CHAPTER 1

Fundamentals of tumor immunology
Giuseppe V. Masucci, Lisa Villabona
The immune system is a complex group of defense responses found in humans and other
advanced vertebrates that helps repel disease-causing organisms (pathogens). Immunity
from disease is actually conferred by two cooperative defense systems: nonspecific, innate
immunity and specific, acquired immunity. Nonspecific protective mechanisms repel all
microorganisms equally, while the specific immune responses are tailored to particular types
of invaders. Both systems work together to thwart organisms from entering and proliferating
within the body. These immune mechanisms also help eliminate abnormal cells of the body
that can develop into cancer.
Cancer is a collection of diseases that have the same fundamental finding: uncontrolled
growth and metastasis of cells. There are a set of properties that cells must master to achieve
this state, and these are summarized as the hallmarks of cancer. These hallmarks are sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis and activating invasion and metastasis.1 Progress
in tumor biology research has added two additional hallmarks: reprogramming of energy
metabolism and evading immune destruction.2

THE IMMUNE RESPONSE
The immune response is an organism’s way to protect itself against foreign pathogens
while not reacting against its ‘normal’ self. The response has evolved to destroy whatever
has been triggered by pathogens, or pathogenic changes of the organism, and thus protect
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the body as a whole. This response, carried out by a variety of cells, protects humans
against malignancies. It can generally be divided into two systems; innate immunity is the
first and quickest response, while adaptive immunity is the slower but a more effective
response.

Innate immunity
The cells of the innate immune system are usually triggered by recognizing a pattern of components conserved among a broad group of microorganisms, or when damaged, injured or
stressed cells send out alarm signals. This recognition is mediated by different pattern recognition receptors (PPRs) inherited through generations.3 The cells of innate immunity comprise macrophages, neutrophils, dendritic cells (DCs), mast cells, eosinophils, basophils,
and natural killer (NK) cells. Macrophages engulf invading microorganisms and degrade
them into peptides, which are then presented to the cells of the adaptive immunity in order
to activate them. DCs perform constant pinocytosis, where they filter residual peptides from
the surrounding fluid in order to present these to the cells of the adaptive immune response.
The presentation of these peptides is dependent on the human leukocyte antigen (HLA),
which is described later in this chapter.
NK cells are a type of cytotoxic lymphocyte; they require both an activating signal and
the absence of an inhibitory signal. The activating receptors of NK cells can be triggered by
cytokines or antibodies. The inhibiting receptors are activated by the major histocompatibility complex (MHC) on other cells, allowing the NK cell to distinguish between “self” and
“missing self”.4

Adaptive immunity
The adaptive immune response is activated by the innate immune response, and upon its
activation, it is a much more effective means of protection. Not only is the response more
specific due to improved recognition, it is also memorized. This factor allows the response
to start much faster if the pathogen is re-encountered. The cells involved in the adaptive
immune response are lymphocytes named B- and T-cells.5
B-cells are in charge of the humoral immune response and produce large quantities of
antibodies, which can act either as neutralizing or opsonizing. Neutralizing antibodies attach
to toxins secreted by, for example, bacteria and neutralize the effect of the specific toxin.
Opsonizing antibodies form a coat around the entire pathogen and thus inactivate them
until they are destroyed or engulfed by cells of the immune system.5
T-cells comprise different subgroups with distinct functions in the adaptive immune
response. CD4+ T helper cells and CD8+ T cytotoxic cells are activated by interaction
between their T-cell receptor (TCR) and MHC class I or II antigens. Upon this activation,
the antigen presenting cell produces either interleukin (IL)-12 or IL-4, and the response
takes one of two motifs. IL-12 production leads to a Th1 response characterized by production of interferon (IFN)-γ, which activates macrophages, opsonizing antibody production
by B-cells and differentiation of CD8+ cytotoxic T-cells. This response is generally more
effective against intracellular pathogens such as viruses. IL-4 leads to a Th2 response, which
is characterized by IL-4, IL-5, and IL-13 production. This secretion activate eosinophils and
neutralizing antibody production in B-cells. This response is generally more effective against
extracellular pathogens such as bacteria and parasites.5
Other T-cell subgroups are regulatory T-cells (Tregs), which act as inhibitors of the immune
response by producing immunosuppressive cytokines, disrupt CD8+ T-cell mediated killing,
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and inhibit DC maturation.6 Gamma-delta T-cells (γδT-cell), which reside in the gut mucosa,
are assumed to be a link between the innate and adaptive response.7 Together with natural
killer T (NKT)-cells, which are T-cells that express similar markers as NK-cells,8 they all
belong to a group of T-cell subsets with characteristics that are at the nexus of the innate
and adaptive response.

TUMOR MICROENVIRONMENT
Cancers are surrounded by a complex environment from which they are dependent for
sustained growth, invasion, and metastasis. This tumor microenvironment (TME) comprises cancer cells, extracellular matrix, blood and lymphatic vascular networks, and innate
and adaptive immune cells. These components collectively have critical modulatory functions in tumor development and metastasis and can also be referred to as the tumor stroma
(Figure 1).

Figure 1. The tumor microenvironment (TME) comprises malignant cells, fibroblasts that produce extra-

cellular matrix (ECM) components, endothelial cells that make up the blood and lymph vessels, and
immune cells.
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Extracellular matrix
In order for the tumor to grow into its surroundings, it must take control of the extracellular
matrix (ECM) around it, which it does by recruiting fibroblasts to join its cause. Tumorassociated fibroblasts produce tumor-promoting growth factors, chemokines, cytokines,
ECM components, and ECM remodeling enzymes. Furthermore, these cells have important immunosuppressive activity, for example, by producing transforming growth factor
(TGF)β,9 which stimulates induction of Tregs.10 Adipocytes usually surround the TME. In
some cancers, they aid recruitment of malignant cells through the secretion of adipokines.
They also provide fatty acids as fuel for cancer cells.11

Vasculature networks
Tumor growth requires oxygen and nutrients to succeed. Vascular endothelial cells are thus
recruited by the production of angiogenic factors, e.g. vascular endothelial growth factor
(VEGF)-A. These factors form new blood vessels that exhibit chaotic branching and uneven
vessel lumina. They are also leaky, a factor that raises interstitial pressure with uneven blood
flow, oxygen, and nutrient and drug delivery.12 Pericytes are perivascular stromal cells that
support the blood vessels. Tumors with a low abundance of these cells tend to have a poor
prognosis and increased metastasis.13
To have a successful dissemination of malignant cells, the lymphatic system is invaded
or stimulation of lymphatic vessels sprouting can be achieved by production of factors such
as VEGF-C and VEGF-D. The lymph vessels are also important to alter the hosts’ immune
response to the tumor.14 Mesenchymal stem cells can be recruited from the bone marrow
and reach the TME via the blood stream. They give rise to new fibroblasts, pericytes, adipocytes, and smooth muscle cells in the TME.15

Immune cells
When the immune system is alerted to the presence of the tumor, several immune-related
cells migrate to the TME. T-cells are abundant in the majority of human cancers. They are
found within and surrounding the tumor mass. The composition of pro- and anti-tumor
subsets varies. CD8+ cytotoxic T-cells, CD4+ Th1 helper T-cells and γδT-cells are usually
associated with a good prognosis. FOXP3+ Tregs, CD4+ Th2 T helper cells, and Th17 cells
are usually associated with a poor prognosis.16 B-cells are sometimes found in the invasive margin, but they are more often discovered in secondary or tertiary structures adjacent to the TME.17 Tumor associated macrophages (TAMs) are typically tumor promoting.
They produce angiogenic factors and accumulate in hypoxic or necrotic areas of the TME.18
Myeloid-derived suppressor cells (MDSCs) are inhibitory immune cells and produce large
amounts of IL-10. Thus, they inhibit cytotoxic T-cells and polarize TAMs to a tumor-promoting phenotype.19 Tumor-associated neutrophils can have both pro- and anti-tumor activity.20
Terminally-differentiated myeloid DCs may be defective in the TME and cannot stimulate
an immune response to tumor associated antigens. NK cells are usually found outside the
tumor area.15

TUMOR IMMUNOLOGY
By 1957, the immune system was already considered to exert an effect on cancer, when
Burnet et al. hypothesized an immune surveillance against malignant cells.21 However, only
recently has the complex interaction between the immune system and malignant cells become
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clearer. Immunoediting is the process by which the tumor develops during the immune
response of the body. This process is a complicated balance of mechanisms that is believed
to tilt back and forth, but for simplicity, it has been divided into three steps: elimination,
equilibrium, and escape (Figure 2).22

Figure 2. When normal cells transform into malignant cells (step 1), they are recognized by the immune
system, which leads to an immune response and the elimination of malignant cells (step 2). This response
may be successful and eliminate all malignancy (step 3a), or the malignant cells may adapt to the pressure of the immune system and an equilibrium is reached where the malignant cells create an immune
suppressive environment by increased levels of interferon (IFN)-γ (step 3b). When enough malignant
cells with the ability to evade the immune system have been selected, the tumor can escape the immune
system and grow without immune interference (step 4).
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Elimination
During elimination, innate immune system cells recognize the growing tumor due to local
tissue damage, distressed cells, or stromal remodeling. This recognition is followed by the
introduction of inflammation in order to recruit other immune cells (NK cells, macrophages,
and DCs) to the tumor site. There is a high production of IFN-γ to eliminate cancer cells.
Debris from the battle is taken up by macrophages and DCs and presented in the local
lymph node to T-cells in order to educate the adaptive immune response. This education
triggers the differentiation of Th1 cells, which elicits the development of cytotoxic CD8+ T
lymphocytes, also known as killer T-cells. Macrophages and NK cells may also transactivate
one another via IFN-γ and IL-12 production, which promotes more killing of tumor cells by
apoptosis and reactive oxygen and nitrogen intermediates.22, 23

Equilibrium
Sometime during the elimination phase, the tumor is either eliminated or adapts to its surroundings and initiates an equilibrium phase. This phase is thought to be the longest one in
solid malignancies, and one may envision a Darwinian selection of tumor cells where many
are destroyed and new variants arise that carry novel mutations that provide yet another
immune resistance. During this phase, it is believed that the immune system holds the
tumor in a state of functional dormancy with a balance between anti-tumor (IL-12 and
IFN-γ) and tumor-promoting cytokines (IL-10 and IL-23). Due to the constant immune
pressure, tumor cells must evolve to resist immune recognition by antigen loss or defects in
the antigen presenting machinery (APM).22, 23

Escape
Elimination gradually moves to the escape phase. Tumor cells can escape the immune system by many different mechanisms: reduced immune recognition, increased resistance and
survival, or development of an immunosuppressive TME. In order to evade immune recognition, MHC class I, class I-like, or co-stimulatory molecules must be lost. Tumor cells with
increased resistance intensify expression of STAT-3, a transcription factor that mediates process for cellular growth. In order to increase survival, anti-apoptotic signals are enhanced,
such as Bcl2. An immune suppressive environment can be achieved by several mechanisms.
The cytokines VEGF, transforming growth factor β (TGFβ), IL-6, and macrophage colony
stimulating factor (M-CSF) can be released to inhibit differentiation, proliferation, and activation of immune cells,22, 23 create a tryptophan deprived milieu that inhibits clonal T cell
expansion,24 or inhibitory molecules can be expressed.
There are numerous examples of inhibitory molecules that can be expressed in an
immunosuppressive milieu. Some examples are intrinsically disordered protein (IDP),
tryptophan 2,3-dioxygenase (TDO), programmed death-ligand 1 (PD-L1), CD39, CD73,
HLA-E, and HLA-G. Indoleamine 2,3-dioxygenase (IDO) and TDO are tryptophan catabolic enzymes that suppress T- and NK cells. They also activate immune suppressive cells
such as Tregs and MDSCs. Another example is PD-L1, which binds to a receptor on Band T-cells; it initiates apoptosis in antigen specific T-cells while it simultaneously reduces
apoptosis in Tregs. CD39 and CD73 are enzymes that drive the metabolic environment
towards an immune suppressive one with high concentrations of adenosine, making it
beneficial for Tregs.22, 23 Finally, HLA-E and HLA-G – NK cell-inhibiting molecules – may
be expressed.25
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IMMUNOLOGICAL BIOMARKERS IN CANCER
T-cells and immune score
Finding immunological biomarkers that correlate to cancer progression is not a new ambition in the scientific world. However, the field has shown more progress in recent years
due to technological advances. Calculating tumor infiltrating T lymphocytes (TILs) with
immunohistochemistry (IHC) in tumor material was initially used to establish a correlation
to prognosis.26, 27 The primary ambition was to use TILs as a therapeutic intervention by
adoptive T-cell transfer. This strategy was successful to some extent with the co-stimulation
of IL-2.28 However, the correlation of TILs and clinical outcome gave inconsistent results
in different studies, probably due to discrepancies in protocols and manual cell counting.
Consequently, a debate arose on the prognostic implication of TILs, was it good or bad
for the patient? In 2006, a prognostic benefit in TILs for colorectal cancer (CRC) was
reported.29 That study used an objective scoring system based on image analysis. It showed
that the type, density, and location of immune cells within tumors predicted a positive
clinical outcome. Furthermore, other groups demonstrated – by immunostaining of hundreds of CRC specimens – that a strong local immune reaction correlated with a favorable
prognosis regardless of the local extent of the tumor or the regional lymph node involvement. These studies included analysis for CD3+, CD8+, and memory CD45RO+ T-cells-.16,
30
T-cell infiltrates emerged as the strongest independent prognostic factor, when compared
to the conventional clinicopathological criteria such as tumor size, depth of infiltration,
differentiation, or nodal status.31 Using these results, “an immune score” can be calculated
that considers the density, location, phenotype, and function of T-cells for each tumor as
a part of the standard pathologic examination. This “immune score” emerges as the first
immunologic marker of risk for cancer with the potential to be incorporated into a prognostically relevant immune classification of human CRC that is equal to or better than the
conventional TNM classification.31
Evaluating circulating T-cells is another approach that has been studied as a potential
biomarker. Unfortunately, there is no convincing evidence that circulating T-cells can predict patient outcome.32 The reason for this finding might be related to the assays used in
these studies, i.e. enzyme-linked immune sorbent spot (ELISPOT) and CellSearch, which
use single antigen epitopes for detection. However, the differentiation of circulating T-cells
has been correlated to prognosis. The optimal immune response in a tumor situation is to
drive T-cells to differentiate to CD8+, also known as cytotoxic T-cells. This drive can be
mediated by chemokines that bind to CCR7 expressed on T-cells. Low frequencies of circulating CD8+ CCR7+ T-cells are a recurrence risk factor in head and neck squamous cell
carcinoma (HNSCC).33 The hypothesis is therefore that the breadth of an immune response
to tumor-associated peptides rather than a response to a single peptide may correlate better
with clinical response.34, 35 Thus, it is crucial to establish an “immune score” rather than look
for single immunological markers.
Every war has its casualties; even the immune response against cancer ends in cell death
for many T-cells. The frequency of CD8+ T-cells undergoing spontaneous apoptosis in the
blood of cancer patients is significantly elevated compared to healthy controls.36 Apoptosis
occurs preferentially via the Fas/FasL or Trail/TRAILR pathways, or indirectly through the
release of tumor-derived exosomes. Spontaneous apoptosis can be measured by analyzing Annexin V using flow cytometry. Researchers have utilized this approach to screen for
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cancer and correlate Annexin V elevation to prognosis. However, neither undertaking has
resulted in success.37

B-cells
In comparison to T-cells, fewer studies have been conducted examining the prognostic
value of B-cells. There are, however, interesting results concerning B-cells in cancer. Both
B- and T-cell infiltration correlate with a better prognosis in malignant melanoma38 and
serous ovarian carcinoma.39 Furthermore, in oro- and hypopharyngeal carcinoma, a high
frequency of peritumoral B-cells together with intraepithelial CD8+ T-cells in metastatic
tumors is associated with a favorable patient outcome.40 Immunoglobulin G kappa chain
(IGKC) in the tumor stroma is associated with metastasis-free survival in node negative
breast cancer and predicted the response to anthracycline-based neoadjuvant chemotherapy. Similar results have been shown for CRC and non-small cell lung cancer but not in
ovarian cancer.41

NK cells
NK cells have also shown interesting results as prognostic markers in cancer. NK cell infiltration of tumors represents a positive prognostic marker for CRC, gastric carcinoma, and
squamous cell lung cancer.42-44 Unfortunately, there are often only a few infiltrating NK
cells, and thus their contribution to tumor elimination is questionable.45 The inability of
NK cells to reach the tumor may be due to the immunosuppressive milieu that the TME
creates.

Immune suppressors
At least three types of immune suppressive cells have been most frequently studied for a
correlation to cancer prognosis: suppressive DCs, Tregs, and MDSCs.
DCs are professional antigen presenting cells and activate T-cells in lymphatic tissue.
Upon specific signaling, DCs can prevent DCs from maturation or draw the differentiation towards a subset of tolerogenic and immunosuppressive DCs.46 These regulatory DCs,
called plasmacytoid DCs (pDCs) secrete the immunosuppressive factors IL10, TGFβ, and
IDO. In addition, they express the ligands to several inhibitory receptors on T cells, i.e.,
ICOS-L, OX40-L, and PD-L1.47
A high frequency of Tregs has been linked with poor prognosis in ovarian carcinoma,
melanoma, breast cancer, and glioblastoma.48 The marker used to detect Tregs has most
often been FOXP3, which unfortunately is somewhat unreliable because Tregs are a very
heterogeneous and comprise many subsets.49 The prognostic value of Tregs is yet to be
proven. MDSCs also encompass several subsets, and thus it is difficult to determine which
cell subset to focus on. The commonly used markers have been CD33+, CD11b+, CD15+,
and CD14+, all of which differ in their mechanisms of immune suppression.50 After cryopreservation, CD15+ and CD33+ are significantly decreased, and the remaining CD14+ and
CD11b+ lose their ability to produce reactive oxygen species (ROS).
MDSCs inhibit multiple facets of the immune response. MDSCs are recruited by
tumor-derived soluble factors and inhibit the immune system through different pathways.
Monocytic MDSCs utilize nitric oxide (NO) and arginase 1, whereas granulocytic MDSC
release ROS to exert their function. Monocytic MDSCs induce Foxp3 expression in CD4+
T cells, while it is unclear what MDSC subtype is responsible for the inhibition of other
immune functions such as inhibition of macrophages, dendritic cells and NK cells.50
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