
adults, and if present, is usually diagnosed as a low-grade, non-invasive, localized
tumor (Linn et al. 1998). Smoking and environmental or occupational exposures
account for most cases of bladder cancer. Individuals with recurrent or chronic blad-
der infections and those who have an ongoing source of bladder inflammation (such
as neurogenic bladder with or without prolonged indwelling catheters, bladder cal-
culi, Schistosoma infections) also have a higher risk of bladder cancer compared to
the general population, especially squamous cell carcinoma. With carcinogen expo-
sure, it is hypothesized that the lining of the entire urinary tract (urothelium) is
exposed to substances that are either excreted in the urine or activated from precur-
sors in the urine, which explains the “field effect” seen with urothelial carcinomas
of both the urinary bladder and upper urinary tract. Indeed, these tumors tend to be
either multifocal at diagnosis or have a high tendency of recurrence over time. As a
consequence, many bladder cancer patients experience multiple recurrences over
their lifetime, resulting in a relatively large number of bladder cancer survivors cur-
rently alive in the USA.

Bladder Cancer Grading and Staging

The treatment and prognosis of bladder cancer depend upon its stage, grade, and
the risk that the cancer will recur. Bladder cancer staging is based upon how far
the cancer has penetrated into the bladder wall, whether the cancer involves
regional (pelvic) lymph nodes, and whether the cancer has spread beyond the
bladder to other organs. Tumor grade refers to the microscopic characteristics of
the cancer cells; bladder tumors are classified by pathologists as either low or
high grade. At diagnosis, about 75% of patients have early-stage, non-muscle-
invasive bladder cancer (NMIBC), and only about 25% have more advanced,
muscle-invasive disease localized to the bladder or presenting with lymph nodes
or distant metastases (Kamat et al. 2016). The risk of recurrence of NMIBC is
approximately 50-70% at 5 years and the reported risk of progression to invasive
tumors ranges from 10% to 30% (Kamat et al. 2016). The main factors influenc-
ing recurrence and progression in superficial (non-invasive) bladder cancer
include high grade, high stage, presence of carcinoma in situ, large tumor size,
multifocality, and a high number of previous recurrences (Kamat et al. 2016).
Invasive bladder cancer is defined as a bladder tumor that has invaded at least the
muscularis propria; the main determinant of prognosis for invasive tumors is
based on the depth of the tumor invasion, involvement of regional/pelvic lymph
nodes, and presence of distant metastases. Patients with nodal metastases but
without disseminated disease may be treated with cystectomy or combined-
modality approaches, while the presence of distant metastases is considered
incurable disease and is generally treated with systemic therapies.
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Role of Immunotherapy in the Management of Bladder Cancer
Role of BCG in the Treatment of Non-Muscle-Invasive Bladder Cancer

The initial step in the management of non-muscle-invasive bladder cancer is
transurethral resection of all visible tumors with adequate surgical margins using a
cystoscopic approach. Further management is based on risk stratification using clin-
ical and pathologic characteristics that classifty NMIBC as low risk, intermediate
risk, or high risk (Kamat et al. 2016). Because of the high recurrence rate of NMIBC,
adjuvant (additional) therapy is usually recommended. The most common and old-
est immunotherapy used for bladder cancer is intravesical bacillus Calmette-Guérin
(BCG) instillation. BCG is an attenuated live bacterium that causes cow tuberculo-
sis. Although the mechanism of action of BCG is not fully elucidated, animal exper-
iments showed that intravesical BCG was effective against superficial bladder
tumors; the first human study with this agent was reportedly conducted in the mid-
1970s (Morales et al. 1976). The anti-tumor effects of BCG seem to be the result of
direct effects on tumor cells by BCG infection and also activation of the host’s
immune response (Fuge et al. 2015), which improves the recognition and subse-
quent destruction of tumor cells through non-specific and specific cell-mediated
mechanisms (Alexandroff et al. 1999). It has also been shown that BCG has a pre-
dilection for entering bladder cells, and this step seems to be critical for expression
of antigen-presenting molecules and the development of a subsequent immune
response. Cytokine release, particularly Thl cytokines (interleukin (IL)-2, tumor
necrosis factor, IL-12, and interferon (IFNy)) along with IL-8 and IL-17, induces
anti-tumor activity mediated by not only cytotoxic T lymphocytes, but also natural
killer cells, neutrophils, and macrophages (Fuge et al. 2015).Therefore, intravesical
BCG, in combination with TURBT, is currently considered to be the most effective
treatment for NMIBC and has been shown to delay tumor progression and reduce
recurrences (Sylvester et al. 2005). As a result, patients with a high risk of recur-
rence as well as certain patients with intermediate risk are often advised to start
intravesical BCG, usually within 2—-6 weeks of the first treatment. This is commonly
followed by additional booster treatments (maintenance therapy) once a complete
response is obtained. Maintenance therapy improves outcomes when given at full
doses for 3 years for patients with high-risk disease, while for some intermediate-
risk NMIBC patients 1 year of maintenance treatment was found to be sufficient
(Brausi et al. 2014).

Role of Immunotherapy in the Management of Metastatic Bladder Cancer

Until recently, the survival of patients with advanced or metastatic bladder cancer
who progressed on, or were not eligible for, conventional platinum-based chemo-
therapeutic regimens, was extremely limited. In the last few years, multiple clinical
trials have been undertaken to evaluate the role of novel immune checkpoint
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inhibitors in metastatic urothelial carcinoma (mUC), and as a result, several new
agents are currently approved by the US Food and Drug Administration (FDA) for
this indication.

Atezolizumab is a humanized anti-PDL1 inhibitor that was first reported to be
safe and effective in advanced urothelial carcinoma by Powles and colleagues
(Powles et al. 2014). This was a phase 1 expansion study, with an adaptive design,
that allowed for biomarker-positive enriched cohorts and found that tumors express-
ing PD-L1-positive tumor-infiltrating immune cells had particularly high response
rates. Moreover, the responses were often rapid, with many occurring by the first
imaging assessment at 6 weeks, and also durable compared to historically treated
chemotherapy patients. The favorable toxicity profile, including a lack of peripheral
neuropathy, hearing or renal impairment suggested that this drug may be better
tolerated by older patients with bladder cancer compared to chemotherapy. On the
basis of these data, the FDA granted atezolizumab breakthrough status for
mUC. These results were expanded in the phase 2 IMvigor210 study, which tested
treatment with atezolizumab at a dose of 1,200 mg every 3 weeks in two cohorts: the
first cohort included cisplatin-ineligible patients with locally advanced or metastatic
disease, and cohort 2 consisted of cisplatin-pretreated patients. The results of cohort
2, in which 310 patients with metastatic urothelial cancer were treated with atezoli-
zumab, showed that the objective response rate (ORR) was 15%; in addition, similar
to the phase 1 findings, 38 of 45 (84%) responses were ongoing at a median follow-
up of 12 months (Rosenberg et al. 2016). In this study, patients’ tumor samples were
analyzed for PD-L1 expression by the immune cells infiltrating the tumors. The
PD-L1 tumor-infiltrating immune-cell (IC) status was defined by the percentage of
PD-L1-positive immune cells in the tumor microenvironment as ICO (< 1% positive
cells), IC1 (> 1% but < 5% positive cells), and IC2/3 (> 5% positive cells). Patients
with higher PD-L1 expression had better outcomes; for all evaluable patients, the
objective response rate was 15%, with a complete response recorded in 15 (5%) of
310 patients and in the IC2/3 group the objective response rate was 26%, including
11 (11%) patients who achieved a complete response. After a median follow-up of
11.7 months, the median survival for groups IC2/3, IC1 and ICO were 11.4, 6.7, and
6.4 months, respectively. The most common adverse effect was fatigue, which was
seen in 16% of patients. Severe grade 3 and 4 adverse effects were seen in 5% of
patients and included abnormal liver function tests, rash, dyspnea, and pneumonitis.
Based on these results, the FDA granted atezolizumab accelerated approval for use
in patients with locally advanced or metastatic urothelial carcinoma who have dis-
ease progression during or following treatment with platinum-based chemotherapy
for metastatic disease, or who have disease progression within 1 year of neoadju-
vant or adjuvant treatment with platinum-containing chemotherapy. Cohort 1
patients were chemotherapy-naive patients considered unfit for cisplatin therapy.
119 patients were enrolled under this cohort, 18% had received neo-adjuvant treat-
ment and 10% had radiotherapy. The ORR was 23% and complete responses (CR)
were seen in 9% of patients. Median duration of response had not been reached, and
19 of 27 continued to respond at the time of analysis. Median overall survival (OS)
for the entire cohort was 15.9 months. Tumor mutation load was associated with
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response in this study. Immune-mediated all-grade adverse events were reported in
12% of patients and grade 3 and 4 adverse effects occurred in 7%. (Balar et al. 2017)
The results of this study subsequently led to the accelerated approval of atezoli-
zumab for frontline treatment of patients with locally advanced or metastatic uro-
thelial carcinoma who are ineligible for cisplatin chemotherapy.

Nivolumab is a fully human monoclonal antibody targeting PD-1. In a phase 1
trial (CheckMate 032), nivolumab was administered at 3 mg/kg every 2 weeks in
patients with mUC regardless of PD-L1 status. Of the 86 patients who had enrolled
in the study, 78 received at least one dose of the drug; in this cohort, the ORR was
24.4%, median progression-free survival (PFS) 28 months, and survival at 12 months
was 51.6%. Grade 3—4 treatment-related adverse events occurred in 17 (22%) of 78
patients (Sharma et al. 2016). A larger single-arm phase 2 study, CheckMate 275,
studied nivolumab as a single agent in 270 patients with locally advanced or meta-
static urothelial carcinoma who had progressed following platinum-based chemo-
therapy. Objective responses were seen in 19.6% of patients. Higher levels of PD-L1
expression on tumor cells were associated with higher objective response rates
(28.4% with PD-L1 expression > 5%; 23.8% with PD-L1 expression > 1%; and
16.1% with PD-L1 expression < 1%) (Sharma et al. 2017). Based on these data, the
FDA granted nivolumab accelerated approval for use in patients with locally
advanced or metastatic urothelial carcinoma who have disease progression during
or following treatment with platinum-based chemotherapy for metastatic disease, or
who have disease progression within 1 year of neoadjuvant or adjuvant treatment
with platinum-containing chemotherapy.

Durvalumab is a human anti-PD-L 1 inhibitor that is indicated at the dose of
10 mg/kg intravenously every 2 weeks for the treatment of advanced urothelial car-
cinoma that has progressed during or after previous platinum-based chemotherapy.
Durvalumab was studied in a phase 1/2 trial that included 191 patients (Powles et al.
2017); all but one patient had received prior chemotherapy, which was platinum-
based in 95% of cases. Objective responses were seen in 18% (34 patients), includ-
ing seven complete responses and 27 partial responses. The response rate was higher
in tumors with high PD-L1 expression as compared with low or negative PD-L1
expression (28% vs. 5%). Median PFS and OS were 1.5 months and 18.2 months,
respectively; the 1-year OS rate was 55%. Grade 3/4 treatment-related adverse
events were seen in 7% of patients and there were two immune-mediated adverse
events leading to death (autoimmune hepatitis, pneumonitis). Durvalumab achieved
FDA approval in May 2017 for locally advanced or metastatic urothelial carcinoma
who have progressed during or after treatment with platinum-based chemotherapy
or those who progressed within 1 year of neoadjuvant or adjuvant treatment with
platinum-containing chemotherapy (Massard et al. 2016).

Avelumab is a humanized anti PD-L1 inhibitor. As part of the phase 1 JAVELIN
solid tumor trial (Apolo et al. 2017), 44 patients with mUC were treated with ave-
lumab and followed for a median of 16.5 months. Grade 3—4 treatment-related
adverse events occurred in 7% of patients; the confirmed ORR was 18.2%, median
PES was 11.6 weeks, and the median OS was 13.7 months with a 12-month OS rate
of 54.3% (Apolo et al. 2017). Avelumab received accelerated FDA approval in May
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2017 for locally advanced or metastatic urothelial carcinoma in patients who
progressed while on chemotherapy or within 1 year of neoadjuvant or adjuvant
treatment with platinum-containing chemotherapy.

Pembrolizumab is a humanized anti PD-1 antibody. The phase 2 KEYNOTE-052
study (O'Donnell et al. 2017) enrolled 374 patients ineligible for cisplatin chemo-
therapy who received pembrolizumab at a dose of 200 mg every 3 weeks. In this
study, the average age of the study population was 74 years, and a third of patients
were older than 80 years. The ORR was 29% for the entire cohort, of which 7%
were complete responses. Responses were seen across all major subgroups and
were durable; the median duration of response had not been reached at the time of
analysis. This was a landmark study that led to the approval of pembrolizumab as a
frontline agent in cisplatin-ineligible patients. In the phase 3 Keynote-045 trial, 542
patients who had recurred after or progressed on a platinum-containing regimen
were randomly assigned to pembrolizumab (200 mg every 3 weeks for 24 months)
or investigator’s choice chemotherapy (paclitaxel, docetaxel, or vinflunine)
(Bellmunt et al. 2017). The response rate was higher with pembrolizumab than with
chemotherapy (21.1% vs. 11.0%), and the OS was also significantly increased with
pembrolizumab compared with chemotherapy (median 10.3 vs. 7.4 months).
Serious treatment-related adverse events were significantly less frequent with pem-
brolizumab compared to chemotherapy (15.0% vs. 44%). Following these results,
pembrolizumab was granted approval for patients who progressed while on chemo-
therapy or within 1 year of neoadjuvant or adjuvant treatment with platinum-
containing chemotherapy.

Mature results from the KEYNOTE-045 trial presented at the European Society
for Medical Oncology (ESMO) 2017 Congress confirmed significantly longer sur-
vival in patients with advanced urothelial cancer who received pembrolizumab after
initial chemotherapy compared to investigator’s choice of an alternative chemo-
therapy regimen (Bellmunt et al. 2017). Some other ongoing studies are
NCTO02625961, which is analyzing the potential of pembrolizumab in muscle non-
invasive bladder cancer relapsing after BCG treatment, NCT02690558, which is
studying pembrolizumab in combination with gemcitabine and cisplatin as neoad-
juvant therapy, and NCT02500121, which is testing the PD-1 inhibitor pembroli-
zumab as maintenance therapy after initial chemotherapy in metastatic bladder
cancer.

Consensus recommendations: Atezolizumab, durvalumab, avelumab, pembroli-
zumab, and nivolumab are all FDA approved and recommended for patients with
locally advanced or metastatic urothelial carcinoma previously treated with
platinum-based chemotherapy or who relapsed within 12 months of perioperative
platinum-based chemotherapy. Any of these agents may be chosen based on dosing
and convenience. Atezolizumab and pembrolizumab are also recommended as first-
line agents in patients ineligible for cisplatin therapy. It is of note that for all approv-
als granted under the accelerated approval pathway based on response rate and
duration of response, continued approval may be contingent on evidence of clinical
benefit in further trials (Kamat et al. 2017).
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Renal Cell Carcinoma

Introduction

Historically known as hypernephroma or “Grawitz tumor”, renal cell cancer was
originally believed to arise from ectopic adrenal tissue (Grawitz 1883). It was not
until late 1950s when the true renal origin of these tumors was unequivocally
established (Foot et al. 1951; Oberling et al. 1960), and the term renal cell carci-
noma (RCC) was proposed to more accurately describe these malignancies.
Eighty-five to ninety percent of all adult kidney cancers originate in the renal
parenchyma, while tumors arising in the renal pelvis account for less than 10% of
all cases and are usually of transitional urothelial cell type, and these are managed
similarly to bladder cancers (Chow et al. 1999). Most parenchymal tumors are
clear-cell renal cell carcinomas (ccRCC). Non-clear-cell histologies constitute
20-25% of RCCs; however, this group is quite heterogeneous, with each individual
subtype (i.e., papillary, chromophobe, collecting duct, medullary, translocation
carcinoma, etc.) being relatively rare and thus difficult to study in large prospective
studies. Sarcomatoid carcinoma is not considered a separate entity, but rather a
form of rapidly progressing, poor prognosis RCC, as high-grade sarcomatoid
changes may be seen in all subtypes.

Kidney cancer accounts for about 4% of cancer incidence and 2% of cancer mor-
tality in the USA, with approximately 64,000 new cases and almost 14,000 deaths
recorded from RCC each year (Siegel et al. 2017). In the USA, the incidence rate of
RCC is highest in African Americans, compared to whites and Hispanics, while
Asians/Pacific Islanders have the lowest incidence rate (about half of other racial/
ethnic groups) (Chow and Devesa 2008). The incidence rates are also higher among
men than women, with rates previously reported as twice as high for all racial and
ethnic origins (Chow and Devesa 2008), although more recent data suggests that the
gap may be narrowing (Jemal et al. 2009). In general, men tend to present with
larger, higher grade, and higher stage tumors, and they have a higher incidence of
regional and metastatic spread (Aron et al. 2008). RCC is commonly diagnosed in
the seventh or eighth decade of life, with less than 5-10% of patients presenting
before age 40 years (Gillett et al. 2005; Thompson et al. 2008). Recent studies sug-
gest that younger patients are less likely to have ccRCC (Gillett et al. 2005;
Thompson et al. 2008) and are more likely to be symptomatic at presentation and be
diagnosed at an earlier stage compared to their older counterparts, despite having
tumors of similar size (Verhoest et al. 2007). In the USA, the incidence of RCC has
risen consistently over time in all races and sex groups (Chow et al. 1999), which
has been in part attributed to increased detection of presymptomatic (incidental)
tumors through widespread use of imaging modalities such as ultrasonography,
computed tomography, and magnetic resonance imaging performed for the diagnos-
tic work-up of other abdominal disorders (Sanchez-Martin et al. 2008). Indeed,
RCC is being increasingly diagnosed at an earlier stage, with marked increases in
incidence seen in localized stage tumors, particularly small tumors (< 2 cm) and
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tumors 2—4 cm in size (Chow and Devesa 2008). The diagnosis at an increasingly
early stage and small tumor size may have contributed to consistently decreasing
mortality rates in recent years in both males and females (Jemal et al. 2009; Levi
et al. 2008). In fact, size at diagnosis appears to be a strong predictor of survival,
with smaller sizes leading to improved survival, although US registry data showed
that the overall 5-year relative survival rate of patients with RCC has improved over
time across all disease stages, suggesting a general improvement in the management
of these patients (Chow and Devesa 2008).

Extent of Disease

The Tumor, Nodes, Metastasis (TNM) staging system, which is based upon the
extent of the primary tumor and the presence or absence of regional lymph node
involvement or distant metastases, is used for staging all histologic variants of renal
carcinoma. This staging system correlates with prognosis and provides important
information for patient management. Because RCC is nowadays more frequently
being diagnosed incidentally as a consequence of increased use of imaging proce-
dures for other reasons, two-thirds of patents have localized disease (i.e., confined
to the kidney) at presentation, while the rest are divided equally between patients
presenting with regional (i.e., spread to regional lymph nodes) or metastatic disease
(Kane et al. 2008).

Role of Immunotherapy in the Management of Renal Cell
Carcinoma

RCC is a cancer that has long been considered chemoresistant but highly “immuno-
genic.” This came from the observation in the 1960s that some patients with meta-
static RCC (mRCC) experienced a unique phenomenon of spontaneous remission
of their metastatic tumors after removal of the primary renal cancer (Everson 1964;
Hallahan 1959). Additionally, in the 1980s and 1990s, high-dose IL-2 (HD IL-2)
was shown to induce complete responses in about 5-7% of patients, most of them
being durable and even potential cures (Fyfe et al. 1995; Fisher et al. 2000).
Therefore, harnessing the immune system as an anticancer therapy has long been of
interest, especially because of the potential for durable responses that are not seen
with cytotoxic or targeted therapy. For mRCC, immunotherapy using cytokines
such as IL-2 (Fyfe et al. 1995) or IFN-alfa (IFN-a) (Dekernion et al. 1983) had actu-
ally been a primary treatment before the development of targeted therapies in 2005,
although the clinical benefit was modest and the use was limited by toxicity and, in
the case of HD IL-2, the difficulty of administration in a hospital setting. Since
2005, ten agents have been approved for the treatment of patients with metastatic
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ccRCC, including six agents that target the tyrosine kinase of vascular endothelial
growth factor (VEGF) receptors (sorafenib, sunitinib, pazopanib, axitinib,
cabozantinib, and lenvatinib), two agents that target mammalian target of rapamycin
(mTOR) pathway (temsirolimus and everolimus), a monoclonal antibody against
VEGEF (bevacizumab), and one against the immune checkpoint programmed cell
death protein-1 (PD-1) (nivolumab). With the abundance of new agents, the role for
cytokine-based immunotherapy has become significantly more limited, and the new
immunotherapy agents such as immune checkpoint inhibitors are increasingly being
used in clinical practice. The main challenge remains the lack of good biomarkers
to identify patients most likely to benefit from a particular drug or class of drugs,
and the lack of clear evidence from randomized data to guide optimal sequencing
among the available agents.

The “Past” Cytokines Interleukin-2 and Interferon-a2b

IL-2 and IFNa2b have been the oldest immunotherapy treatments used for mRCC,
although the exact mechanism by which they exert anti-tumor activity is unclear.
IL-2 is known to stimulate T-cell proliferation and differentiation, with activity on
both effector and regulatory T cells (Smith 1980). High-dose IL-2 (HD IL-2) was
approved for the treatment of mRCC in 1992, mainly based on summarized data
from 255 patients treated in seven clinical trials (Fyfe et al. 1995). The overall
response rate (ORR) was 15% (37/255), of which 17 were complete (CR) and 20
were partial (PR) responses, with 60% of patients with PR exhibiting more than
90% reduction in tumor burden. The median duration of response was 54 months,
not reached for CR patients, and 20 months for PR patients. The median OS for all
255 patients was 16 months. Subsequent reports with data from a median of 10 years
follow-up showed that the majority (60%) of CR patients remained in complete
remission, and four PR patients who underwent surgery of residual disease to
achieve CR remained disease-free at more than 65 months (Fisher et al. 2000;
Rosenberg et al. 1998). IL-2 is a toxic regimen, with severe side effects possibly
affecting multiple organ systems, and requiring administration in a hospital setting
and in specialized tertiary centers. Therefore, the probability of durable responses
must be balanced against the cost, limited access, and toxicity associated with this
treatment, and efforts have been made to identify clinical, histologic, and molecular
characteristics that can identify the patient subsets that are most likely to benefit
from this approach. The Society for Immunotherapy of Cancer (SITC) has pub-
lished a consensus statement from a convened task force of experts in RCC (Rini
et al. 2016), including criteria for HD IL-2. Criteria that have long been established
to be associated with a favorable response include adequate heart and lung function;
ECOG (Eastern Cooperative Oncology Group) performance status O—1, age (physi-
ologic vs. chronologic) less than 70 years; and absence of CNS, bone, or liver
metastases (Rini et al. 2016).
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IFNa2b has been a mainstay in the treatment of RCC for more than 20 years and
has been the control arm for the initial clinical trials that led to the approval of
anti-VEGF- and mTOR-targeted therapies in RCC. The activity of monotherapy
with IFNa was evaluated in several large trials (Negrier et al. 1998; Flanigan et al.
2001), which used a variety of preparations, doses, and schedules. Overall, the
response rate was as high as 15%; the median time to response was about 4 months,
and most responses were partial and rarely persisted beyond 1 year. IFN is also a
difficult drug to use because of the chronic administration as well as the severity and
chronicity of side effects. IFN is currently approved in combination with bevaci-
zumab for treatment of patients with mRCC, based on the results of two phase 3
trials comparing the combination to IFN alone (Escudier et al. 2007; Rini et al.
2008). While in these studies the combination had a better response rate (26-31%)
compared to IFN alone (13%), there was no evidence of OS benefit to this approach
and most physicians do not routinely use this combination.

Novel Immune Checkpoint Inhibitors

Nivolumab: The results of the landmark phase 3 CheckMate 025 trial led to the FDA
approval of nivolumab for patients with metastatic RCC who had received prior
anti-angiogenic therapy. This was a large, multicenter trial in which 821 patients
with advanced RCC who progressed after at least one anti-angiogenic therapy were
randomly assigned to nivolumab (3 mg/kg every 2 weeks) or everolimus (10 mg/
day). The median OS was 25.0 months on the nivolumab arm and 19.6 months on
the everolimus arm. The confirmed response rates were 25% for the nivolumab arm
versus 5% for the everolimus arm, and the OS was significantly increased with
nivolumab compared with everolimus (median, 25.0 vs. 19.6 months, respectively).
In fact, the trial was stopped early based upon improved OS in a planned interim
analysis. With regard to toxicity, fewer patients had grade 3 or 4 toxicity with
nivolumab compared with everolimus (19% vs. 37%), and a secondary analysis of
706 patients showed that nivolumab was associated with improvement in quality of
life compared to patients treated with everolimus, who had a deterioration in quality
of life from their baseline (Cella et al. 2016).

Nivolumab was approved for the treatment of metastatic RCC by the FDA in
November 2015 on the basis of this trial. The originally approved dose was 3 mg/
kg based upon the dose used in the CheckMate 025 trial; however, the FDA has
subsequently modified the approved dosage regimen to 240 mg as a flat dose
every 2 weeks, based upon population pharmacokinetics and dose/exposure-
response analyses.

Pembrolizumab is being evaluated in two randomized phase 2 trials; in one
(NCT02089685), pembrolizumab is being evaluated alone and in combination with
pegylated IFNa; another study (NCT02014636) is evaluating pembrolizumab as
monotherapy or in combination with pazopanib.
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Atezolizumab was evaluated in a phase 1 study in RCC; in this study the rate of
partial response among 62 evaluable patients was 15%, and the median duration of
response was 17 months. Interestingly, the ORR for patients with Fuhrman grade 4
and/or sarcomatoid histology was 22% (Mcdermott et al. 2016).

Nivolumab plus Ipilimumab

The combination of nivolumab (PD-1 inhibitor) and ipilimumab (CTLA-4 inhibitor)
was assessed in the phase 1 CheckMate 016 trial in a first- and second-line setting
using different doses of the combination (Hammers et al. 2017). Forty-seven patients
were treated with nivolumab 3 mg/kg plus ipilimumab 1 mg/kg (N311) or nivolumab
1 mg/kg plus ipilimumab 3 mg/kg (N113) every 3 weeks for four doses followed by
nivolumab monotherapy 3 mg/kg every 2 weeks until progression or toxicity. At a
median follow-up of 22.3 months, the confirmed objective response rate was 40.4%
in both arms. The 2-year OS was 67.3% and 69.6% in the N3I1 and N1I3 arms,
respectively. The lower dose ipilimumab combination was less toxic; grade 3—4
treatment-related adverse events were reported in 38% and 62% of the patients in
the N3I1 and N1I3 arms, respectively.

An international multicenter phase 3 trial (CheckMate 214) in which patients with
previously untreated advanced or metastatic RCC were randomly assigned to the
N3I1 combination of nivolumab plus ipilimumab or to sunitinib was recently shown
to result in a greater ORR and prolonged PFS for immunotherapy compared to suni-
tinib in intermediate- and poor-risk patients (Escudier et al. 2017). In the combination
arm, 550 patients were treated with nivolumab at 3 mg/kg plus ipilimumab at 1 mg/
kg every 3 weeks for four doses, followed by nivolumab at 3 mg/kg every 2 weeks
and in the targeted therapy arm; 546 patients received sunitinib at 50 mg once daily
for 4 weeks and 2 weeks off in 6-week cycles. After approximately 17.5 months of
follow-up, the ORR in intermediate/poor-risk patients was 41.6% for the nivolumab/
ipilimumab combination compared to 26.5% for sunitinib (p <0.0001) with close to
10% of patients receiving immunotherapy achieving complete response compared to
1.2% of patients on sunitinib. Baseline tumor PD-L1 expression was lower in the
cohort of patients with favorable risk (11% of patients on combination had PD-L1
levels > 1%) compared to 26% of patients at intermediate or poor risk. The ORR in
patients having baseline PD-L1 expression > 1% was 58% for combination immuno-
therapy versus 25% with sunitinib, and median PFS was 22.8 months versus
5.9 months, respectively, HR 0.48 (95% CI 0.28-0.82; p = 0.0003). However, in
patients at favorable risk, both the ORR and PFS were higher with sunitinib over the
combination; the ORR was 29% with nivolumab/ipilimumab versus 52% with suni-
tinib (p = 0.0002) and median PFS was 15.3 months versus 25.1 months, respectively,
hazard ratio (HR) 2.17 (95% confidence interval (CI) 1.46-3.22; p < 0.0001). These
data suggest that the combination of nivolumab plus ipilimumab could be considered
as a potential first-line treatment for patients with intermediate/poor-risk metastatic
RCC, particularly those patients having tumor PD-L1 expression > 1%. However,
good-risk patients seem to derive more benefit from front-line targeted therapy.
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Atezolizumab plus bevacizumab combination was studied in a phase 2 trial of 305
previously untreated patients with locally advanced or metastatic RCC versus suni-
tinib, with crossover from the single-agent arms to the combination of atezolizumab
plus bevacizumab permitted at time of progression (Atkins et al. 2017). With a
median follow-up of 20.7 months, ORRs for atezolizumab plus bevacizumab,
atezolizumab alone, and sunitinib were 32%, 25%, and 29%, respectively. For
patients with PD-L1 expression > 1% the response rates were 46% for the combina-
tion versus 28% for atezolizumab. For patients crossing over to the combination
after progression on sunitinib the ORR was 28% versus 24% for those who had
progressed after atezolizumab. A phase 3 study of atezolizumab and bevacizumab
versus sunitinib in previously untreated metastatic RCC patients is currently under-
way in the first-line setting (NCT02420821).

Pembrolizumab plus axitinib combination was studied in a phase 1 study with an
expansion cohort (Atkins 2016). Objective responses were observed in 37/52
patients (71%); however, 94% of patients in this study had some tumor shrinkage.
Toxicity was largely related to axitinib, with grade 3 potentially immune-related
adverse effects seen in 20% of patients. This combination is currently being com-
pared with sunitinib in a phase 3 trial, KEYNOTE-426 (NCT02853331).

Avelumab plus axitinib—in a phase 1 study 55 treatment-naive patients with
favorable or intermediate-risk advanced RCC were treated with the combination of
avelumab and axitinib (Choueiri et al. 2017). The ORR was 58% and the median
progression-free survival was 6.7 months. The combination was well tolerated, with
the most common immune-related toxicity being hypothyroidism. This combina-
tion is currently being compared with sunitinib in a phase 3 trial (NCT02684006).

Role of PD-LI Testing in Clinical Practice

Identifying biomarkers of sensitivity is vital to inform clinical decision-making, and
to help select patients who are most likely to benefit from PD-1 blockade. Tumor-
associated PD-L1 has been proposed as a potential biomarker of response to anti-
PD-1 therapy; however, durable responses are also observed in patients with PD-L1
negative tumors, calling into question the clinical utility of PD-L1 expression alone
as a predictive biomarker. Currently, the data in mUC do not support using PD-L1
immunohistochemistry to select patients for treatment. However, the FDA has
approved complementary assays for evaluating PD-L1 expression when considering
treatment with atezolizumab (Ventana PD-L1 SP142) and durvalumab (Ventana
PD-L1 SP263) because PD-L1 positivity appears to identify a patient population
more likely to respond to anti- PD-L1 therapy in the chemotherapy-refractory set-
ting. However, in both cases durable responses were observed in patients even with
low levels of PD-L1 expression, albeit at lower frequencies. Similarly, in metastatic
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RCC, expression of the PD-1 ligand 1 (PD-L1) on tumor cells was not associated
with OS benefit to nivolumab. Possible explanations for these discordant results are
the heterogeneous expression of PD-L1 in tumor tissues, and the fact that tumor
PD-L1 expression is dynamic and likely modulated by a variety of factors in the
tumor microenvironment, which may explain the inability to capture its expression
for predictive purposes with a single time point, random tumor biopsy.
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How Do Lymphomas Differ from Other Cancers?

The white cells that circulate in our blood are called leucocytes (from the Greek
leukos for white) and constitute our primary line of defense against infections and
cancer. In order to carry out their function, these highly specialized cells are required
to identify foreign or abnormal molecules (non-self) and differentiate them from
normal components of our system (self). When activated by the presence of non-self
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stimuli, these cells are programmed to trigger a cascade of biological events that
will generate an inflammatory reaction responsible for eliminating the threat. This
process is tightly regulated by a series of redundant biological mechanisms that will
shut off the inflammatory response once the threat is eliminated and avoid excessive
activation that could damage normal organs and systems in our body. These on/off
systems allow our immunological defenses to function in a coordinated and self-
regulated manner (Keir et al. 2008; Francisco et al. 2010; Bour-Jordan et al. 2011).

Many different groups of leukocytes exist in our body, each responsible for car-
rying out different but coordinated functions in order to maintain the health of our
organism. Lymphocytes are a very special group of white cells and form the basis of
our adaptive immune system (see Chap. 1 for a differentiation between innate and
adaptive immune systems). Lymphocytes are able to specifically recognize a variety
of foreign antigens, and once primed by the presence of these stimuli can transform
into memory cells capable of rapidly recalling a specific immunological response.
Just like virtually any cell in our body, lymphocytes are vulnerable to becoming
corrupted and giving rise to cancer. We use the general term lymphoma to describe
cancers generated from lymphocyte cells (Kiippers 2005).

Patients afflicted by lymphomas typically present with tumoral masses in lymph
nodes or other lymphoid tissues such as the tonsil and spleen. They may also have
constitutional symptoms such as drenching night sweats, recurrent fever, and unin-
tentional weight loss. At times, patients are diagnosed due to secondary lymphoma-
tous involvement of other organs or structures such as the liver, bones, and skin.
Lymphomas are grouped into two main categories: Hodgkin lymphomas (HLs) and
non-Hodgkin lymphomas (NHLs), based on the appearance and characteristics of
the cancerous cells when analyzed under the microscope. NHLs are typically fur-
ther divided in two main categories (B-cell NHL and T-cell NHL) depending on the
type of lymphocyte that gave rise to the cancer. Additional categorization can take
place by dividing lymphomas into groups according to their behavior (indolent vs.
aggressive) and other unique biological features. As a result, the World Health
Organization (WHO) officially recognizes more than 70 distinct subtypes of lym-
phoma, and this number keeps growing as we gain more insight into the unique
biology of each group (Swerdlow et al. 2016).

Lymphomas are a very special kind of cancer with unique characteristics that
readily differentiate them from cancers arising in solid organs and tissues (such as
the lung, intestine, breast, prostate, etc.). Similar to leukemias (cancer of the bone
marrow), lymphomas are generally felt to represent systemic diseases. This means
that lymphoma cells have direct access to the circulatory and lymphatic systems (an
intrinsic property of lymphocytes from which they arise). As a result, localized
treatment (i.e., surgery and/or radiotherapy) is generally ineffective to eradicate
these cancers. There are notable exceptions to this rule, such as slow-growing (indo-
lent) lymphomas localized to only one lymph node area that can be treated with
radiation, but those are a minority of cases. For this reason, lymphomas and leuke-
mias are often described as “liquid cancers” in contrast to “solid cancers” that arise
in one organ or tissue and only access the bloodstream and lymphatic system in
advanced stages. Systemic therapy (i.e., chemotherapy and/or immunotherapy) is
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therefore the mainstay of treatment for most patients with lymphoma, with local-
ized therapy normally playing only an adjunctive role.

Another important distinction between lymphomas and solid cancers is that
many lymphoma subtypes—typically the most aggressive ones—can be cured even
when diagnosed at advanced stages (i.e., stage IV). Take the example of diffuse
large B-cell lymphoma (DLBC), an aggressive B-cell NHL and the most common
lymphoma subtype worldwide (Al-Hamadani et al. 2015; Smith et al. 2015; Kataoka
et al. 2016b; Siegel et al. 2016). Patients diagnosed with stage IV DLBCL treated
with chemoimmunotherapy have a chance of between 53% and 80% of being alive
and free of disease 4 years after diagnosis (Sehn et al. 2007). This stands in sharp
contrast to most patients diagnosed with metastatic (stage I'V) cancer of the breast,
lung, or colon in whom treatment is primarily palliative and intended to control the
disease and alleviate symptoms. Despite our best efforts, most patients diagnosed
with metastatic spread of a solid cancer are not curable although many advances
have been made that allow us to control the disease.

In addition to their systemic nature, lymphoma cells originate from leucocytes,
the same group of cells involved in defending our organisms from cancer itself.
They can retain some of the properties and characteristics of normal leucocytes,
which give them the ability to interact with and influence the normal immune sys-
tem. Many lymphomas take advantage of this strategic position to alter, evade, or
blunt the anti-cancer immune response, leaving the cancer process free to progress
without effective opposition from the patient’s immunological system. These char-
acteristics are both the challenge and opportunity in this disease and make lympho-
mas suitable targets for immunotherapy. In this chapter we review the use of
immunotherapy strategies in the management of lymphoma with a focus on recent
advances including checkpoint inhibitors, chimeric antigen receptor (CAR) T-cell
therapy, and novel immune-based treatment approaches.

The Enemy Within: How Lymphomas Escape Anti-Tumor
Defenses Using Immunological Tools

The term tumor microenvironment (TME) has been loosely used to describe the
non-cancerous cells and structures that surround cancer cells in the context of a
tumor. The composition of that TME varies widely across the different types of
cancer. Even within cancer of the same group—such as lymphomas—the composi-
tion of the TME can be very different, and this information is often helpful when
differentiating amongst the many kinds of lymphomas. Take the example of classic
HL (cHL) and DLBCL. When looking under the microscope at a tissue section from
a lymph node affected by these lymphomas their appearance is quite different
(Swerdlow 2008). DLBCL tumors are typically formed by numerous large cancer-
ous cells with abnormal appearance intermixed with some inflammatory cells (part
of the normal immune system). In contrast, in a lymph node affected by cHL you
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will see just a few cancerous cells (usually less than 10% of total cells) intermixed
with a vast number of different inflammatory cells (Pileri et al. 2002). The obvious
question is: how can these lymphomas thrive while surrounded by these cells and
escape anti-cancer immune surveillance?

Part of the explanation lies in the fact that lymphoma cells are derived from lym-
phocytes and therefore have access to many of the resources available to the immune
cells themselves. Using this strategic advantage, lymphoma cells may, for example,
express on their surface proteins that facilitate their migration to other sites or
secrete into their environment substances that stimulate cancer growth while inacti-
vating normal immune cells. In many ways the behavior of lymphoma cells resem-
bles that of a corrupted law enforcement agent who propagates negative behaviors
using the resources meant to combat them. This intricate interplay between lym-
phoma cells and their microenvironment has been the focus of attention for many
researchers in the field. While most details of this interaction remain to be eluci-
dated, one thing is quite evident: the TME in lymphoma is far from a naive bystander,
as we will discuss in the next section (Gomez-Gelvez et al. 2016; Pizzi et al. 2016;
Villasboas and Ansell 2016; Visser et al. 2016).

From Bystanders to Enablers: The Role of the Tumor
Microenvironment in Supporting Lymphoma Growth

Lymphoma cells do not simply hide and escape from the immune system that sur-
rounds them. In fact, these cancer cells actively manipulate their surroundings by
inviting to their neighborhood specific types of immune cells that will support their
growth (Liu et al. 2014; Vardhana and Younes 2016). At the same time, lymphoma
cells will avoid or disable cells capable of effective tumor killing. Akin to the con-
ductor, lymphoma cells are able to coordinate a complex malignant symphony that
will alter the structure and function of normal immune cells. This results in a tumor
microenvironment that not only promotes lymphoma growth but also facilitates
escape from the immune system.

A good example of how lymphoma cells can influence the tumor microenviron-
ment in their favor is the interaction between NHL and regulatory T (Treg) cells.
Treg cells are a special family of T lymphocytes whose function is to monitor and
control other lymphocytes in order to prevent excessive T-cell stimulation. Animal
models and human disease states in which Tregs are dysfunctional or absent lead to
autoimmunity—when the immune system fails to distinguish self from non-self and
ends up attacking one’s own body mistakenly (Dhaeze et al. 2015). The right amount
of Tregs, therefore, is central to maintain the perfect immunological balance. What
researchers have discovered is that lymphoma cells can skew that balance within
their microenvironment by recruiting Tregs from the peripheral blood or inducing
local Treg formation (Yang et al. 2007, 2009; Wang and Ke 2011). The result is an
accumulation of Treg cells in the TME of lymphomas, which leads to a decrease in
the function of effector immune cells.
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Lymphoma cells are also able to influence their microenvironment by secreting
soluble factors that lead to a state of immunological exhaustion. The phenomenon
of immunological exhaustion was first characterized in the setting of chronic viral
infections, where T lymphocytes that are chronically exposed to stimuli will lose
their ability to react to it and effectively clear the infection. It was not until recently
that a similar phenomenon was characterized in cancers including lymphomas
(Yang et al. 2012, 2014, 2015). Many groups have now shown that lymphoma cells
are able to secrete into their microenvironment (and into the bloodstream) sub-
stances that will lead to this state of immune tolerance, once again escaping anti-
cancer surveillance (Yang et al. 2012; Xiu et al. 2015; Azzaoui et al. 2016).
Exhausted T cells lose their ability to proliferate and are unable to produce the
necessary effector molecules that normally lead to tumor clearance.

A third example of strategies used by lymphoma cells to evade the immune
system is the hijacking of the immune checkpoint system (Dong et al. 2002; Wilcox
et al. 2009; Kataoka et al. 2016a). These regulatory systems exist to prevent
over-stimulation of T cells in the setting of an antigenic challenge. They act as the
brakes on the immune system in such a way that a normal immunological response
can be shut off after the threat has been cleared. One such system relies on the inter-
action between the programmed cell death receptor 1 (PD-1) and its ligands. In
normal circumstances, when the PD-1 receptor (found on the surface of T lympho-
cytes) binds to a PD-1 ligand molecule (PD-L1 or PD-L2) found on the surface of
other immune cells (such as macrophages, monocytes, dendritic cells) they receive
a signal to shut off. Lymphoma cells can hijack this system by expressing PD-L1 on
their surface, effectively blunting a tentative T-cell attack. Sometimes the expres-
sion of PD-L1 on the surface of lymphoma cells is driven by a genetic lesion (as is
the case with cHL) or by the presence of a viral infection that contributes to
lymphoma proliferation (as is the case with Epstein-Barr-infected lymphoma cells).
Other times lymphoma cells will recruit to their neighborhood macrophages
expressing PD-L1, creating the perfect niche for protection from the immune
system (Carey et al. 2017).

The recruitment of Tregs and macrophages and the secretion of substances that
lead to immunological exhaustion are just a few examples of resources used by
lymphoma cells to alter their tumor microenvironment. This sets the perfect stage
for the malignant process to progress but also generates opportunities for the devel-
opment of cancer therapies targeting this very system.

First-Generation Immunotherapy in Lymphoma

The arsenal of drugs currently available to treat lymphoma already includes a num-
ber of therapies with an immunological basis. These treatments typically rely on the
recognition of proteins on the surface of lymphoma cells using antibodies or related
molecules. Antibody-drug conjugates have leveraged this property and work by tag-
ging antibodies with toxic payloads in an attempt to deliver drugs in a precise
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manner to the interior of cancer cells. Many are now part of the standard-of-care for
lymphoma patients, sometimes in combination with multi-drug chemotherapy regi-
mens. Their efficacy relies on the early recognition that the specificity of the immune
system can be used to target molecules present on cancer cells.

Monoclonal Antibodies

Rituximab is a monoclonal antibody (mAb) used routinely in the treatment of many
B-cell NHLs. It recognizes a protein (CD20) found on the surface of normal B lym-
phocytes but also in most B-cell NHL cells (Maloney et al. 1997). This chimeric
molecule (part human, part murine) was first introduced in the market in 1997 and
became the first antibody approved by the US Food and Drug Administration (FDA)
for the treatment of a human cancer. Several studies quickly followed to demon-
strate the superior activity of rituximab in combination with chemotherapy com-
pared to chemotherapy alone (Coiffier et al. 2002). Rituximab has altered the
standard-of-care of B-cell NHL in such a way that the history of B-cell NHL treat-
ment is typically divided in the pre-rituximab era and post-rituximab era owing to
the remarkable improvement in clinical outcomes after the introduction of this drug.
The impact of rituximab, however, extended far beyond the medical wards dedi-
cated to the treatment of lymphoma patients. In fact, it inaugurated a new paradigm
in cancer treatment usually referred to as chemoimmunotherapy.

Rituximab, and most monoclonal antibodies used in the treatment of cancer, are
able of killing cancer cells using three main mechanisms: (i) complement-dependent
cytotoxicity (CDC), (ii) antibody-dependent cellular toxicity (ADCC), and (iii)
direct induction of apoptosis. In CDC, the antibody stuck to the surface of cancer
cells serves as a tag that activates an immunological defense mechanism known as
the complement system. This leads to a cascade of events mediated by components
of this system found in our blood, which results in the formation of special proteins
that puncture the membrane and kill cancer cells. In ADCC, the antibody is also
used as an alert tag on the surface of the cancer cell, but this time the immunological
attack is mediated by one of the effector cells of the normal immune system (i.e.,
macrophages, cytotoxic T cells). These cells will then produce toxic molecules that
are discharged into or around the cancer cell, leading to apoptosis. Finally, when
some monoclonal antibodies attach to proteins on the surface of a cancer cell they
may turn on special signaling pathways inside the cells that directly leads to its
death.

Driven by the success story of rituximab, many other monoclonal antibodies
have now been developed for the treatment of lymphoma. Some of them target the
same protein using molecules with slightly different properties. That is the case of
obinutuzumab and ofatumumab, two humanized monoclonal antibodies recogniz-
ing CD20 that have been engineered to have increased cell-killing properties against
CD20-expressing tumor cells (Mossner et al. 2010; Alduaij et al. 2011). Initial
studies indicated that these drugs have activity in advanced lymphoma patients
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including some with previous exposure to rituximab-based therapy (Morschhauser
et al. 2013; Ogura et al. 2013; Salles et al. 2013). Follow-up studies using these
agents have had conflicting results and their exact role in the management of B-cell
NHL is still to be elucidated. At this time the role of rituximab in standard-of-care
of patients with CD20-expressing tumors has not been challenged by any of the
newer CD20-targeting agents. In an attempt to reproduce the success of rituximab,
antibodies recognizing other surface proteins were developed and tested in lym-
phoma. That is the case with epratuzumab, a mAb recognizing CD22 whose devel-
opment was aborted despite an early signal of efficacy when combined with other
chemoimmunotherapy regimens (Micallef et al. 2011). Alemtuzumab, a mAb tar-
geting CD52, is another example of an immune-targeting drug available for the
treatment of small lymphocytic lymphoma and some peripheral T-cell lymphomas
(Dumitriu et al. 2016).

Antibody-Drug Conjugates and Radioimmunotherapy

A second wave of drug development followed the first ushered by the introduction
of monoclonal antibodies into the care of cancer patients. This time the idea was to
leverage the specificity of mAbs to achieve the long sought after effect of inducing
toxicity on cancer cells while sparing the normal cells from untoward effects. This
idea gave rise to two new concepts: antibody-drug conjugates (ADCs) and
radioimmunotherapy.

ADCs are monoclonal antibodies charged with a toxic payload meant to be deliv-
ered specifically to cells expressing the protein target they recognize. Brentuximab
vedotin (BV) is one such compound composed of a mAb recognizing CD30 loaded
with monomethyl auristatin E (MMAE)), a potent toxin that interferes with microtu-
bule formation inside cells. MMAE is linked to the anti-CD30 antibody by a cleav-
able molecule that remains stable in the patient’s blood but is digested once the
compound enters the cancer cell. The effect is precise delivery of a toxic payload to
the interior of the cancer cell along with relative sparing of normal tissue from
unnecessary toxicity. cHL and anaplastic large T-cell lymphoma (ALTCL) are two
cancers whose cells normally express CD30 on their surface. BV has now been
tested and approved for the treatment of relapsed cHL and ALTCL (Pro et al. 2012;
Younes et al. 2012). Isolated case reports and pre-clinical studies suggest that BV
may have activity in other lymphomas expressing CD30 and therapy may be indi-
vidualized beyond the standard FDA-labeled indications. Many other ADCs are
currently under investigation using similar toxic payloads as BV (i.e., RG7593
(anti-CD22 plus auristatin) and SGN-CD19A (anti-CD19 plus auristatin)) or com-
pletely novel target-payload combinations (i.e. SAR3419 (anti-CD19 plus maytan-
sine) and IMGN529 (anti-CD37 plus maytansine)).

Radioimmunotherapy (RIT) refers to the use of monoclonal antibodies to
deliver radioactive molecules to the interior of cancer cells. Two such compounds
were developed for the treatment of lymphoma patients: Yttrium-90 (Y-90)
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Fig. 6.1 Mechanisms of action of monoclonal antibodies (mAbs) and derivatives in lymphoma.
Specific proteins (red triangle) are recognized by mAbs on the surface of the lymphoma cell. In
antibody-dependent cellular cytotoxicity (ADCC) an effector immune cell is recruited and acti-
vated, releasing toxic granules on the interior of the tumor cell. Antibody drug conjugates (ADCs)
attach to surface antigen and deliver a toxic payload that interferes with normal cellular functions.
Radioimmunotherapy (RAI) compounds recognize surface antigens and deliver short-range ion-
izing radiation that leads to DNA damage. All processes have the end result of tumor cell death via
apoptosis

ibritumomab tiuxetan (IDEC-Y2B8 or Zevalin®) and iodine-131 (I-131)
tositumomab (Bexxar®). The drugs share a similar structure, with a mAb against
CD20 tagged with a beta-emitting radioisotope. Studies in relapsed/refractory
B-cell lymphomas demonstrated a clear efficacy signal with acceptable toxicity
(Dillman 2002). Both drugs eventually received labeled indications for the treatment
of B-cell NHL; however, Bexxar® was voluntarily withdrawn from the market by
its manufacturer in 2014 due to low sales volume. Zevalin® remains available as a
treatment option for B-cell NHL patients, but its widespread use has been limited
by the logistics involved in the preparation and delivery of the drug, which requires
involvement of nuclear medicine specialists in tertiary centers. A schematic over-
view of the mechanisms of action of monoclonal antibodies and its derivatives
(ADC and RAI) is shown in Fig. 6.1.

Immunomodulatory Drugs (IMiDs)

Thalidomide analogs such as lenalidomide and pomalidomide are a group of agents
defined loosely as immunomodulatory drugs (IMiDs), and demonstrate high activity
against plasma cell neoplasms. These drugs seem to carry out their effect through
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multiple mechanisms and their efficacy is now being evaluated in patients with lym-
phoma. Many mechanisms of action of IMiDs have been postulated including: (i)
direct anti-tumor activity via down-regulation of signaling pathways critical for
cancer survival, (ii) changes in the configuration of the tumor microenvironment
(TME) via interference with angiogenesis and adhesion molecules, (iii) enhance-
ment of antibody activity via ADCC, (iv) halted expansion of immunosuppressive
populations within the TME, such as Treg cells, and (v) increase in effector cell
activity via co-stimulation of helper type 1 T cells (Thl), cytotoxic T cells, and
natural killer (NK) cells.

IMiDs have been tested in both indolent and aggressive non-Hodgkin lympho-
mas. In mantle cell lymphoma, a rare type of B-cell NHL, lenalidomide demon-
strated significant activity in patients with relapsed or refractory disease following
standard chemoimmunotherapy (Habermann et al. 2009; Ahmadi et al. 2014). This
led to the FDA approval of this drug in November of 2013 for patients with mantle
cell lymphoma. Since then lenalidomide has been tested in other lymphoma sub-
types and results thus far seem to indicate that the drug is active in other B-cell NHL
subtypes, especially when combined with rituximab. A large multicenter random-
ized study comparing lenalidomide (L) + rituximab (R) with chemotherapy + ritux-
imab in patients with untreated follicular lymphomas is ongoing. In parallel, a large
multicenter phase II trial is evaluating the benefit of adding lenalidomide to stan-
dard chemoimmunotherapy in the first-line treatment of DLBCL, an aggressive
B-cell NHL subtype. Both studies have completed accrual and the medical com-
munity anxiously awaits their results as they could promptly change the standard-
of-care for lymphoma patients. Aside from mantle cell lymphoma, the use of
lenalidomide is still considered experimental for most patients with NHL and cHL.

Next-Generation Immunotherapy in Lymphoma

As has been discussed up to this point, the use of immunological tools to treat
patients with lymphoma is no novelty. Since 1997 oncologists have routinely used
monoclonal antibodies to treat lymphoma and other cancers as standard practice.
Building on this backbone inaugurated by rituximab, steady incremental progress
was made by (i) the discovery of new antibodies, (ii) testing new antibody-
chemotherapy combinations, and (iii) improvement in our ability to deliver these
agents safely and with minimal side effects. As a result, the field of lymphoma
therapy continued to move forward over the past 20 years. During this time, how-
ever, cancer immunotherapy continued to be studied in lymphoma and other cancers
with erratic success. It was not until very recently when the field truly leapt forward
with the introduction of the checkpoint inhibitors and chimeric antigen receptor
(CAR) T cells. These new classes have revolutionized treatment for patients with
many different types of cancer and represent a true breakthrough in our ability to
harness the power of the immune system in the treatment of this disease. These
next-generation immunotherapy drugs are re-shaping the way we think about and
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treat cancer, and herald the coming of a new era in the history of oncology. The fol-
lowing sections focus on the use of these newer immunotherapy agents in the con-
text of the treatment of lymphoma.

Checkpoint Blockade

As explained earlier in the chapter, lymphoma cells have the ability to hijack natural
regulatory systems known as immune checkpoints to de-activate T cells and protect
themselves from an immune attack. Drugs such as ipilimumab, nivolumab, and
pembrolizumab act on those immune checkpoints and interrupt the inhibitory signal
coming from the malignant cells, effectively releasing T cells to carry out their
immune attack. These drugs have now been tested in lymphoma patients and the
following sections will detail their efficacy in this group.

CTLA-4 Inhibition

The cytotoxic T-lymphocyte antigen 4 (CTLA-4) receptor is expressed on the sur-
face of T cells and works as a negative regulator of their function at the time of
antigen presentation. If this receptor engages with the B7 molecule, expressed on
the surface of the antigen-presenting cell (APC), it will give the T cell a signal to
shut off its activity. Hence, the CTLA-4:B7 interaction is one of the immune check-
points designed to control T cell overstimulation. Conversely, if the same B7 protein
instead engages a CD28 molecule on the T cell it will produce a positive signal to
stimulate T-cell function. Additionally, CTLA-4 is also expressed on Treg cells and
stimulates their function such that the combination of effects caused by the CTLA-
4:B7 interaction results in immune tolerance.

Ipilimumab, a monoclonal antibody that blocks CTLA-4, interferes with the
interaction between CTLA-4 and B7 and is approved for the treatment of advanced
melanoma. Three studies evaluated the activity of this agent in patients with
advanced hematological malignancies including lymphomas.

The first study, published in 2009 by Bashey and colleagues, treated 29 patients
with hematologic malignancies whose disease had recurred after an allogeneic stem
cell transplant (Bashey et al. 2009). Patients received escalating doses of ipilim-
umab up to 3 mg/kg (single infusion). The primary purpose of the study was to
evaluate the safety of this drug in this patient population. The drug was well toler-
ated and three patients with lymphoma experienced tumor shrinkage after treatment:
two complete remissions in patients with cHL and one partial remission in a patient
with mantle cell lymphoma. Albeit preliminarily, this study was the first to suggest
that checkpoint inhibition was a safe and potentially efficacious strategy to treat
patients with lymphoma.

Later that same year another study published by Ansell and colleagues evaluated
the safety of ipilimumab in a cohort of patients with relapsed/refractory B-cell NHL
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lymphomas (Ansell et al. 2009). Patients in the initial cohort received 3 mg/kg
induction followed by 1 mg/kg monthly maintenance (for a total of four doses)
while the second-level cohort received 3 mg/kg monthly for 4 months. A total of 18
patients were treated and once again the drug demonstrated good tolerability. Two
patients demonstrated a response: one patient with DLBCL who developed a com-
plete response lasting more than 31 months and one patient with follicular lym-
phoma with a partial remission lasting 19 months. This small study confirmed the
initial observation that ipilimumab, and possibly other checkpoint inhibitors, could
be safely used in patients with lymphoma with the potential to induce long-lasting
remissions.

An additional study published by Davids and colleagues in 2016 further explored
the efficacy of ipilimumab in patients with hematologic malignancies whose disease
had relapsed after an allogeneic transplant (Davids et al. 2016). Patients initially
received ipilimumab at a dose of 3 mg/kg every 3 weeks but the dose level was
subsequently escalated to 10 mg/kg every 3 weeks as no safety concerns were
observed with the lower dose. A total of 28 patients with a variety of diagnoses were
included in the study, of whom 11 had lymphoma. Immune-related adverse events
and graft-versus-host disease developed in a significant proportion of patients,
including one death. Amongst the patients with lymphoma, one had a partial
response (cHL) and four had stable disease (three with cHL, one with a cutaneous
T-cell NHL). No responses were seen in the patients who received the lower dose.

The knowledge generated collectively by these studies was sufficient to increase
enthusiasm for the study of checkpoint inhibitors in patients with lymphoma. The
experience with higher doses of ipilimumab suggested that efficacy could be
increased but at the cost of more toxicity. Around this time, PD-1 blockers were
emerging as a new class of checkpoint inhibitors in clinical trials in other malignan-
cies demonstrating better safety and early evidence of higher efficacy. The develop-
ment of additional studies using single-agent ipilimumab in lymphoid malignancies
was quickly abandoned, although additional studies combining it with other immu-
notherapies are currently underway. At this time, ipilimumab use in lymphoma is
considered experimental and not part of routine clinical practice.

PD-1 Blockade

The programmed cell death 1 (PD-1) pathway is another immune checkpoint mech-
anism of extreme importance in the regulation of T-cell function. When the PD-1
receptor, present on the surface of activated T cells, binds to one of its ligands (PD-
L1 or PD-L2), it generates a signal that ultimately leads to the deactivation of these
immune effector cells. When this regulatory mechanism is lacking or defective the
resultis the generation of auto-immunity and uncontrolled T-cell activity. Lymphoma
cells are capable of taking advantage of this regulatory mechanism by either
expressing the ligand on their surface or recruiting to their microenvironment other
immune cells that will express those proteins. As a result, tumor-specific T cells are
deactivated before they can carry out an anti-tumor attack. PD-1 inhibitors are
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monoclonal antibodies that attach to PD-1 and prevent it from receiving a signal
from its ligands, thereby unleashing the T cells to carry out their anti-tumoral func-
tion effectively.

Two PD-1 inhibitors have been tested in lymphoma: nivolumab and pembroli-
zumab. Both drugs are monoclonal antibodies that block PD-1, and experience thus
far seems to indicate that they have similar efficacy and safety, although no head-to-
head comparisons exist. What seems strikingly different, however, is the degree of
activity of these drugs in cHL compared to NHLs.

Nivolumab is a fully human antibody against the PD-1 receptor approved by the
FDA on May 2016 for the treatment of relapsed or refractory cHL (r/r cHL) that has
progressed after autologous stem cell transplant (ASCT) and post-transplantation
brentuximab vedotin (BV). The approval was based on the results of two multi-
center phase 2 trials (CheckMate 039 and CheckMate 205). In those studies, a com-
bined total of 103 patients with 1/r cHL received nivolumab 3 mg/kg IV every
2 weeks. A total of 65% of patients experienced a response, with 7% going to a
complete remission. At least half of the patients who responded did so for at least
8.7 months, indicating that the effect was long-lasting. Treatment was well toler-
ated, and the most common side effects were fatigue, infusion reactions, and rash
(Ansell et al. 2015).

Pembrolizumab is a humanized monoclonal antibody against PD-1 approved by
the FDA on March 2017 for the treatment of r/r cHL after failure of at least three
prior lines of therapy. The approval was based on the results of a multicenter phase
2 trial (Keynote-087) where 210 patients received pembrolizumab 200 mg IV every
3 weeks. A total of 69% of patients experienced a response, with 22.4% going into
complete remission. Similarly, the drug was well tolerated and the most common
side effects were fever, cough, and fatigue. Pembrolizumab is also approved for the
treatment of pediatric cHL (Armand et al. 2016; Chen et al. 2017).

Patients with cHL seem to be disproportionally sensitive to PD-1 blockade ther-
apy when compared to other cancers including NHL. This is notable not only by the
number of cHL patients who respond to these drugs (60-70% in cHL compared to
15-20% in other cancers) but also by the duration of response (some cHL patients
experiencing several months of response even after drug discontinuation). This can
be at least partially explained by the genetic make-up of this disease where virtually
all tumor cells overexpress PD-L1 and/or PD-L2. It has now been recognized that
most cHLs do so because of a genetic lesion on chromosome 9 that results in over-
production of the PD-1 ligands (Muenst et al. 2009; Green et al. 2010). Additionally,
some cHL tumors are driven by infection with the Epstein-Barr virus, which can
lead to PD-L1/2 overexpression by alternative pathways (Green et al. 2012). It is
possible that additional mechanisms account for the sensitivity of PD-1 blockers in
this disease and research in this field is ongoing. Exploring the unique sensitivity of
cHL to PD-1 blockade several clinical trials are now underway investigating the role
of adding these drugs in earlier phases of treatment.

While nivolumab and pembrolizumab were making headlines due to their
remarkable activity in cHL, both drugs were tested in parallel for the treatment of
advanced NHL. For this group of lymphomas, however, the activity with PD-1
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blockade has been disappointingly small and short-lived (Lesokhin et al. 2016). In
the initial studies of PD-1 blockade in NHL, less than 40% of patients experience
some degree of response, all of them lasting just a short period. This observation led
researchers in the field to hypothesize that the tumor microenvironment in NHL is
skewed towards immune suppression to a degree that checkpoint blockade alone is
not capable of reversing. As a result, many trials using combinatorial immunother-
apy are currently underway or being developed for this patient population. At this
time, the use of PD-1 inhibitors in NHL is considered experimental and not part of
routine clinical practice.

Chimeric Antigen Receptor (CAR) T Cells

Another exciting breakthrough in the treatment of hematologic malignancies has
been the recent development of the chimeric antigen receptor (CAR)-T cell technol-
ogy. CAR-T cells are created by (i) removing T cells from a patient diagnosed with
a cancer, (ii) isolating, activating, and genetically altering those cells in the labora-
tory, (iii) growing the genetically-engineered T cells in the laboratory, and (iv) re-
introducing those cells to the patient after treatment with a low dose of chemotherapy.
These modified T cells have special receptors on their surface and will be able to
identify and kill tumor cells expressing a particular target protein with more profi-
ciency than a normal T cell. One of the most transformative features of the CAR-T
cell technology is that the “drug” is alive and therefore able to replicate inside the
patient and expand their population for a system-wide anti-tumor attack. In August
2017, tisagenlecleucel (a CAR-T cell recognizing CD20) received FDA approval
for the treatment of an aggressive form of leukemia (B-cell acute lymphoblastic
leukemia) in patients up to the age of 25 years whose disease failed to response to
standard treatment (Maude et al. 2014). The approval marked a historic moment
with this drug being the first gene therapy to receive license for commercialization.
Figure 6.2 is a schematic overview of the steps involved in CAR-T cell generation.

CAR-T cells are being actively studied in patients with lymphoma and most of the
advance has been seen in aggressive B-cell NHL. Preliminary results of a study using
axicabtagene ciloleucel (a CAR-T cell recognizing CD19) in aggressive B-cell NHL
have now been released. Preliminary results on 101 patients with relapsed or refrac-
tory DLBCL treated with the CAR-T cell product in a multicenter phase II trial have
been released. The drug demonstrated a high level of activity in this patient popula-
tion, with 82% of patients showing response, 54% of them being complete remission.
These results were presented at the annual meeting of the American Society of
Clinical Oncology (ASCO) 2017 and not yet published. Most patients in the study
had failed multiple lines of therapy including autologous stem cell transplant, and
this degree of activity had never been seen in such refractory group. Investigators
also showed that many of the responses were durable. Based on the results of this
study, the manufacturer is seeking regulatory approval of this drug for patients with
DLBCL and a decision is expected no later than early 2018. Additional studies evalu-
ating the use of CAR-T in other patients with NHL and cHL are underway.
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Fig. 6.2 Schematic of chimeric antigen receptor (CAR)-T cell generation. T cells (T) are removed
(apheresis) from the peripheral blood of a patients diagnosed with lymphoma. In the laboratory,
these cells are activated (aT) and genetically modified to express an engineered receptor on their
surface (CAR-T). After expansion, CAR-T cells are administered to the patient (infusion) and can
now recognize the kill tumor cells

Novel Immunological Targets and Dual Immunomodulation

The contrasting activity of PD-1 blockade between patients with cHL. and NHL has
been the focus of interest for many researchers in the field. As new discoveries are
made, the role of the tumor microenvironment (TME) as a master regulator of lym-
phoma progression is emerging as a recurrent theme. In the case of NHL, it seems
that the TME not only deactivates competent T cells (via immune checkpoint path-
ways) but also actively drives T cell to exhaustion through soluble molecules and
inhibitory cells (Treg cells, myeloid-derived suppressor cells, etc.). The degree of
suppression that results is postulated to be beyond rescue by PD-1 blockade alone.
Additional molecules leading to immunosuppression (i.e., TIM-3, LAG-3) have
also been identified in the lymphoma TME, and drugs blocking their activity are
being tested.

The next frontier of lymphoma immunotherapy will be testing whether dual
immunomodulation can reverse effector cells from the suppressive microenviron-
ment that surrounds malignant cells. One proposed strategy is to release T cells



6 Next-Generation Immunotherapy in Lymphoma: Checkpoint Blockade, Chimeric... 109

from checkpoint-mediated immunosuppression (with a PD-1 inhibitor) while at the
same time igniting T-cell activity with antibodies that stimulate their function (i.e.,
varlilumab or CDX-1127) in order to rescue them from exhaustion. If the T cell
were a car, this strategy would be analogous to taking the foot off its break (PD-1
blockade) while hitting the gas pedal (CD-27 stimulation) so it can go after and kill
cancer cells. Studies using this—and other—drug combinations are being devel-
oped or are underway.

The Future of Lymphoma Immunotherapy

The recent advances in the field of cancer immunotherapy leave no doubt that this
treatment strategy is here to stay. New drugs and technologies are arriving with such
disruptive and innovative power that they will forever transform the way we treat—
and think about—cancer. The question to ask is not if but how we will incorporate
these advances into the standard treatment of patients with lymphoma. We cannot
forget that, in many cases, lymphomas can be cured with the treatments currently
available. It is also true that sometimes treatments may cause long-term side effects
in survivors. One of the challenges will be incorporating these new drugs into the
treatment algorithm so that cure rates can increase while curtailing side effects.
Another important issue that invariably accompanies these new drugs is the high cost.
As immunotherapy drugs become more widely used, effort needs to be made to study
their cost-effectiveness from both an individual and a health system perspective.
From the perspective of the oncologists, treatment individualization will be ever more
important to identify the best selection, sequence, and duration of treatment for each
and every patient sitting in front of them. We are living through very exciting times in
rapid transformation and one cannot avoid to hope we are moving towards the ulti-
mate goal of one day curing every patient with lymphoma—one T cell at a time.
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Immunotherapy in Combination with Chemotherapy

For decades, cytotoxic chemotherapies have been the mainstay of treatment for
many types of advanced malignancies until the recent revolutionary advances in
cancer immunotherapy. However, considering that most patients will not show a
durable response to immunotherapy, chemotherapy is still the most commonly used
anticancer treatment, even in malignancies where immunotherapy is approved,
especially in the setting of immune checkpoint inhibitor failure.

In patients who do not respond to immune checkpoint inhibitors, additional
mechanisms of immunosuppression in the tumor microenvironment (within the
tumors) and derangements in systemic immune competence (homeostasis) can
drive chronic tumor-promoting inflammation, and therefore serve as potential barri-
ers to treatment success (Gajewski 20060; Gajewski et al. 2006; Nevala et al. 2009).
Overcoming these dysregulations is likely to improve PD-1 blockade efficacy. The
immune system, both intratumoral and systemic, consists of many types of immune
cells orchestrating the regulation of immune surveillance that leads to either tumor
elimination or tumor growth and cancer metastasis. While some of those cells, such
as CD8+ T cells and T helper 1 cells (Th1) (Haabeth et al. 2011), are responsible for
anti-tumor activities, others play immunosuppressive roles promoting the tumor
growth and invasion. Regulatory T cells (Treg), T-helper 2 cells (Th2) myeloid-
derived suppressor cells (MDSC) (Bunt et al. 2007; Gabrilovich and Nagaraj 2009),
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and tumor-associated macrophages (TAM) are examples of immune cells that
contribute to the suppressive immune environment favoring tumor progression. The
disruption of the balance between the pro-tumorigenesis and anti-tumorigenic
immune status can impact the outcome of the cancer immunotherapy.

Various types of chemotherapy drugs kill tumor cells through different mecha-
nisms, such as inhibiting mitosis (a critical step in cell cycle progression) and DNA
replication, as well as directly targeting cellular DNA or other key molecules that
are critical for cancer cell division and survival. Interestingly, a delicate interplay
between the effects of chemotherapy and one’s immune system has been eluci-
dated—the cell-killing induced by chemotherapies can modulate the immune sys-
tem (both inside of the tumor and systemically), while the status of the immune
system can impact the effectiveness of the chemotherapy drugs.

Anti-cancer cytotoxic chemotherapy has been regarded historically as detrimen-
tal to immunity because of its dose-limiting myelosuppression effects. However,
recent discoveries have suggested that the anti-tumor effect of conventional cancer
chemotherapy may result in part from its ability to disrupt immune suppressive
pathways in addition to direct anti-tumor effects. For example, studies have shown
that chemotherapy-induced lymphodepletion can counterintuitively augment anti-
tumor immunity by potentiating tumor-specific T-cell responses (responsible for
tumor killing) (Sampson et al. 2011; Williams et al. 2007). Possible mechanisms
include depletion of Treg and other immunosuppressive cell populations (e.g.,
MDSCs, regulatory B cells), promotion of Th1/Th2 polarization, and enhanced pro-
liferation of effector T-lymphocytes (Ghiringhelli et al. 2007; Alizadeh and
Larmonier 2014). In addition, some chemotherapeutic agents promote anti-tumor
immunity through induction of immunogenic cell death in tumors and depletion of
immune-suppressor cells. Given the role of chemotherapy in overcoming the
immune suppression that can result in resistance to immunotherapy, it has been
hypothesized that immunotherapy in addition to chemotherapy may further activate
the cytotoxic T cells with improved anti-tumor activities. This combination strategy
has been investigated in multiple recent clinical trials.

For patients with non-small-cell lung cancer (NSCLC) clinical data for combina-
tions of chemotherapy with anti-PD1 or anti-PD-L1 antibody (i.e., nivolumab and
atezolizumab) have suggested that these regimens have promising anti-tumor activ-
ity and a manageable, non-overlapping toxicity profile (Rizvi et al. 2016; Camidge
et al. 2015).

Pembrolizumab has recently received accelerated approval by the US Food and
Drug Administration (FDA) for the treatment of NSCLC-adenocarcinomas in com-
bination with carboplatin and pemetrexed in the first-line setting. In the clinical trial
that led to this approval (Langer et al. 2016), a total of 123 chemo-naive patients
who were stratified by PD-L1 tumor cell expression (< 1% compared to > 1%) were
randomized to chemotherapy alone, or chemotherapy with pembrolizumab. Those
who received chemotherapy alone could receive maintenance pemetrexed indefi-
nitely, and those who received the combination of chemotherapy with pembroli-
zumab could receive maintenance pemetrexed indefinitely and pembrolizumab for
up 24 months. The response rate was significantly higher for the
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chemotherapy-immunotherapy (CTIO) combination group (55%) than the chemo-
therapy alone group (29%). The progression-free survival was 13 months in the
CTIO group versus 6 months in the chemotherapy alone group albeit with more
toxicity (39% vs. 26% respectively). Response rates of patients treated with pem-
brolizumab and chemotherapy combination varied by PD-L1 tumor cell expression,
such that the response rate of those with < 1% expression was 57%, those with
> 1% expression was 54%, those with 1-49% expression was 26%, and those with
> 50% expression was 80%. Accordingly, the expression of PD-L1 seems to
enhance responses when a higher cutoff is used. This study supported CTIO as an
alternative frontline therapeutic approach in non-squamous NSCLC patients who
do not harbor targetable mutations and have < 50% tumor PD-L1 expression, since
pembrolizumab is only indicated in those with > 50% PD-L1 expression in this set-
ting. In our practice, pembrolizumab monotherapy continues to be offered as the
frontline therapy for NSCLC patients with tumor PD-L1 staining > 50%, and tar-
geted therapy should be offered for those with EGFR or ALK genetic alterations.

Multiple ongoing clinical trials are currently underway investigating the CTIO in
other tumor types. For example, pembrolizumab in combination with different che-
motherapy regimens are being tested in various types of advanced cancers in
PembroPlus study (NCT02331251), pembrolizumab in combination with cisplatin
or capecitabine or 5-Fluorouracil is being investigated in patients with gastric can-
cer in a KEYNOTE-062 study (NCT02494583).

Despite the effectiveness demonstrated in these trials, the efficacy and safety
profile of CTIO combination therapies have significant room for further improve-
ment. In order to develop the optimum therapeutic strategy, researchers need to
further elucidate the mechanisms of chemo-induced regulation on immune responses
augmented by immunotherapy, to develop the predictive and prognostic markers for
patient selection and response assessment, and to define the sequence and timing of
combination therapy. These are all areas of focus for recently emerging preclinical
and clinical research activities over the last few years.

Chemotherapy can target proliferating cells besides cancer cells for killing,
including lymphocytes. As we mentioned, these drugs can deplete immune suppres-
sor cells, rendering an immune environment favoring anti-tumor activity. However,
the impact of chemotherapy drugs on the function of tumor-reactive effector T cells
is largely unknown. This is of particular importance because these types of T cells
are mediators of the anti-tumor activity of immune checkpoint blockade. One of the
research interests of our group is to identify the alterations that are caused by che-
motherapy in this T cell population and the impacts of these alterations on the
designs and outcomes of CTIO. We have recently discovered novel markers to iden-
tify human-reactive T cells and to monitor T cell response to anti-PD-1 therapy in
melanoma patients. In one of our ongoing studies, we evaluated the impact of che-
motherapy on these tumor-reactive T cells, taking advantage of samples from
melanoma patients who failed initial pembrolizumab single therapy and received
subsequent salvage CTIO combination (unpublished data). We found that a sub-
population of tumor-reactive T cells survived the chemotherapy treatment. More
importantly, they are responsive to subsequent anti-PD-1 therapy with preserved
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antitumor activity. This unique subset of T cells plays a critical role in the success
of CTIO and can be potentially developed as a biomarker to monitor the CTIO
response.

The optimum sequence and timing of the CTIO therapy is still under investiga-
tion. In metastatic melanoma patients who have failed anti-PD1 therapy, chemo-
therapies are commonly offered as the next-line regimen. We have showed that
approximately 26% of these patients demonstrated an objective response to subse-
quent chemotherapy (including carboplatin and paclitaxel) compared to a lower
response rate in chemotherapy-treated historic controls (Flaherty et al. 2013), sug-
gesting increased effectiveness of cytotoxic chemotherapy even after acquired resis-
tance to PD-1 blockade compared to patients who have never received immunotherapy
(Yan et al. 2016). Our preliminary results from melanoma animal models also dem-
onstrated that chemotherapy after immunotherapy provides better tumor control
compared to concurrent CTIO. In addition, the timing of the chemotherapy delivery
also had a significant impact on the therapeutic effects. The sequence of CTIO has
been controversial in both preclinical and clinical settings, and the optimum combi-
nation regimens are evolving. Further studies are warranted to address and evaluate
these critical questions.

Immunotherapy in Combination with Targeted Therapy

The identification of tumor-specific driver mutations and deregulated signaling
pathways has paved the way for the development of targeted therapy over the past
few decades. These drugs have been widely incorporated into the management of
various types of malignancies, including breast cancer (e.g., HER2 inhibitor), gas-
trointestinal cancers (e.g., EGFR inhibitors), gynecological cancers (e.g., PARP
inhibitors), and melanoma (e.g., BRAF inhibitors), and have demonstrated effective
clinical responses. Nevertheless, one of the major problems is the lack of response
durability, underscoring the need to design alternative approaches to overcome the
treatment resistance. Recent understanding of the immunoregulatory impact of
these drugs has indicated that synergistic effects can be achieved through combin-
ing molecular targeted therapy with immune checkpoint inhibitors.

Preclinical models have demonstrated the importance of T-cell-dependent tumor
killing in targeted therapies. For example, BRAF inhibitors can increase the CD8+
T cell infiltration into the tumors and decrease the immunosuppressive cytokines in
metastatic melanoma patients, resulting in a favorable tumor microenvironment that
correlates with tumor control (Wilmott et al. 2012). In a melanoma animal model,
CD8+ T cells are required for the response to BRAF inhibitors (Knight et al. 2013;
Cooper et al. 2014). In addition, its anti-tumor activity is enhanced when combined
with PD-1 blockade. A currently ongoing phase 1/2 study is evaluating the efficacy
and safety of pembrolizumab in combination with BRAF and MEK inhibitors (dab-
rafenib and trametinib) in patients with melanoma and other solid tumors
(NCT02130466). Sorafenib, a multikinase inhibitor, can relieve the PD-1- and
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Treg-mediated immunosuppression in a mouse model, promoting antitumor
immunity (Chen et al. 2014). In an ongoing phase 1 trial (NCT03006926), pembro-
lizumab in combination with a tyrosine kinase inhibitor, lenvatinib, is being tested.

Olaparib is an oral poly (ADP-ribose) polymerase (PARP) inhibitor that has been
used in ovarian cancers with BRCA1 and BRCA2 mutations. By inhibiting PARP,
it can increase DNA damage frequencies, and therefore yield a greater mutational
burden, leading to enhanced anti-tumor activity of immune cells. Interestingly, a
recent animal study has demonstrated the immunoregulatory role of PARP inhibi-
tors through increasing the peritoneal T-cell numbers (Huang et al. 2015). The com-
bination of olaparib with durvalumab (a PD-L1 inhibitor) was recently investigated
in a study that enrolled 26 women with gynecologic cancers. A disease control rate
of 83% was reported with an acceptable safety profile, suggesting the therapeutic
activity of this combination (Lee et al. 2017).

Antibodies targeting angiogenesis, such as bevacizumab (an anti-VEGF anti-
body) used in the treatment of colorectal and gynecologic cancers can also regulate
the immune system through different mechanisms. For example, antiangiogenic
agents can increase the T-cell infiltration with increased anti-tumor activity in an
animal model (Manning et al. 2007). Bevacizumab can decrease Treg and MDSC
populations in colorectal cancer (Terme et al. 2013). In addition, the resultant
hypoxic conditions can upregulate PD-L1 expression. These data suggest that
angiogenesis inhibition in combination with immune checkpoint inhibitors can
enhance the anti-tumor response. A recent clinical trial using a combination of beva-
cizumab and ipilimumab (anti-CTLA4 antibody) has demonstrated a clinical bene-
fit in melanoma patients (Hodi et al. 2014). The combination of bevacizumab with
pembrolizumab is under current investigation in patients with ovarian cancer
(NCT02853318) and patients with brain metastases from solid tumors
(NCT02681549).

With the growing lists of targeted drugs and immune checkpoint inhibitors,
immunomodulatory mechanisms of this combination need to be further elucidated
in order to develop more efficacious therapies.

Immunotherapy in Combination with Radiation Therapy

Radiation therapy (RT) is used as a definitive or palliative treatment modality in
different types of malignancies. In addition to controlling tumor growth and pro-
moting immunogenic cell death, RT regulates the immune response both systemi-
cally and within the tumor microenvironment. For example, the abscopal effect, a
clinical phenomenon referring to the distant systemic tumor response in the unirra-
diated tumors after localized radiation delivery to tumors, is a result of RT-induced
immune modulations. In the era of novel cancer immunotherapy, RT has gained
attention from researchers for the potential synergistic response in combination
with immune checkpoint inhibitors.
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Although historically considered to be immunosuppressive due to
myelosuppression, RT has been shown to modulate immune responses through mul-
tiple mechanisms (Barker et al. 2015). RT can increase the recruitment of cytotoxic
T cells to the tumor microenvironment through the release of chemokines
(Matsumura et al. 2008); augment the T-cell tumor recognition by upregulating the
key cell surface molecules (including antigen presentation machinery) (Reits et al.
2006; Kim et al., 2006); enhance the priming of the T cells for activation (Gupta
et al. 2012; Gameiro et al. 2014); upregulate PD-L1 expression in the tumor micro-
environment (Deng et al. 2014); and alter the immunosuppressive tumor microenvi-
ronment with resultant accessibility for T-cell infiltration (Klug et al. 2013). In a
mouse breast cancer model, RT in combination with anti-CTLA4 antibody delayed
tumor growth, decreased metastasis, and improved survival (Demaria et al. 2005).
In NSCLC mouse models, RT in combination with an anti-PD1 agent induced sig-
nificant and long-lasting tumor response (Herter-Sprie et al. 2016).

The combination of RT with immune checkpoint inhibitors has recently been
investigated, although data supporting its routine clinical application remain lim-
ited. In a study conducted in melanoma patients, the combination of RT and ipilim-
umab did not increase the risk of immune-related adverse events. However, no
survival benefit was observed (Barker et al. 2013). In the secondary analysis of
phase 1 KEYNOTE-001 study (Shaverdian et al. 2017), NSCLC patients who
received pembrolizumab after RT had better survival than those who had not under-
gone RT prior to pembrolizumab, suggesting the potential activity of the
RT-immunotherapy combination. Durvalumab, an anti-PDL1 antibody, was recently
examined in the phase 3 randomized PACIFIC trial in stage III NSCLC patients
who received definitive chemoradiation (NCT02125461) (Antonia et al. 2017). A
total of 713 patients underwent randomization to either durvalumab consolidation
or placebo in a 2:1 ratio and patients were not selected for their PD-L1 expression.
Durvalumab significantly improved the median progression survival compared to
placebo (16.8 months vs. 5.6 months). The 12-month progression survival rate was
55.9% in the durvalumab versus 35.5% in the placebo group. Despite the encourag-
ing results from this study, further investigation is warranted to elucidate the mecha-
nism of the interaction between RT, chemo-, and immunotherapy, and to develop
optimized combination strategies. Multiple clinical trials are currently ongoing to
evaluate the combination of RT and immunotherapy, including NCT02830594 in
metastatic GI malignancies and NCT02730130 for metastatic breast cancer.

Conclusion

Current pre-clinical and clinical research in cancer immunotherapy are focused on
modulating host immune response through two main approaches—increasing the
cancer-killing ability of the immune system (e.g., boosting the T-cell function via
checkpoint inhibitors) and suppressing the tumor-promoting immune process. The
recent unprecedented success of immune checkpoint inhibitors in cancer treatment
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has rapidly reinvigorated the field of oncology and cancer research. Given the fact
that they do not provide clinical benefit in the majority of cancer patients, it is cru-
cial to design efficacious synergic therapeutic approaches with increased response.
Chemotherapy, radiation therapy, and targeted therapy have been shown to modu-
late the host immune system, making it more favorable for T-cell anti-tumor activity
enhanced by immune checkpoint inhibitor. Although these combinations have
shown some promising results in clinical studies, further research is needed to elu-
cidate the exact immune-regulatory mechanisms and the treatment strategies, such
as regimen, dose, and schedule, of the combination therapy.
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Breast Cancer

In the USA, about one in eight females will be diagnosed with invasive breast cancer
during their lifetime. It is the leading cancer diagnosis (estimated 262,710 cases) and
second leading cause of cancer death (estimated 40,610 cases) for females in 2017
(cancer.org). While significant advances have been made in the treatment of estrogen
receptor (ER)-positive and/or HER2-positive breast cancer over the past few decades,
no novel agents have been approved for the treatment of triple negative breast cancer
[(TNBC) ER—/PR—/HER2-]. The management of TNBC, the most aggressive sub-
type, is still limited to traditional cytotoxic chemotherapy, and the outcomes remain
inferior to other subtypes. Although breast cancer as a whole is considered to be less
immunogenic compared to other cancers such as melanoma, TNBC and HER2+
breast cancers appear to be more immunogenic. These breast cancer subtypes exhibit
higher levels of tumor-infiltrating lymphocytes (TILs), including T cells and B cells,
in the tumor microenvironment. The levels of TILs have been shown to correlate
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with disease prognosis and responses to both neoadjuvant and adjuvant chemother-
apy (Salgado et al. 2015; Denkert et al. 2010; Ali et al. 2014).

PD-L1 expression is highly heterogeneous across different breast cancer sub-
types, and it is associated with clinicopathological features such as lymphocyte
infiltration, aggressive subtypes, and poor prognosis; however, inconsistent results
have been shown depending on the test methods and platforms (Sabatier et al. 2015;
Ali et al. 2015). These findings have led to further clinical efforts to explore the role
of immunotherapies for patients with metastatic breast cancers.

PD-1 and PD-LI inhibitors (pembrolizumab and atezolizumab or avelumab,
respectively) have been investigated in multiple clinical trials for their safety and
anti-tumor activities. Pembrolizumab was studied in KEYNOTE-012 (ClinicalTrials.
gov identifier: NCT01848834), a non-randomized phase 1b trial on patients with
TNBC (Nanda et al. 2016). Patients with PD-L expression of > 1% of tumor cells
by immunohistochemistry in tumor stroma (58.6% of screened patients using
archived tissues) received pembrolizumab at 10 mg/kg every 2 weeks. All patients
received at least one line of previous therapy before being enrolled into the study.
Pembrolizumab was well tolerated and provided an overall response rate (ORR) of
18.5% with a disease control rate of 25.9% and a median time to response of
17.9 weeks. The 6-month progression-free survival (PFS) was 24.4% and median
overall survival (OS) was > 11 months. This study established the clinical safety
profile and clinical activity, and a phase 2 study for single-agent pembrolizumab in
advanced TNBC patients is currently ongoing (NCT02447003). In this study, cohort
A consisted of previously treated metastatic TNBC regardless of tumor PD-L1
expression. Of 170 patients, 61.8% were PD-L1 positive, 37.6% were PD-L1 nega-
tive, and 0.6% were PD-L1 unknown. After a median follow-up of 10.9 months, the
ORR was 4.7% and the disease control rate was 7.6%. Interestingly, there was no
difference in response rate for PD-L1-positive versus PD-L1-negative cohorts. All
patients with complete or partial responses were still alive at the time of data analy-
sis. The 6-month PFS and OS rates were 12% and 69%, respectively. Pembrolizumab
was also studied in ER+/HER2- breast cancer patients with positive PD-L1 expres-
sion in KEYNOTE-028 (NCT02054806). An overall response rate of 12% with a
well-tolerated safety profile was reported.

In addition, pembrolizumab has been evaluated in the neoadjuvant setting in the
I-SPY 2 clinical trial, a phase 2 adaptively randomized, controlled, multicenter trial
evaluating novel neoadjuvant therapies in women with newly diagnosed, locally
advanced breast cancers. The primary endpoint of this study is pathologic complete
response (defined as no residual invasive cancer in the breast or lymph nodes). This
study included patients of all breast cancer subtypes at high risk of relapse (based
on upfront tumor profiling). Patients were randomized to standard neoadjuvant che-
motherapy with or without pembrolizumab. In patients with TNBC, the addition of
pembrolizumab tripled the estimated pathologic complete response rate from 20%
to 60%. Interestingly, in patients with ER-positive, HER2-negative breast cancer
(traditionally considered less immunogenic), addition of pembrolizumab led to an
absolute increase in the estimated pathologic complete response rate of 21%.
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Atezolizumab was also evaluated in heavily treated metastatic TNBC patients in
a phase 1 study (NCTO01375842) (Emens et al. 2015). When given at a 3-weekly
schedule, atezolizumab had an acceptable toxicity profile providing an ORR of 24%
with a 24-week PFS rate of 33% in patients with PD-L1 positive tumors. Avelumab,
a PD-L1 inhibitor, was studied in the phase 1b JAVELIN trial (NCT01772004)
(Dirix et al. 2016). Previously treated metastatic cancer patients regardless of ER/
PR/HER?2 and PD-L status were enrolled. A lower ORR was observed (8.8%; 95%
confidence interval (CI): 2.9-9.3) in 57 TNBC patients compared to trials with pem-
brolizumab and atezolizumab. In patients with non-TNBC, only two out of 72
patients had an objective response.

These studies provided clinical evidence supporting the anti-tumor activities of
immune checkpoint inhibitors in advanced breast cancer, especially in metastatic
TNBC. However, biomarker testing and selection for optimization of treatment
response needs further investigation.

To further improve the clinical outcomes, additional treatment strategies are cur-
rently being investigated. Clinical trials are designed to evaluate the safety and effi-
cacy using immunotherapy in combination with chemotherapy/biological agents
(e.g., PembroPlus (NCT02331251), KEYNOTE-162 (NCT02657889)), or in early
stages and the preoperative setting (NCT02957968).

Gastrointestinal Cancer

Gastrointestinal (GI) cancer remains the most common tumor worldwide. Despite
multiple screening methods and treatment modalities, the incidence and mortality
continue to increase with these tumors. The advances in modern immunotherapies
with checkpoint inhibitors provide a unique opportunity to improve the outcomes in
patients with advanced GI cancers. The issue of using biomarkers (e.g., PD-L1
expression) to predict benefits from immunotherapy is in evolution. Herein, we will
briefly review the recent clinical data of immune checkpoint inhibitors in the man-
agement of esophageal, gastric (including gastro-esophageal junction (GEJ)),
colorectal, hepatobiliary, and pancreatic cancer.

Esophageal Cancer

Esophageal cancer is the sixth leading cause of cancer-related death in the world
(Ferlay et al. 2015), and is one of the less studied malignancies. A multidisciplinary
approach (surgery and radiation) and chemotherapy have been the standard-of-care
for decades. Fortunately, the development of cancer immunotherapies is changing
the landscape of its management. Genetic and immunological studies had revealed
a few interesting features of esophageal cancers that supported the potential utiliza-
tion of immunotherapy checkpoint. It has been reported that tumors from
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esophageal cancers carry a high somatic mutation rate, which is considered to be
associated with better clinical responses to anti-PD-1 therapy (Segal et al. 2008;
Lawrence et al. 2013; Rizvi et al. 2015). In addition, overexpression of PD-1 ligands
was found in over 40% of esophageal cancer tumor samples (Ohigashi et al. 2005).

Pembrolizumab, an anti-PD-1 monoclonal antibody, has been studied in multiple
clinical trials for patients with advanced esophageal cancer with PD-L1 expression.
In the abovementioned KEYNOTE-012 (NCT01848834) (Doi et al. 2015), a phase
1b study enrolling patients with > 1% of PD-L1 expression in tumors, 23 patients
with pretreated esophageal cancer were given pembrolizumab. An ORR of 30.4%
(40.0% for adenocarcinoma, 29.4% for squamous cell) and stable disease rate (SD)
of 13% was observed, with 6-month PFS of 30.4% and 12-month PFS of 21.7%,
indicating a meaningful activity of pembrolizumab in PD-L1+ advanced esophageal
cancer. Nivolumab is another PD-1 inhibitor that has been investigated in patients
with advanced esophageal cancer. In a single-arm multicenter phase 2 study (Kudo
etal. 2017), 65 patients (squamous, adenosquamous, or adenocarcinoma histology)
who failed previous chemotherapy were enrolled and received nivolumab once
every 2 weeks. Importantly, patients were not selected according to their tumor
PD-L1 expression levels. Objective response was seen in 17% (95% CI: 10-28) of
patients, with a manageable toxicity profile. These results demonstrated that PD-1
blockade is a potential treatment in patients with esophageal cancer who failed pre-
vious chemotherapy; however, the role of PD-L1 testing in patient selection needs
further investigation. There are multiple ongoing large phase 3 trials validating the
role of anti-PD-1 antibodies in the treatment of advanced recurrent esophageal can-
cer, including nivolumab (NCT02569242) and pembrolizumab (NCT02564263).

The clinical response and durability of PD-1 inhibitors alone remain limited. In
order to improve the outcomes, combination strategies are currently being investi-
gated in patients with esophageal cancer, including combinations of cancer immu-
notherapies, immunotherapy with radiation, and immunotherapy with
chemotherapies. PD-1 blockade in combination with anti-CTLA-4 blockade (ipili-
mumab) has been shown to have a high response rate in patients with metastatic
melanoma (ref). This result has led to multiple trials testing this combination in
other solid tumors, including esophageal cancer (UMIN00002148). Radiation ther-
apy (RT) is the foundation of esophageal cancer treatment, either in the periopera-
tive or palliative setting. The immunoregulatory effects of RT led to clinical studies
investigating its combination with immune checkpoint inhibitors. Trials of pembro-
lizumab in combination with RT are currently underway in metastatic esophageal
patients (NCT02642809; NCT02830594). Patients with advanced esophageal can-
cer were also included in the abovementioned PembroPlus trial, combining pembro-
lizumab with chemotherapies. The results of these ongoing clinical studies will
further change the paradigm of esophageal cancer management.
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Gastric and Gastroesophageal Junction Cancer

PD-L1 overexpression has been detected in gastric patients, especially in Epstein-
Barr virus (EBV)-positive and microsatellite instable subtypes (Derks et al. 2016),
and is associated with large tumors and lymph node metastases with a poor progno-
sis (Zhang et al. 2016; Liu et al. 2016). Patients with recurrent or metastatic gastric
or gastroesophageal junction (GEJ) adenocarcinoma with > 1% PD-L1 expression
were enrolled into the KEYNOTE-012 trial and treated with pembrolizumab (Muro
et al. 2016). Among 39 enrolled patients, 36 were evaluable for disease response.
The ORR was 22% (95% CI: 10-39) by central review, and median response dura-
tion was 24 weeks (range 8+ to 33+). In the phase 2 KEYNOTE-059 trial
(NCT02335411) (Charles S. Fuchs et al. 2017), 259 patients with advanced gastric
or GEJ cancer who had progressed on at least two prior chemotherapy regimens
were treated with pembrolizumab. A total of 143 these patients had PD-L1+ tumors
(= 1%). The ORR was 13.3% in the PD-L1 positive cohort with a complete response
rate of 1.4% and a partial response rate of 11.9%. The US Food and Drug
Administration (FDA) recently approved keytruday for the treatment of recurrent
locally advanced or metastatic gastric or GEJ cancer with positive PD-L1
expression.

Nivolumab is another PD-1 blockade that has been shown to be effective in gas-
tric and GEJ cancers with improved outcomes. In a phase 3 trial, a total of 493
patients (Asian population, non-selective for PD-L1 expression) who failed previ-
ous chemotherapies were enrolled and received either nivolumab or placebo (Kang
et al. 2017). The preliminary results showed a median OS of 5.3 months with
nivolumab versus 4.14 months with placebo. OS rates at 6 and 12 months were
46.4% versus 34.7% and 26.6% versus 10.9%, respectively. The ORR was 11.2%
with nivolumab versus 0% with placebo. The clinical benefit of nivolumab in a
western population was recently evaluated in the CheckMate 032 study, enrolling
160 previously treated patients with esophageal, gastric, or GEJ cancer (24% with
PD-L1+ tumors). Among 59 patients who received nivolumab (3 mg/kg), ORR was
12% (19% in PD-L1+ population) with a median duration of response of 7.1 months.

Clinical trials investigating immune checkpoint inhibitors in combination with
other therapies are also being performed. Pembrolizumab combined with chemo-
therapy (cisplatin plus 5-fluorouracil) versus pembrolizumab alone is being evalu-
ated in patients with recurrent or metastatic gastric or GEJ cancer (NCT01928394).
Nivolumab in combination with ipilimumab (anti-CTLA-4 antibody) is currently
being tested for its safety and efficacy in clinical trial NCT01928394 for patients
with gastric cancer.
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Hepatobiliary Cancer

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy. It
usually occurs in the setting of chronic liver disease, such as viral hepatitis and cir-
rhosis, and is aggressive with a poor overall prognosis. Treatment options include
curative surgical resection, transplantation, and liver-directed treatment. Systemic
therapies, such as chemotherapy, molecular targeting therapy, and hormone therapy,
are of very limited benefit. The immunoregulatory pathways have been studied in
HCC tumors. It has been reported that PD-L1 is highly expressed in HCC tumor
cells and surrounding immune cells and the overexpression of PD-L1 is correlated
with aggressive clinical features and worse survival (Wang et al. 2011; Gao et al.
2009), suggesting a potential therapeutic role of PD-1 blockade in HCC by restoring
anti-tumor immunity .

In CheckMate 040, a phase 1/2 trial, nivolumab was evaluated in advanced HCC
patients (with or without hepatitis C or B (HCV or HBV) infection) who had pro-
gressed on or were intolerant of sorafenib (El-Khoueiry et al. 2017). This trial
included a dose-escalation cohort (48 patients) and an expansion cohort (214
patients). In the dose-escalation phase, the maximum tolerated dose was not reached
(at 0.1-10 mg/kg every 2 weeks), and the tolerability and safety profile were accept-
able. In the dose-expansion phase, patients were treated with nivolumab at 3 mg/kg,
and the reported ORR was 20% (95% CI: 15-26), and the 9 months OS was 74%
with a median duration of response (DOR) of 9.9 months. These durable benefits
were observed both in sorafenib-naive and sorafenib-experienced patients with
ORR of 23% and 16%, respectively (Crocenzi et al. 2017). Results from this study
strongly support future investigations to establish the role of immune checkpoint
inhibitors in the treatment of HCC. Nivolumab gained FDA approval for the treat-
ment of HCC in patients previously treated with sorafenib. In an ongoing phase 3
study (KEYNOTE-240, NCT02702401), pembrolizumab versus best supportive
care is being tested in patients with advanced HCC who have received previous
systemic treatment.

Combination approaches also have been explored in HCC treatment aiming to
improve the overall outcomes. For example, nivolumab in combination with ipilim-
umab is being evaluated in CheckMate 040 (NCT 01658878), and pembrolizumab
in combination with a tyrosine kinase inhibitor, lenvatinib, is being tested in a phase
1 trial (NCT03006926).

Cholangiocarcinoma is a cancer arising from the epithelial cells of the bile ducts.
Patients usually present with advanced disease and have a high mortality rate.
Systemic chemotherapy is the standard-of-care for patients with good performance
status who have non-resectable diseases, although the survival benefit is minimal.
Anti-PD-1 antibodies have recently been investigated for patients with cholangio-
carcinoma since PD-L1 expression was found to be upregulated and associated with
a poor prognosis (Gani et al. 2016). In KEYNOTE-028 (Bang et al. 2015), 24
patients with PD-L1+ biliary tract cancer received pembrolizumab. An ORR of 17%
was reported.
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Pancreatic Cancer

Pancreatic cancer remains an aggressive and lethal disease despite recent advances
in the understanding of the biological mechanisms underlying its pathogenesis.
Although surgical resection offers an opportunity for cure, the majority of the
patients (> 80%) present with unresectable locally advanced or metastatic disease at
the time of diagnosis. The immunosuppressive tumor microenvironment of pancre-
atic cancer is attributed to the extremely poor treatment response and is one of the
obstacles in therapy development.

Immune checkpoint inhibitors have been tested in multiple clinical trials for
advanced pancreatic adenocarcinoma. In a phase 2 study (Royal et al. 2010), 27
patients were treated with ipilimumab and no responders were observed. In another
phase 1 trial (Brahmer et al. 2012), O out of 14 pancreatic cancer patients treated
with MDX1105-11 (PD-Llinhibitor) experienced an objective response. A recent
early-phase study (NCT01693562) investigated the safety and efficacy of dur-
valumab (PD-L1 blockade) in multiple solid tumors, including 29 pancreatic cancer
patients (Segal et al. 2014). An ORR of 7% and 12-week disease control rate (DCR)
of 21% was observed. Phase 2 studies are currently ongoing to further test the effi-
cacy of durvalumab (NCT02558894). Although the latter study showed that dur-
valumab has activity against pancreatic cancer, the discouraging response rates of
immune checkpoint inhibitors in the treatment of pancreatic cancer from multiple
studies warrant further preclinical and clinical research. Designing an appropriate
combination treatment regimen that can overcome the immunosuppressive tumor
microenvironment of pancreatic cancer can be one of the keys to improving the
efficacy of immunotherapy. For example, given its immune modulatory effects, aca-
labrutinib, a tyrosine kinase inhibitor, has recently been tested in pancreatic cancer
in combination with pembrolizumab (NCT02362048) (Overman et al. 2016).

Colorectal Cancer

Metastatic colorectal cancer (mCRC) is a significant cause of mortality and morbid-
ity in the USA. Approximately 25-30% of patients with newly diagnosed CRC have
evidence of metastases upon diagnosis (Cancer.org). Its treatment outcome has been
significantly improved over the last decade with the incorporation of biological tar-
geted therapies to systemic chemotherapies. However, therapy resistance remains a
clinical challenge. Immunotherapy approaches have recently been explored in the
treatment of mCRC in order to further improve the outcomes.

Deficient DNA mismatch repair ({AMMR) has been identified in approximately
15-20% of sporadic CRC and in patients with Lynch syndrome, resulting in high
levels of DNA replication errors and DNA microsatellite instability (MSI) than
those of proficient MMR (pMMR). These tumors harbor greater mutational bur-
dens, therefore more neoantigens are presented to tumor-specific T cells that can
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target tumor cells for killing. Immune checkpoint inhibitors can unleash the func-
tions of these T cells and potentially improve the anti-tumor activities. Multiple
clinical trials have demonstrated clear efficacy of PD-1 inhibitors in a subset of
mCRC patients.

Pembrolizumab, an anti-PD-1 antibody, was evaluated in a phase 2 study enroll-
ing 28 patients with dMMR CRCs and 25 patients with pMMR CRCs (Le et al.
2016). The ORR was 50% in the dMMR group versus 0% in the pMMR group, and
the DCR was 89% and 16% in the IMMR and pMMR groups, respectively. For
patients with dAMMR disease, the 24-month OS was 66% and the 24-month PFS was
61%. The toxicity profile was comparable to other reported trials with pembroli-
zumab monotherapy. These data led to the FDA granting accelerated approval of
pembrolizumab for patients with advanced MSI-High (MSI-H) or dAMMR mCRC
who have progressed after conventional chemotherapy.

Nivolumab was also tested in patients with dAMMR mCRC in a phase 2 trial
(Overman et al. 2017). Among 74 patients who received nivolumab monotherapy at
3 mg/kg every 2 weeks, 31% had an objective response, and the median duration of
response was not reached with a median follow-up of 12 months. In addition, the
responses were observed regardless of BRAF or KRAS mutation status.

Despite these encouraging results, anti-PD-1 antibodies provide low response
rates in mCRC patients with proficient MMR and microsatellite stable (MSS)
tumors, which represent the vast majority of patients. Further clinical trials have
been designed to examine the combination therapy strategies for pMMR and MSS
mCRCs. Atezolizumab, a PD-L1 inhibitor, in combination with cobimetinib, a
MEK kinase inhibitor, was investigated in a recent phase 1 trial (Bendell et al.
2016). A total of 23 patients were enrolled, of which 22 were KRAS mutant. The
preliminary results showed an ORR of 17% (four out of 23 patients), and three out
of the four responders have pMMR tumors. This study provides evidence support-
ing further investigations of alternative immunotherapy strategies for MSS mCRCs.

Anal squamous cell carcinoma (SCC) is commonly associated with infection by
the human papillomavirus (HPV). Other conditions, such as immune inhibition, are
also known risk factors (Palefsky et al. 2011). The potential role of PD-1 blockade
in the treatment of anal SCC was examined in recent trials. In a phase 2 clinical
study (NCT02314169) (Morris et al. 2017), nivolumab was given to a total of 37
HPV+ patients, and 24% had a response. The median OS and PES were 11.5 months
and 4.1 months, respectively.

Head and Neck Cancer

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common
malignancy in the world. In addition to tobacco and alcohol use as known risk fac-
tors, human HPVs are associated with a subset of HNSCCs with distinct clinical
features, including a better treatment response and prognosis. Although multimo-
dality treatment strategies have advanced over the past decade, the prognosis and
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survival for patients with recurrent or metastatic HNSCC remain poor, underscoring
the necessity of developing novel therapeutic strategies, including immunotherapy.

The efficacy of pembrolizumab in HNSCC has been established in multiple clin-
ical trials, which led to the FDA approval for platinum-refractory metastatic or
recurrent HNSCC. In the KEYNOTE-012 expansion cohort, 132 patients irrespec-
tive of PD-L1 or HPV status were enrolled and received pembrolizumab once every
3 weeks. ORR was 18% with a median duration of response that was not reached.
Six-month PES was 23% and 6-month OS was 59%. In the KEYNOTE-055 study,
171 platinum- and cetuximab-refractory HNSCC patients received pembrolizumab.
The ORR was 16% in this study with a median duration of response of 8 months.
The median PFS was 2.1 months and median OS was 8 months. Eighty-two percent
of patients had PD-L1 positive tumors while 22% were HPV positive. Interestingly,
the response rate was similar in all HPV and PD-L1 subgroups. Phase 3 trials with
pembrolizumab are currently underway (NCT02252042).

The CheckMate 141 phase 3 trial randomized patients to either nivolumab or a
single-agent therapy of the investigator’s choice (Ferris et al. 2016). A total of 361
platinum-refractory recurrent or metastatic HNSCC patients were enrolled, and
median follow-up was 5.1 months. For the entire study population, OS was signifi-
cantly longer in the nivolumab group (median 7.5 vs. 5.1 months), and the ORR was
also increased in the nivolumab group (13.3% vs. 5.8%). In patients with PD-L1+
tumors (> 1%), OS was significantly improved with nivolumab (8.7 vs. 4.6 months),
but was not increased in patients with less than 1% PD-L1 expression tumors. In
addition, OS was also significantly improved with nivolumab in HPV-positive
tumors but not in HPV-negative tumors. Nivolumab was granted approval by the
FDA based on these results.

Despite the promising results from the abovementioned trials, the majority of
patients do not benefit from anti-PD 1 monotherapy, highlighting the need to develop
alternative immunotherapy strategies to improve the overall outcomes. Multiple
clinical trials are designed and currently ongoing to evaluate the combination
approaches. For example, the efficacy of durvalumab, a PD-L1 inhibitor, alone or in
combination with tremelimumab, a CTLA-4 inhibitor, versus chemotherapy is cur-
rently being assessed in a phase 3 trial (NCT02369874) in patients with previously
treated recurrent and metastatic HNSCC. Durvalumab alone or in combination with
tremlimumab is also being investigated for first-line treatment in recurrent or meta-
static HNSCC in the phase 3 KESTREL study (NCT02551159). The anti-tumor
activity of durvalumab monotherapy in PD-L1-positive HNSCC was previously
demonstrated in early studies (Fury et al. 2014; Segal et al. 2016).

Other Solid Tumors

Given the rapid advances in tumor immunotherapy and promising results from clin-
ical studies that led to the FDA approval of immune checkpoint inhibitors, such
treatment strategies have been actively investigated in and expanded to multiple
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other types of malignancies. Although most of these results have yet to be confirmed
in further clinical trials, these novel agents are rapidly changing the landscape of
cancer therapy. Most of the FDA-approved indications of immune checkpoint inhib-
itors have already been discussed in detail in other chapters in this book. In this
section, we briefly review their roles in gynecologic malignancies and Merkel cell
carcinoma, which have been recently investigated in clinical trials. The utilization
of immune checkpoint inhibitors in many solid tumors is still being clinically inves-
tigated and is only available through clinical trials. Since the field of immunother-
apy is rapidly evolving and results of clinical trials are constantly being reported, we
are not able to review all of the trials in all of the tumor types and their correspond-
ing results here. For the most updated list, we would like to refer readers to https://
clinicaltrials.gov for further information. We strongly recommend open discussions
between patients and oncologists to explore the most updated results from clinical
research and ongoing clinical trial options before formulating personalized treat-
ment strategies.

Recurrent or metastatic gynecologic malignancies are associated with great mor-
bidity and mortality in females. Immune checkpoint inhibitors have been recently
adapted for the management of cervical, ovarian, and endometrial cancers; however,
none of them have yet gained approval from the FDA.

Although HPV vaccination can provide protection against cervical cancer, the
available treatment options for recurrent or advanced disease are very limited. In the
KEYNOTE-028 study, advanced cervical cancer patients with PD-L1 positive
tumors were treated with pembrolizumab (anti-PD-1 antibody). In 24 treated
patients, an ORR of 12.5% was observed (Frenel et al. 2016). The preliminary
results from the phase 2 KEYNOTE-158 study later reported an ORR of 17% in
patients with previously treated cervical cancer unselective for PD-L1 expression
status (Schellens et al. 2017).

Advanced endometrial cancer carries a poor prognosis, and is traditionally
treated with chemotherapy. Defects in DNA mismatch repair machinery (dMMR)
and resultant microsatellite instability (MSI) status (as previously discussed in the
metastatic colon cancer section) are found in approximately 20% of tumors from
endometrial cancer patients, which suggests a potential role of immunotherapy in
this tumor type. In a recently reported phase 2 trial, pembrolizumab demonstrated
an ORR of 71% in MSI-high non-colorectal malignancies, including two patients
with endometrial cancer (one with partial response, and one with complete response)
(Le et al. 2015). The safety and anti-tumor activity of pembrolizumab in advanced
endometrial cancer patients who have positive PD-L1 expression were also tested in
the KEYNOTE-028 study (Ott et al. 2017). Three out of the 24 treated patients
experienced a partial response and three patients had stable diseases. Multiple ongo-
ing studies are underway to explore the roles of combination therapies, including
with chemotherapy (e.g., NCT02549209 and NCT02331251 for pembrolizumab
with chemotherapy) and immunotherapy (NCT02982486 for nivolumab with
immunotherapy).

In patients with platinum-resistant advanced ovarian cancer, antibodies against
PD-L1 (avelumab) and PD-1 (nivolumab and pembrolizumab) have been tested in
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early-phase clinical studies (Disis et al. 2016). In NCT01772004, avelumab was
reported to have an ORR of 9.7%. In a study using pembrolizumab (NCT02054806)
(Varga et al. 2015), patients with positive PD-L1 status showed an ORR of 11.5%.
Nivolumab was also reported to have an ORR of 15% in a study with 20 patients
(Hamanishi et al. 2015). In the light of the low response rates of single PD-1/PD-L1
blockade, currently ongoing clinical trials are focused on investigating the safety
and efficacy of immunotherapy combined with molecular-targeted therapy, chemo-
therapy, or immunotherapy. For example, olaparib, a polyadenosine diphosphate-
ribose polymerase (PARP) inhibitor that was approved for the treatment of recurrent/
metastatic ovarian cancer, has been combined with durvalumab (PD-L1 antibody)
in patients with BRCA mutations. Preliminary results from this trial demonstrated
an ORR of 17% with a high disease control rate (83%) (Lee et al. 2017).
Pembrolizumab is being investigated in combination with chemotherapies (e.g.,
paclitaxel, gemcitabine, and cisplatin) in clinical trials (NCT02440425,
NCT02608684). Avelumab combined with doxil is being tested in NCT02580058.
The combination of nivolumab with ipilimumab is being examined in the CheckMate
032 study (NCT01928394).

Merkel cell carcinoma is (MCC) an aggressive cutaneous malignancy with a
tendency to recurrence and metastases. Given the rarity of this disease, few random-
ized clinical trials have been reported to establish the effective treatment regimens
for metastatic disease, although cytotoxic chemotherapy approaches have been the
standard-of-care for years. Recently, immune checkpoint inhibitors have been
shown to be a potential alternative. Avelumab was recently approved by the FDA for
the treatment of previously treated metastatic MCC based on the phase 2 JAVELIN
Merkel 200 trial. A total of 88 patients were enrolled in this study, and 28 had objec-
tive responses, including eight complete responses. The 6-month PES and OS were
40% and 69%, respectively, suggesting a durable response. Infusion-related reac-
tions were observed in 17% of the patients; fortunately, they are all low-grade and
easily managed with supportive measures (Kaufman et al. 2016). It is otherwise
well tolerated. Pembrolizumab was also reported to be effective in the treatment of
advanced MCC in a phase 2 study (Nghiem et al. 2016). A total of 26 patients who
had not received previous systemic therapy were enrolled, and an ORR of 56% was
reported with a 6-month PFS of 67%, indicating its potential role in front-line
settings.

Biomarker Considerations

One of the main challenges in the field of cancer immunotherapy is the development
of reliable predictive and prognostic biomarkers, which can guide the best selection
of patients who will benefit from such a treatment modality and provide early pre-
diction of disease response while on therapy. Several candidate biomarkers have
been investigated, including PD-L1 expression level and MMR/MSI status.
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The utilization and limitation of PD-L expression levels as a potential biomarker
has been discussed in Chapter 4, “Significance of Immune Checkpoints in Lung
Cancer.” Its level has been associated with a better clinical response with antibodies
targeting the PD-1/PD-L1 pathway in some of the studies. For example, in a study
reported in 2012, nivolumab was studied in patients with advanced solid tumors,
including melanoma, lung cancer, and colorectal cancer. In that study, nine out of 25
patients with PD-L1 expression responded to the therapy, while none (0/17) of the
patients with PD-L1-negative tumors responded to the treatment (Topalian et al.
2012). However, in other studies, patients with PD-L1-negative tumors also demon-
strated responses towards anti-PD-1 therapy (Weber et al. 2015; Brahmer et al.
2015). These inconsistent results indicate that PD-L1 expression is an imperfect
surrogate and predictor for immunological and therapeutic response, and its role in
clinical practice is still investigational and under debate. The levels of PD-L1
expression from tumor biopsies under-represent the complex, dynamic, and hetero-
geneous tumor microenvironment. In addition, the test methodology, the platform
used in clinical practice, and the agreement between different tests need further vali-
dations across various tumor types. Tumor PD-L1 expression should not be simply
used to exclude patients with advanced cancer from being considered to receive
immunotherapy.

As we previously discussed in Section 2.5 (Colorectal Cancer), preclinical
research has demonstrated that tumors that are defective in DNA mismatch repair
genes (AMMR) have higher levels of microsatellite instability, and therefore carry a
higher mutational burden, which results in a greater level of neo-antigens that can
be recognized by tumor-specific T cells exerting the anti-tumor activities. The fre-
quency of dAMMR or MSI-H tumors are reported to be around 15-20% in sporadic
CRC, 8-16% in gastric cancer, and 25% in endometrial cancerf (An et al. 2012;
Howitt et al. 2015). The role of dAMMR/MSI-H as a biomarker for clinical response
to PD-1 blockade has been recently established in a clinical trial that included
patients with 12 different types of solid tumors that are dIMMR. Among 86 patients
who received pembrolizumab, 53% achieved an objective response with 21%
achieving a complete response (Lee et al. 2017). Clinical data from 149 patients
with dMMR or MSI-H cancers enrolled across five single-arm KEYNOTE trials
(KEYNOTE-016, —164, —012, —028, and —158) have led to the recently acceler-
ated FDA approval of pembrolizumab for adult and pediatric patients with unre-
sected or metastatic dAMMR or MSI-H solid tumors that have progressed following
previous treatment with no satisfactory alternative treatment options. The reported
ORR was 39.6%, with 7.4% having a complete response and 78% of the responders
had responses that lasted for more than 6 months. This is the first FDA approval of
cancer therapy based on biomarkers regardless of tumor type.
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Conclusion

Immune checkpoint inhibitors are rapidly changing the paradigm of cancer treat-
ments. Continued research efforts are needed to design more effective and individu-
alized treatment regimens for various types of malignancies. In addition,
identification of patients who will benefit from treatment, development of reliable
biomarkers, and minimizing the treatment toxicities will remain an active focus of
research.
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Introduction

The landscape of cancer therapy has changed dramatically over the last decade.
From traditional cytotoxic chemotherapy, small-molecule inhibitors, to the explo-
sion of immune checkpoint inhibitor (ICI) therapy, the paradigm of cancer therapy
will never be the same. Unfortunately, with these advances comes additional toxic-
ity and morbidity. The side-effect profile for ICI therapy is distinctly different from
that of chemotherapy and/or small-molecule therapy, in that toxicity is directly
related to over-activation of the immune system. Additionally, whereas side effects
from chemotherapy and small-molecule therapy will usually resolve on their own
after withdrawal of the agent, toxicity from ICI therapy can have delayed onset and
last for months after drug withdrawal. Therefore, early recognition and intervention
are imperative for patients on ICI therapy to prevent morbidity and mortality.
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While the three main classes of ICI therapy (anti-CTLA-4, anti-PD-1, and anti-
PD-L1 inhibitors) exert their effects on different targets of the immune system, their
side-effect profile is similar and overlapping, and thus treatment for immune-related
adverse events (irAEs) is somewhat universal across drug classes. irAEs are usually
classified by organ system; however, treatment (with a few exceptions) is a balanc-
ing act designed at dampening the immune response to reverse the particular side
effect, without losing the efficacy against the tumor.

The most common organ classes involved with irAE’s are gastrointestinal, der-
matological, and endocrine systems. Less common, but often times more serious,
are those of the pulmonary, neurologic, hematologic, and cardiac systems.

Gastrointestinal

Immune related adverse events (irAE’s) of a gastrointestinal etiology usually mani-
fest in the forms of diarrhea, colitis, and/or autoimmune hepatotoxicity (Beck et al.
2006; Bertrand et al. 2015; Eigentler et al. 2016; Hodi et al. 2014; Huffman et al.
2017; Kim et al. 2013; Kottschade et al., 2016). Diarrhea/colitis is most commonly
seen with anti-CTLA-4 therapy both as single therapy and in combination with anti-
PD-1 therapy (Hodi et al. 2010; Postow et al. 2015; Robert et al. 2011, 2015a, b;
Wolchok et al. 2013). Incidence rates vary from 30% (any grade) with single-agent
anti-CTLA-4 therapy to approximately 50% (any grade) for combination anti-
CTLA-4/anti-PD-1 therapy (Hodi et al., 2010; Postow et al. 2015; Robert et al.
2011, 2015a, b; Wolchok et al. 2013). Of note, gastrointestinal side effects of this
nature are far less common with anti-PD-1 therapy alone, where < 20% of patients
experience diarrhea/colitis (Robert et al. 2015a, b; Co 2014). Symptoms can present
as simply as a mild increase in the number of stools to profuse diarrhea that can lead
to dehydration and require hospitalization. Rarely, fatal bowel perforations have
been documented, emphasizing the necessity to recognize and treat early signs of
intestinal toxicity (Larkin et al. 2015; Eggermont et al. 2015). Careful assessment of
the patient’s bowel habits is crucial for early detection and intervention. Patients
should be assessed both for the number of stools and consistency. Red flags would
include hematochezia, mucous in the stool, fever, abdominal pain, and/or signs of
dehydration (hypotension, weakness). Most patients with grade 1 diarrhea (an
increase of fewer than four stools per 24 hours), can be managed with conservative
methods (Kottschade et al. 2016). These would include bland diet (BRAT diet),
increase of fluids, and close monitoring for any increase in the number of stools.
Antidiarrheal agents can be used with caution, but generally should be avoided, as
these can mask worsening of symptoms and have no overall impact on any underly-
ing colitis. Treatment can usually be continued cautiously in patients with grade 1
diarrhea. Patients with > grade 2 diarrhea will need intervention, usually with ste-
roids to prevent further worsening of symptoms. Treatment should be held for those
with grade 2 diarrhea until symptoms return to < grade 1 and steroid dosing is
10 mg or less of prednisone (or equivalent). Those with grade 3 or higher diarrhea
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will likely need to discontinue treatment, with the following exception: As anti-
CTLA-4 agents generally have higher rates of diarrhea, patients who have recov-
ered to < grade 2 and have discontinued steroids can be re-challenged with
single-agent anti-PD-1, including those who developed diarrhea on dual checkpoint
inhibitor blockade. For patients with grade 3 or higher diarrhea, or those that are
steroid refractory at any grade, they should be evaluated by a gastroenterologist and
have an evaluation by flexible sigmoidoscopy and/or colonoscopy to assess the
extent of colitis as well as assess need for biologic modifiers to manage the diarrhea
(Kottschade et al. 2016).

Hepatotoxicity is a direct result of the inflammation of hepatocytes in the liver
from T-cell infiltration (Weber et al. 2013). Left untreated, autoimmune hepatitis
can lead to liver failure and eventual death. Often patients present with asymptom-
atic transaminitis and/or hyperbilirubinemia detected on routine liver function tests
(LFTs) (Weber et al. 2013). Patients should be assessed prior to each infusion of ICI
therapy on the following laboratory values: AST, ALT, alkaline phosphatase, and
total and direct bilirubin. Additionally, patients presenting with abdominal pain,
profound fatigue and/or jaundice should also be urgently evaluated for autoimmune
hepatitis. All patients should be ruled out for other causes of symptoms, especially
progressive hepatic metastasis. Management includes the following: Grade 1—
careful monitoring of LFTs weekly in-between ICI therapy dosing. Grade 2 and
above—IClI therapy should be held, with initiation of steroids. LFTs should be mon-
itored twice weekly until < grade 1. Once LFTs have stabilized and/or started
decreasing, steroids can be slowly tapered with continued frequent monitoring of
LFTs. Re-challenge of ICI therapy can be done cautiously, with careful LFT moni-
toring as autoimmune hepatitis can re-appear. Patients with grade 3 or higher and/or
autoimmune hepatitis that is refractory to steroids should be referred to a hepatolo-
gist for further management (Huffman et al. 2017).

Dermatological

The most common irAE with ICI therapy is that of skin toxicity. Patients will typi-
cally present with a maculo-papular rash, mimicking that of a drug reaction, often
times with significant pruritus (Hodi et al. 2003). It should be noted that patients can
present with pruritus only with no visible skin lesions. Rashes are more common
with anti-CTLA-4 based therapy (~ 40% with monotherapy and up to 70% with
dual ICI therapy), single-agent anti-PD-1 or PD-L1 therapy has a lower incidence
rate of approximately 25% (Postow et al. 2015; Wolchok et al. 2013; Ibrahim et al.
2011; Weber et al. 2012). Grading and therefore subsequent treatment for dermato-
logic irAEs is usually based on amount of body surface area (BSA) involved with
lesions. Patients with grade 1 (< 20% BSA involvement) can usually be managed
conservatively with antihistamines and topical corticosteroids. Treatment with ICI
therapy can continue cautiously, as long as there is no worsening of symptoms and/
or significant increase in the lesions. For patients experiencing grade 2 rash
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(20-50% BSA involvement), treatment should include the addition of low-dose ste-
roids (~ 0.5-1 mg/kg of prednisone or equivalent), and ICI treatment should be
withheld until improvement to < grade 1 and steroid dosing has been tapered to
10 mg of prednisone or equivalent. While rash may clear rapidly with the introduc-
tion of oral steroids, providers should be cautioned that a rapid taper of steroids can
cause an acute rebound of the rash. Patients with grade 3 (> 50% BSA involvement)
or higher rash, and/or rash refractory to steroids should be initiated on higher doses
of steroids, with referral to a dermatologist for additional management. Treatment
with ICI therapy should generally be discontinued in patients with grade 3 or higher
dermatological toxicity. Patients with blister-like lesions, fever, or lesions in the oral
mucosa or genital region should be evaluated urgently to rule out more serious con-
ditions including Steven’s Johnson Syndrome or toxic epidermal necrolysis.

Endocrine Toxicity

irAEs of the endocrine system are usually classified into two categories, those that
involve the thyroid and those that involve the pituitary-gonadal-adrenal (PGA) axis
(Bertrand et al. 2015; Larkin et al. 2015; Gonzalez-Rodriguez & Rodriguez-Abreu
2016). Diagnosis of disorders of the endocrine system can be difficult to sort out, as
many will present with generalized constitutional symptoms (fatigue, mild headache,
etc.), and therefore this class of irAEs is often misdiagnosed. Additionally patients
may be on steroids for other irAEs and consequently endocrine-related irAEs are
often masked during this time and only become obvious during steroid tapers (i.e.,
secondary adrenal insufficiency), and thus their etiology (i.e., irAE vs. prolonged
steroid use) is almost impossible to discern (Beck et al. 2006; Ryder et al. 2014).

Thyroid dysfunction can present in two forms, hyperthyroidism and hypothy-
roidism. The most common scenario is patients presenting with asymptomatic sup-
pression of TSH, and high free T4 and/or T3 on routine thyroid function monitoring.
Some patients will have transient tachycardia associated with this that will require
temporary low-dose beta blockade. Often this phase of thyroiditis will resolve on its
own to euthyroid levels within 4-6 weeks and will not require further intervention
(Kottschade et al. 2016; Ryder et al. 2014). However, there is a group of patients
that will progress and develop overt hypothyroidism (defined as a TSH > 10).
Patients who progress to overt hypothyroidism and/or present with symptomatic
hypothyroidism should be started on thyroid replacement therapy (Kottschade et al.
2016; Ryder et al. 2014). Usual starting replacement doses for levothyroxine are 1.6
pg/kg body weight; however, patients who are asymptomatic and/or have pre-
existing cardiac conditions can be started at slightly lower doses. Patients should
continue to have their thyroid function checked every 3—6 weeks while on ICI ther-
apy, with dose adjustments of levothyroxine as necessary to keep TSH within the
normal reference range of around 0.5—4 (Kottschade et al. 2016; Ryder et al. 2014).
Patients with isolated autoimmune thyroiditis can continue to receive ICI therapy,
with little to no interruption in treatment cycles.
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Dysfunction of the PGA axis most commonly manifests as hypophysitis (Ryder
et al. 2014; Corsello et al. 2013). Hypophysitis usually will present with acute
severe headache, nausea, possible vomiting, and often profound fatigue. Given the
similarity of these symptoms to acute intracranial metastatic disease, this should
always be in the differential diagnosis. The diagnosis of hypophysitis is usually
made based on low to undetectable morning cortisol and low ACTH (adrenocotico-
tropic hormone) levels (Corsello et al. 2013). Magnetic resonance imaging (MRI) is
recommended in these situations to rule out intracranial disease and other neuro-
logical irAEs (i.e., encephalitis), and can also assist in the diagnosis of pituitary
dysfunction; however, specific views of the pituitary gland should be requested dur-
ing the MRI as often these are not routinely done as part of a regular MRI exam. It
should be noted that during the acute phase of hypophysitis approximately 75% of
patients will have enhancement/enlargement of the pituitary gland on MRI imaging
(Corsello et al. 2013). Treatment of this irAE centers around decreasing inflamma-
tion in the pituitary gland and thus relieving associated symptoms. Most patients
will require at least 1 mg/kg of prednisone (or equivalent) for relief, but some with
severe symptoms will require up to 2 mg/kg initially and may require hospitaliza-
tion (Kottschade et al. 2016). However, distinct from other irAEs, high-dose ste-
roids can relieve the acute symptoms of hypophysitis in 1-2 weeks, and thereafter
steroids can be more rapidly tapered to physiologic replacement levels (provided
other irAEs are not present) (Kottschade et al. 2016). Unfortunately, most of these
patients are left with permanent secondary adrenal insufficiency and require lifeline
glucocorticoid replacement. Of note, ICI therapy should be held during the acute
phase; however, once patients are asymptomatic and have tapered to lower doses of
prednisone without recurrence of symptoms, ICI therapy may be safely resumed.
While rare, primary adrenal insufficiency (adrenal crisis) has been seen with these
agents (Hodi et al. 2010; Corsello et al. 2013; Brahmer et al. 2012; Hamid et al.
2013). This is a life-threatening emergency that needs to be recognized and treated
immediately to prevent increased morbidity and mortality. Patients should have ICI
therapy withheld until they are asymptomatic, electrolytes are normal, and steroids
have been tapered.

Pulmonary Toxicity

While a much less common irAE, pulmonary toxicity can develop and progress
swiftly, leading to significant morbidity and even death. Pulmonary toxicity or
pneumonitis (as it usually presents) can often start subtly, with a minor cough and
slight dyspnea on exertion, and rapidly progress to hypoxemia with significant
respiratory compromise (Postow et al. 2015; Wolchok et al. 2013; Larkin et al.
2015). This irAE tends to be commonly incorrectly and undertreated of the immune-
related events, as presenting symptoms are often mistaken and assumed to be from
bacterial pneumonia. Standard plain chest radiography usually will reveal minor
changes and/or small consolidations that are labeled as “pneumonia.” Patients are
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subsequently inappropriately placed on antibiotics and often continued on ICI treat-
ment. The actual incidence of pneumonitis seems to vary amongst the malignancies
as well as treatment regimens (Hodi et al. 2010, 2014; Postow et al. 2015; Robert
et al. 2015a, b; Wolchok et al. 2013; Larkin et al. 2015; Hamid et al., 2013; Ribas
et al. 2013; Sznol et al. 2017; Topalian et al. 2012). In single-agent anti-PD-1 ther-
apy, agents tend to have a higher incidence over anti-CTLA-4 agents alone (Hodi
et al. 2010; Postow et al. 2015; Robert et al. 2015a, b; Wolchok et al. 2013; Larkin
et al. 2015; Sznol et al. 2017). However, combination ICI therapy tends to have an
even higher incidence rate, and in addition there seems to be a higher rate amongst
those with primary lung cancer and/or patients with previous pulmonary radiation
(Postow et al. 2015; Wolchok et al. 2013; Sznol et al. 2017; Brahmer et al. 2015).
For patients with suspected pulmonary irAE, workup should include the following:
comprehensive pulmonary history (to assess for pre-existing conditions that may
complicate the diagnostic picture), pulse oximetry, cross-section radiographic
images of the chest (i.e., CT scans), pulmonary function testing as indicated, and
consideration of bronchoscopy to rule out infectious etiology (Kottschade et al.
2016). It should be noted, however, that in cases where radiographic infiltrates/
interstitial inflammation is noted, especially in patients who are symptomatic, ste-
roids should not be withheld in patients while awaiting infectious workup, due to
the serious nature and usual rapid decline these patients can experience if left
untreated (Kottschade et al. 2016). For patients who have grade 1 toxicity (radio-
graphic findings only), these patients can generally be continued on therapy with
careful monitoring, which may include more frequent cross-section imaging of the
chest. Patients with grade 2 or higher toxicity should have treatment withheld (grade
3 or 4 should discontinue therapy) and should be started on systemic steroids.
Patients should be monitored closely for any worsening of respiratory status and
hypoxia. Patients with abnormal oxygen saturation should be hospitalized and
receive high-dose IV steroids (solumedrol 500-1,000 mg daily) until respiratory
status improves (Kottschade et al. 2016). Patients who are steroid refractory or do
not improve quickly with steroids should undergo a bronchoscopy, for further diag-
nostic inquiry (Kottschade et al. 2016). Patients with grade 2 toxicity can be re-
challenged with ICI therapy once steroids have been tapered to 10 mg of prednisone
daily. Those with grade 3 or 4 toxicity should not receive further ICI therapy, due to
the risk of further respiratory compromise.

Renal Toxicity

Rarely patients can develop renal toxicity while on ICI therapy, usually manifesting
in the form of acute interstitial nephritis. Incidence rates for renal toxicity are rela-
tively low, ranging from around 1% in single-agent PD-1 trials to approximately
3-4% in patients undergoing therapy with dual checkpoint inhibitor therapy (anti-
PD-1 and anti-CTLA-4) (Fadel et al. 2009; Izzedine et al. 2014; Voskens et al.
2013). Routine monitoring would include serum creatinine at baseline and prior to
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each dose of ICI therapy. Increases in creatinine levels can be an early indicator of
impending renal toxicity and should be monitored more closely. Patients with mild
elevations (grade 1) can usually continue ICI treatment with more frequent monitor-
ing (i.e., weekly creatinine levels). Patients with grade 2 or higher irAEs should
have treatment withheld and be referred to a nephrologist for further workup and
consideration of renal biopsy to rule out acute interstitial nephritis. Patients should
be started on steroids to prevent further renal damage (grade 2: 0.5 mg/kg of pred-
nisone, grade 3 or 4 irAE: 1-2 mg/kg of prednisone). Those with grade 2 or less
toxicity can be re-challenged with further ICI therapy, with close observation.

Neurological Toxicity

While rare (~1%), neurological toxicity can be severe and life-threatening. These
toxicities can present late, even after ICI therapy has been discontinued. Neurological
toxicity can range from peripheral neuropathy or neuritis to encephalitis and Guillain-
Barre syndrome (acute inflammatory demyelinating polyneuropathy, AIDP) (Sznol
et al. 2017; Bompaire et al. 2012; Bot et al. 2013; Hunter et al. 2009; Johnson et al.
2013; Wilgenhof & Neyns 2011). Many of these side effects can mimic side effects
from CNS metastasis, meaning this possibility must be immediately ruled out, and
once done strong consideration must be given to neurological side effects from ICI
therapy, which require urgent intervention to prevent significant morbidity and/or
mortality. Treatment of neurologic irAEs is dependent on the type and severity of
irAE and should be done in collaboration with a neurologist. Patients experiencing
grade 1 peripheral neuropathy (PN) should be closely observed, and those who have
grade 2 PN should have treatment withheld. Therapy should be permanently discon-
tinued for patients with grade 3 or 4 PN. Patients who experience more significant
neurological toxicity (i.e., AIDP) should have ICI therapy Immune-related adverse
events (irAE’s):neurological toxicity permanently discontinued.

Ocular Toxicity

Uveitis, episcleritis, iritis, conjunctivitis, and orbital inflammation have been reported
in the literature with ICI therapy, with the least common being uveitis (Brahmer et al.
2012; Abdel-Rahman et al., 2017; Robinson et al. 2004; Wolchok et al. 2010). All
patients who report any sort of ocular symptoms (i.e., pain in the eye, light intolerance,
or visual changes) should be immediately referred to an ophthalmologist for appropri-
ate workup and treatment. For those patients who are only experiencing mild dry eyes
in the absence of other symptoms (i.e., pain), it is recommended that they start lubri-
cating eye drops, and counselled to immediately report any changes in symptoms.
Those with more serious ocular toxicity may require topical steroid drops and/or intra-
ocular injections. Rarely, patients will require treatment with oral steroids.
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Rheumatological Toxicity

There have been recent case reports in the literature of patients on ICI therapy who
have experienced side effects that mimic rheumatological-type syndromes. Those
that have been described include dry mouth and eyes (sicca-like syndrome), inflam-
matory arthritis, and psoriasis (Sznol et al. 2017; Fadel et al. 2009). Given the rela-
tively rare nature of these syndromes, patients should be referred to a rheumatologist
for further investigation and management. While some patients with mild symptoms
can be managed and continue on ICI therapy cautiously, others will require discon-
tinuation and intervention with steroids or other immune modulators.

Conclusion

While immune checkpoint inhibitors have provided new hope to patients with cancer,
the side-effect profile associated with this class of agents is unlike anything that has
been experienced in oncology so far. irAEs are unique in that they develop as a direct
result of manipulation and stimulation of the immune system, thus their management
is different to those with chemotherapy and/or small-molecule inhibitors. Unlike side
effects experienced with other oncologic agents, irAEs do not usually resolve with
simple withdrawal or dose modification, and require intervention with steroids or
other agents to dampen the immune response. With the rapid expansion of ICI ther-
apy in both solid tumors and hematologic malignancies, early recognition and appro-
priate management by providers to prevent long-term morbidity is essential.
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Chapter 10
Resources for Patients

Yiyi Yan

Immunotherapy is rapidly changing the ways how we treat cancer and is bringing
hope to cancer patients. New medications and novel treatment modalities are con-
stantly evolving, thanks to the ongoing research efforts. Given the rapid advances in
this field, we strongly encourage our patients to discuss treatment options with their
providers to formulate an individualized treatment plan, including potential partici-
pation in ongoing clinical trials.

Cancer immunotherapy has a unique side-effect profile compared to other con-
ventional cancer therapies, such as chemotherapy. In addition to patient education
prior to the initiation of treatment, it is very important for patients to inform their
oncologic providers of the onset of side effects or any new symptoms, because early
recognition and treatment of immunotherapy-related side effects is critical, and self-
medicating for common symptoms (e.g., diarrhea) is strongly discouraged.

We understand the scope of this book does not allow for the discussion of all the
details regarding cancer immunotherapy; therefore, we refer patients to the follow-
ing links for further information. However, an open and ongoing communication
with your provider, instead of the overwhelming amount of information on the
internet, is always the most effective way to address questions related to your
treatment.

Clinical trial information:

www.Clinicaltrials.gov

American cancer society:

https://www.cancer.org/treatment/treatments-and-side-effects/treatment-types/
immunotherapy.html

Micromedex (information about drug facts, including side effects):

http://www.micromedexsolutions.com

Y. Yan (D<)
Division of Medical Oncology, Mayo Clinic, Rochester, MN, USA
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Lymphoma research foundation:
www.lymphoma.org

Leukemia & Lymphoma Society:
www.lls.org

American Society of Hematology:
http://www.hematology.org/Patients/
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