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RADIATION ONCOLOGY—REVIEW ARTICLE
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Summary

Although the impressive clinical responses seen with modern cancer
immunotherapy are currently limited to a subset of patients, the underlying
paradigm shift has resulted in now hardly a segment in oncology that has not
been touched by the immuno-oncology revolution. A growing body of data
indicates that radiation therapy (RT) can modulate the tumour immune
microenvironment and complement cancer immunotherapy via non-
overlapping mechanisms to reinvigorate immunity against cancer. Thus,
increasingly RT is viewed as a highly unique partner for immunotherapy
across the spectrum of cancer settings, as radiobiology and cancer immunol-
ogy foreseeably become more intertwined. Considering these developments,
this review summarises the key concepts and terminology in immunology for
the radiation oncologist, with a focus on the cancer setting and with reference
to important recent advances. These concepts will provide a starting point for
understanding the strategies that underlie current and emerging immunother-
apy trials, as well as the indirect effects of RT by which immune responses
against cancer are shaped.
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Introduction

A solid grasp of cancer biology is fundamental for the
knowledge base of a radiation oncologist. While the
study of cancer has in large part centred on its cell-
intrinsic and cell-autonomous effects, the concept of the
host immune system influencing its initiation and pro-
gression has been debated for over a century. In the late
1990’s, this question was put to rest when advances in
animal models and in our knowledge of immunology
made possible the unequivocal demonstration of the
immune system as a critical extrinsic tumour suppres-
sor.! The clinical importance of this paradigm shift was
significantly spotlighted by breakthroughs of modern
cancer immunotherapy, namely that of immune check-
point blockade (ICB) and chimeric antigen receptor
(CAR) T-cell therapy. Together, the impressive and dur-
able clinical responses produced by these therapies high-
light the potential of harnessing the patient’s immune
system to recognise and eradicate tumour cells.? Thus,
modern cancer immunotherapy represents a major can-
cer treatment modality of distinct primary mechanism of

action compared to that of surgery, radiation therapy
(RT), chemotherapy and targeted therapy.

Concurrently, the lack of response to cancer
immunotherapy in a considerable proportion of patients
has brought into focus resistance mechanisms that pre-
clude cancer immunity. These can be classified as pri-
mary, whereby the cancer lacks a pre-existing
contexture that is permissive for intervention; adaptive,
whereby the cancer is recognised by the immune system
but is able to protect itself from immune attack through
modifications; or acquired, whereby the cancer had ini-
tially responded to immunotherapy for a period of time
before relapsing.® In all three contexts, an increasing
body of pre-clinical and clinical data have indicated that
RT can complement cancer immunotherapy by modulat-
ing immune processes and overcoming barriers within
the tumour microenvironment, thus providing an oppor-
tunity for radiation oncologists to play a revitalised role
in the multi-disciplinary care of the cancer patient in the
immuno-oncology era.*> To this end, this review aims to
serve as a refresher on the key concepts and terminol-
ogy in immunology for the radiation oncologist, with a
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focus on recent advances in this area and their relevance
to the cancer setting. These concepts will provide a start-
ing point for understanding the rationale behind current
and emerging immunotherapy trials and the role that RT
can play in shaping immune responses against cancer,
the latter of which will form the focus of a separate arti-
cle in this Special Issue. Key terms are highlighted bold
in this review.

An overview of the immune system

Innate and adaptive immunity

The human immune system is a complex and tightly reg-
ulated defence system against pathogens. It is classically
categorised into the innate and adaptive arms, distin-
guished by their response kinetics as well as antigen
specificity. Innate immune responses are rapid and
recognise common molecular signatures associated with
microbial pathogens (pathogen-associated molecular
patterns, PAMPs) or host cell damage (danger-
associated molecular patterns, DAMPs). In contrast,
adaptive immunity has slower response kinetics but is
marked by clonal specificity for antigens and im-
munological memory. Innate immune cell types are
diverse; those most relevant to cancer immunology
include dendritic cells (DCs), natural killer (NK) cells,
neutrophils, macrophages and a group of poorly defined
immature myeloid cells called myeloid-derived suppres-
sor cells (MDSCs) (Fig. 1). T and B cells constitute the
cellular subsets of adaptive immunity (Fig. 1). Linking
these two arms to form a highly coordinated network of
inter-dependent components is a myriad of soluble

Fig. 1. The major immune cell subsets and their
lineages that make up our innate and adaptive
immune defences. Although these cells are cate-
gorised as either elements of innate or adaptive
immunity, there is significant interplay between
the two arms of the immune system. Important
subsets not in this diagram are natural killer (NK)
cells, which are a member of innate lymphoid
cells, and myeloid-derived suppressor cells
(MDSCs), which are a poorly defined group of
immature myeloid cells that include progenitors
of neutrophils and monocytes/macrophages.
lllustration created with Biorender.com.

mediators such as cytokines and growth factors. At the
heart of cancer-directed immune responses are arguably
CD8" T cells due to their unique specificity for endoge-
nous antigens as expressed by tumour cells (Box 1).
Importantly, CD8" T cells are heavily regulated by other
immune cells from both innate and adaptive arms. The
major immune cell subsets are described below, with
brief mention of associated cytokines and other molecu-
lar components where relevant.

T cells: Classification, activation and memory

T cells are descended from the lymphocyte lineage,
which also includes B cells and innate lymphoid cells
(ILCs; Fig. 1). The most well-studied T cells (‘conven-
tional T cells’) have T-cell receptors (TCRs) comprised
of o and B chains that recognise peptide antigens pro-
cessed within the target cell into linear oligopeptides and
loaded onto major histocompatibility complexes
(MHC) for expression on the cell surface.® Conventional
T cells are further categorised by the expression of one
of a pair of TCR accessory molecules — CD8 or CD4 -
which bind to class I MHC (MHC-I) and class II MHC
(MHC-II) respectively. Unconventional T cells, com-
prising of invariant natural killer T cells (iNKT cells),
mucosal-associated invariant T (MAIT) cells and v8 T
cells, do not recognise peptide-MHC complexes but
rather lipids, vitamin B metabolites and phosphoantigens
respectively.” Our understanding of unconventional T
cells and their role in cancer control is an area of pro-
gress and not elaborated here.®

Naive conventional T cells do not survey peripheral tis-
sues but circulate between lymphoid organs where they
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Box 1. Core concepts for T cells in relation to cancer

e CD8" T cells are central to cancer immunology due
to their specificity for endogenous antigens.

* T-cell priming requires three signals: (i) T-cell
receptor (TCR) engagement of an antigen pre-
sented on a major histocompatibility complex
(MHC), (ii) co-stimulation of CD28 on the T cell and
(iii) the presence of appropriate inflammatory cyto-
kines.

¢ T-cell priming is most commonly performed by den-
dritic cells (DCs). DCs undergo maturation and gain
the ability to prime T cells upon phagocytosis of
antigens and detection of danger signals.

e Activation of T cells induces the expression of
immune checkpoint receptors as an in-built break-
ing mechanism. Persistent T-cell stimulation leads
to persistently high expression of checkpoint recep-
tors and a terminally exhausted state.

e Conventional cancer therapies can evoke T-cell
priming by releasing tumour antigens and danger
signals.

e Tissue-resident memory T cells (Tgrm cells) are
important in controlling cancer growth and predict-
ing response to immunotherapy.

* Regulatory T cells (Treg cells) are an important sub-
set of CD4" T cells that hamper anti-tumour
immune responses.

continuously scan antigens acquired and presented by
DCs and other antigen presenting cells (APCs). T cells
are activated, or primed, when three signals are pre-
sent: (i) recognition by the TCR of a cognate peptide-
MHC complex, (ii) engagement of the co-stimulatory

receptor CD28 by CD80 or CD86 and (iii) inflammatory
cytokines such as interleukin (IL)-2, IL-12 and type I
interferon (IFN; Fig. 2).° In most circumstances, all
three signals are provided by DCs. The degree of
requirement for each signal is influenced by the strength
of the TCR-peptide-MHC interaction, and insufficient sig-
nalling may lead to suboptimal activation or even unre-
sponsiveness to subsequent antigen stimulation (T-cell
anergy).® When naive T cells are activated, they undergo
rapid clonal expansion into a large pool of effector T cells
and change their expression pattern of chemokine recep-
tors, which enables their exit from lymphoid organs and
migration to sites of inflammation. Like many other
immune cells, trafficking of T cells is guided by chemo-
kine gradients, which are secreted by a large variety of
cells. The functions of activated CD8" and CD4" T cells at
peripheral sites are later described in their respective
sections below.

In the normal setting, following clearance of the
source of inflammation the contraction phase occurs, in
which the majority of activated, effector T cells undergo
apoptosis. Conventionally, it has been thought that a
small subset (5-10%) of effector T cells escape death to
subsequently differentiate into memory T cells. More
recently, a separate lineage model in which memory T
cells precede effector T cells in the differentiation path-
way has been put forward.'® Memory T cells are long-
lived, less reliant on co-stimulation and exhibit more
rapid activation compared to the original priming event,
resulting in significantly heightened kinetics and ampli-
tude of response following subsequent exposure to the
same antigen - a hallmark of adaptive immunity. Two
aspects of memory T cells deserve specific mention in
relation to cancer immunology. Firstly, there is increasing
awareness of the critical role tissue-resident memory
T cells (TrMm cells) play in the control of solid tumours.
Trm cells are a specialised subset of memory T cells that

CDS8* T cell Dendritic cell Fig. 2. Priming of naive T cells. Three signals
are required for the efficient activation, or prim-
ing, of naive T cells. These signals are generally
provided by dendritic cells (DCs), although
inflammatory cytokines such as interleukin (IL)-2,

cDs IL-12 and type | interferon (IFN) can originate
—- from other sources. Here, the priming of a naive
—_—{] CD8" T cell is illustrated. For CD4" T cells, Signal
3.-._ 1 requires a synapse between the T-cell receptor
TCR ‘MHC | (TCR) and a cognate antigen bound on class II
major histocompatibility complex (MHC). lllustra-
m tion created with Biorender.com.
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are non-migratory but take up permanent residency in
peripheral tissues, mediated by their expression of
CD103 and CD49a, which bind to E-cadherin and colla-
gen respectively. In various human cancers, the degree
of infiltration by CD8" Tgwm cells correlate better with clini-
cal outcomes than infiltration by total CD8" T cells, sup-
porting the hypothesis that Trym cells are especially
adapted for important functions within the specific
tumour and tissue microenvironment (‘quality over quan-
tity’).1! These observations are further corroborated by
functional studies involving cancer vaccination and isola-
tion of tumour-infiltrating lymphocytes.'* Secondly, while
ICB can reinvigorate exhausted effector T cells to a
degree (immune checkpoint receptors are described
below), recent studies suggest it is in fact a self-
renewing, ‘stem-like’ population of memory T cells, also
referred to as precursor exhausted T cells (Tpex
cells), that selectively proliferates to expand the pool of
antigen-specific T cells after such therapy.1?*3

T cells: Immune checkpoint receptors

Delicately balancing immune activation are immune tol-
erance processes, which avoid harmful states of autoim-
munity. Central tolerance refers to clonal deletion of
high-affinity self-reactive clones during T-cell develop-
ment in the thymus. Beyond the thymus, peripheral tol-
erance is regulated by cell-extrinsic and cell-intrinsic
mechanisms. Cell-extrinsic peripheral immune tolerance
is mediated by external factors such as regulatory T cells,
MDSCs and associated molecules (described in later sec-
tions). In contrast, a key cell-intrinsic mechanism of

Fig. 3. Positive and negative co-stimulatory T cell
receptors regulate T-cell activation. The optimal _
activation of T cells requires engagement of pos-
itive co-stimulatory receptors with their cognate
ligands. In general, negative co-stimulatory
receptors, also known as immune checkpoint
receptors, are upregulated upon T-cell activation
as a homeostatic mechanism to regulate the
activation status of T cells. Listed are some of
the best characterised receptors and their
ligands. These receptors each have distinct sig-
nalling pathways and are not all expressed on
the same cell. lllustration created with
Biorender.com. -
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peripheral tolerance is the expression of immune
checkpoint receptors on effector T cells (Fig. 3). With
progressive antigen exposure of the TCR, these negative
co-stimulatory receptors are also increasingly expressed,
thus serving as an in-built breaking mechanism. Persis-
tent antigen exposure can lead to T-cell exhaustion,
the terminal stage of which is an irreversible epigenetic
state with significantly dampened effector function and
high expression of immune checkpoint receptors.'*1>
The two most well-known immune checkpoint recep-
tors are cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and programmed cell death protein 1 (PD-1),
of which blocking antibodies are now in routine clinical
use for treatment of various solid cancers.'® CTLA-4
restricts T-cell activation primarily by competing with the
co-stimulatory receptor CD28 for binding to CD80 and
CD86 on APCs, thus reducing the intensity of T-cell-
activating signals. Hence, the CTLA-4 axis is thought to
be most relevant in secondary lymphoid organs, where
T-cell priming predominantly occurs. By contrast, PD-1
binds to programmed death-ligand 1 (PD-L1) and pro-
grammed death-ligand 2 (PD-L2), which are highly
expressed on a range of immune and non-immune cells
at sites of inflammation, such as on macrophages and
tumour cells. Therefore, there are general distinctions in
tissue location and molecular mechanism of regulation
by CTLA-4 and PD-1. Nonetheless, reflecting the com-
plexity of the immune system, recent data has also
revealed non-canonical facets of these receptors that are
still being uncovered.'” For example, the surprising and
perplexing role of PD-1 on myeloid cells (rather than T
cells) has been inferred using pre-clinical models.'® In
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this rapidly moving translational space, the next wave of
T-cell checkpoint receptors against which therapeutic
antibodies are in clinical trials include lymphocyte-
activation gene 3 (LAG-3), T-cell immunoglobulin and
mucin domain-3 (TIM-3), T-cell immunoreceptor with Ig
and ITIM domains (TIGIT), and CD96 (Fig. 3).1%2° Just
recently, the added efficacy of combining relatlimab (a
first-in-class human LAG-3 blocking antibody) with nivo-
lumab (a PD-1 blocking antibody) in patients with
advanced melanoma, compared to nivolumab alone, was
established in a randomised phase 2-3 study.?! The
mechanisms of these ‘newer’ immune checkpoints are
not elaborated here.

T-cell subsets: CD8' T cells

Of conventional T cells, CD8" T cells are most well
known for their cytotoxic activity. When activated CD8" T
cells reach their destination, they kill their targets in an
antigen-specific fashion and secrete inflammatory cytoki-
nes such as IFN-y, which among its many effects further
enhances the cytotoxic function of CD8" T cells. The two
mechanisms of cell killing by CD8" T cells are the trans-
ferring of cytotoxic enzymes (granzymes) into the tar-
get cell via perforin pores inserted on the target cell
membrane, and secretion of molecules (such as the
tumour necrosis factor (TNF) superfamily of ligands) that
bind to death receptors on the target cell. Recognition of
targets by CD8" T cells depends on the display of cognate
antigens bound to MHC-I on the target cell surface. Nota-
bly, MHC-I is expressed on all nucleated cells in the nor-
mal setting and carries endogenous peptides. Loss of
MHC-I expression is, therefore, a major immune evasion
mechanism of cancer cells, although this paradoxically
increases their susceptibility to being targeted by NK
cells (discussed in below sections).??

T-cell subsets: CD4" T cells, including
regulatory T cells

CD4" T cells are also called helper T cells (Th cells)
because they assist in the initiation and regulation of a
broad range of immune responses, mediated primarily
through the secretion of cytokines. The cytokine profiles
of Th cells further allow their functional classification.
Th1l cells are most pertinent to cancer immunology as
they secrete cytokines involved in cell-mediated immu-
nity, such as IL-2 and IFN-y, while Th2 cells control anti-
body responses. In rarer cases, CD4" T cells can exert
direct cytotoxic activity via the granzyme/perforin and
death receptor pathways, in which case Kkilling is
restricted to recognition of cognate MHC-II-bound pep-
tides.?® Typically, MHC-II is expressed by mature APCs
and displays peptides acquired from extracellular
sources, but it is now appreciated that a variety of
human cancers can surprisingly also express MHC-II on
tumour cells due to aberrant MHC-II regulation and can

present endogenous antigens via non-classical MHC-II
processing pathways.?* Thus, the roles of Th cells in can-
cer immunology are multi-faceted and continue to be
elucidated.?®

Regulatory T cells (Treg cells) are a prominent sub-
set of CD4" T cells that play a key immunosuppressive
function and are often major culprits behind ineffectual
anti-tumour immune responses.?®?” Treg cells are iden-
tified by concurrent expression of CD4 and the transcrip-
tion factor Forkhead box P3 (Foxp3), the latter a master
regulator of Treg cells.?® A hallmark of Treg cells is their
constitutive expression of CTLA-4 under Foxp3 instruc-
tion. Treg cells express TCRs and homing receptors that
are similar to effector T cells, and are found in a variety
of tissues, including lymph nodes, mucosal barriers, sites
of inflammation, as well as tumours.?° There, they sup-
press the proliferation, differentiation, and effector func-
tions of a range of immune subsets, such as non-
regulatory effector T cells, DCs and NK cells, via indirect
and direct mechanisms.?° Indirect mechanisms include
generation of immunosuppressive molecules such as IL-
10 and TGF-B, as well as competitive consumption of IL-
2. Direct cell contact-dependent pathways include
granzyme/perforin-mediated killing of effector T cells and
CTLA-4-mediated regulation of T-cell activation.

Dendritic cells (DCs)

Antigen presenting cells, as their names would suggest,
play a vital role in supporting antigen-specific adaptive
immunity. DCs are considered ‘professional’ APCs, given
their ability to acquire, process and present antigens on
both MHC-I and MHC-II, respond to danger signals,
secrete cytokines and express co-stimulatory molecules
for priming of T cells. Immature DCs have high phago-
cytic but low T-cell priming ability. After ingestion of a
pathogen or foreign antigen, DCs undergo maturation
when danger signals, in the form of DAMPs and PAMPs,
are detected by pattern recognition receptors
(PRRs). Mature DCs migrate from the location of the
antigen to secondary lymphoid organs where they
engage and activate T cells. Notably, the secretion of
inflammatory cytokines and expression of the co-
stimulatory ligands CD80 and CD86 are tightly limited to
mature DCs. Cross-presentation of antigens (the
special ability to load acquired antigens onto MHC-I) to
CD8" T cells is performed by type 1 conventional DCs
(cDC1s) and selectively requires type I IFN.30-32

A PRR that has recently attracted significant attention
in the oncology setting is the cGAS-STING axis, which
responds to cytoplasmic double-stranded DNA as a DAMP
enriched in damaged tumour cells, leading to down-
stream type I IFN production, cDC1 maturation and anti-
tumour CD8" T-cell priming.333* Significantly, this path-
way is a putative major mechanism by which cancer
therapies that do not inherently target the immune com-
partment, such as RT, can induce cancer immunity.33:3°
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Other PRRs relevant to cancer therapy are also under
investigation.>® cDC1-CD8" T-cell priming interactions
have been thought to predominantly occur in lymphoid
organs, but the importance of tumour-associated cDC1s
is now recognised, with their frequency being correlated
with response to anti-PD-1 therapy and improved cancer
patient survival.3”3° There are multiple other important
DC subsets, which collectively constitute a complex field
in immunology.® While DCs are the predominant profes-
sional APCs, other cells such as macrophages, mono-
cytes and B cells can also play the role of APCs.*°

Natural killer (NK) cells

NK cells are the most well-known member of ILCs
(Fig. 1). In contrast to T cells, NK cells were originally
identified by their ability to spontaneously kill cells
in vitro without prior activation.***2 NK cells are cate-
gorised as innate immune cells because they lack clonally
diverse antigen receptors for activation but rely on an
array of germline-encoded, invariant activating and inhi-
bitory receptors, the sum of signals from which determine
their reactivity. In general, NK cell-activating recep-
tors recognise stress-induced ligands and viral mole-
cules, while NK cell-inhibitory receptors recognise self
MHC-I. This pattern of activation is called the ‘altered-
self’ and ‘missing-self’ hypothesis.® In this model, NK
cells target rogue cells that express surface ligands sug-
gesting transformation, damage or viral infection (leading
to gain of activating signalling for NK cells) and/or have
downregulated MHC-I expression to escape recognition
by adaptive immunity (resulting in loss of inhibitory sig-
nalling for NK cells). A subset of NK cells also express Fcy
receptors, which bind to the Fc portion of class-G
immunoglobulins (IgGs) to transmit an activating signal,
thus mediating antibody-dependent cellular cytotox-
icity (ADCC). Once activated, NK cells kill via the gran-
zyme/perforin  pathway. Additionally, the cytokine
secretion profile and transcription factor requirements of
NK cells are remarkably similar to those of T cells.*?
Because NK cells are early responders to sites of inflam-
mation and tumours, NK cells can shape subsequent
adaptive immune responses, including facilitating the
recruitment of cDCls into the local microenviron-
ment.3°** Furthermore, it has become apparent that tar-
geted therapies such as anti-EGFR and HER2 antibodies
achieve their full therapeutic potential in part via engag-
ing NK cells for ADCC.*> Tumour infiltration of NK cells is
prognostic in a wide range of human cancers.*%>!

Myeloid-derived suppressor cells (MDSCs),
neutrophils and macrophages

MDSCs are a heterogeneous group of developmentally
immature cells of myeloid lineage, collectively charac-
terised by their ability to suppress T-cell function. These
cells were only recognised in pathological conditions

Basic cancer immunology

relatively recently.>>>3 In the cancer setting, persistent
stimulation of the myeloid cell compartment from abnor-
mal production of growth factors and inflammatory sig-
nals results in aberrant myelopoiesis and systemic
expansion of immature myeloid cells that are distinct to
differentiated myeloid cells (monocytes/macrophages,
neutrophils and DCs). Although MDSCs can be grouped
into polymorphonuclear (PMN-MDSCs) and monocytic
MDSCs (M-MDSCs) based on their granulocytic and
monocytic myeloid cell lineages, respectively, their
nomenclature and classification are complex and still to
be clearly defined.>?

Myeloid-derived suppressor cells play important tumour-
promoting roles by their immunosuppressive function,
mediated through cell-to-cell contact with Tand NK cells as
well as via secretion of soluble mediators.>* In addition,
PMN-MDSCs together with neutrophils (the two subsets
are often difficult to distinguish) are heavily implicated in
various steps of the metastatic cascade, including prepar-
ing the pre-metastatic niche for engraftment of tumour
cells, escorting and promoting the proliferative capacity of
circulating tumour cells, and recruiting tumour cells to
metastatic sites via neutrophil extracellular traps (NETs).>>
Unsurprisingly, the neutrophil-to-lymphocyte ratio is a
prognostic factor for survival in many tumour types.>®
While PMN-MDSCs are unequivocally tumour-promoting,
neutrophils can exert anti-tumour effects in certain circum-
stances.>” This functional plasticity in response to microen-
vironmental cues partly underlies the longstanding
confusion surrounding their role in cancers.

Macrophages are differentiated from circulating
monocytes upon their entry into tissue. In healthy tis-
sues, ‘resident’ macrophages take on specific names
(e.g. Kupffer cells, microglia and Langerhans cells in the
liver, brain and skin respectively) and in the current
paradigm are thought to be seeded before birth and
maintained independently of monocytes throughout
adulthood.®®>° In contrast, ‘passenger’ macrophages
originate from infiltrating monocytes during inflamma-
tion. Whether resident and passenger macrophages are
functionally distinct remains unclear. A significant pro-
portion of tumour-associated macrophages (TAMs) are
differentiated rapidly from M-MDSCs that infiltrate the
tumour.>3 TAMs also exhibit a dual capacity for anti- or
pro-tumour roles, respectively, called M1 and M2 macro-
phages, although this bipolar characterisation of TAMs is
most likely an oversimplification of what might better
resemble a spectrum of phenotypes.®® Altogether,
MDSCs, neutrophils and macrophages are highly com-
plex cells to study due to their short lifespan, diversity
and plasticity, and our understanding of these subsets in
relation to cancer is constantly evolving.

B cells

In contrast to T (and to an extent NK) cell-mediated
immunity, which protects against intracellular antigens
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and alterations, host defences in the extracellular milieu
are predominantly served by humoral immunity. Here,
antibodies (or immunoglobulins) secreted by B cells
play a significant role in controlling the spread of patho-
gens by (i) neutralisation of their toxic effects and infec-
tivity, (ii) allowing binding with the complement system
(opsonisation) to enhance uptake and destruction by
phagocytes, (iii) and ADCC, which is the marking for kill-
ing by cytotoxic cells through Fcy receptors (described
briefly in NK cell section). B cells differentiate into
antibody-producing plasma cells and long-lasting mem-
ory B cells upon recognition of an antigen, in a process
that is also facilitated by Th2 cells (refer section on CD4"
T cells). Because of their principal activity in the extracel-
lular space, attention given to B cells in cancer has taken
a backstage to T cells. However, clinical responses to ICB
and patient survival for a range of cancers but especially
for melanoma have been correlated with levels of circu-
lating tumour-directed immunoglobulins and tumour-
infiltrating B and plasma cells, altogether suggesting that
humoral immunity is not inert in tumour control.61%% It
has been proposed that B cells can play the role of APCs,
especially in light of the recognition of tertiary lym-
phoid structures (TLS) within tumours where B and T
cells are in close association.®® B cells can also induce
tumour cell killing indirectly via antibody-mediated
mechanisms and directly via expression of death recep-
tor ligands.®® On the other hand, a poorly characterised
but important subset of B cells that exert T-cell-inhibitory
effects via production of immunosuppressive cytokines
has been described, collectively termed regulatory B
cells.®” Overall, the identification of key B cell subsets in
oncology as well as factors that influence their anti- and
pro-tumour effects remain to be clarified.

Tumour antigens and immunosurveillance

The process of accumulating oncogenic mutations and
transcriptional aberrations in a tumour cell results in the
expression of tumour antigens, which forms the basis
behind immune recognition of cancers, also termed
immunosurveillance. The relevance of this process in
humans is supported by three key threads of evidence:
(i) the correlation between intra-tumoural immune
responses and the positive prognosis of the cancer
patient, (ii) the higher relative rates of cancer incidence
in immunosuppressed individuals, and (iii) the develop-
ment of spontaneous immune responses associated with
cancer, including that of paraneoplastic syndromes.®®
Advances in DNA sequencing technology have greatly
expanded the study of tumour antigens from cancer-
testis and differentiation antigens (which are respectively
expressed in germ cells and in specific differentiation
phases of cell types, but otherwise suppressed in non-
cancerous mature somatic tissue) to neoantigens,

which are bona fide novel proteins entirely absent from
normal tissues. However, not all cancer genomic muta-
tions are exonic or result in neoantigens that efficiently
elicit an immune response. Determinants of a peptide’s
immunogenicity include having the appropriate MHC-I
binding motifs for expression on the cell surface, as well
as epitopes that are sufficiently visible to TCRs and
divergent from self-antigens. Modelling and prediction
tools in this context is an area of significant research.®®
Furthermore, it is now understood that most solid can-
cers develop through branching evolution, resulting in
extensive intra- and inter-tumoural heterogeneity, which
can limit effective immune-mediated eradication of the
disease.”® Thus, the identification and targeting of trun-
cal mutations, present near the origin of the cancer
evolutionary tree, are highly sought after in cancer
immunotherapy.

Cancer immunoediting

Another overarching tenet in cancer immunology is that
the immune system not only controls tumour initiation
but also shapes tumour immunogenicity via a process
termed cancer immunoediting.®® According to this
model, immune cells and effector molecules recognise
and destroy tumour cells, but in a Darwinian fashion
paradoxically favours growth of variants that are more
capable of surviving immune pressure. The three phases
of elimination, equilibrium and escape have been
described in this process.®® An important implication of
this model is that all clinically apparent tumours in the
immunocompetent patient have been sculpted by the
host immune system and enriched for pathways for
immune evasion. Any point in the immune cascade could
be hijacked to escape immune pressure. Briefly, tumour
cell mechanisms of evasion include selecting for antigen-
loss variants, suppression of MHC-I expression, upregu-
lation of immune checkpoint ligands, expression of
mutated non-functional forms of death receptors, secre-
tion of immunosuppressive molecules and induction of
fibroblast proliferation to block effective infiltration of
immune cells into tumours.”! Critically, this relatively
recent shift in recognition of the pervasive influence of
the host immune system on tumour evolution was
reflected in its inclusion in Hanahan and Weinberg’s
update on the hallmarks of cancer,”? and has under-
pinned the development of modern immunotherapeutic
strategies to overcome barriers in the immune control of
cancer.

Cancer-immunity cycle

Following from the above, a mechanistic model for the
immune control of cancer further allows for therapeutic
focus on the specific points of failure. To this end, a
sequence of seven events occurring in a self-propagating
cyclic fashion has been put forward and referred to as
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the cancer-immunity cycle (Fig. 4).”> These steps are:

(i) release of tumour antigens in a suitable inflammatory
milieu, (ii) capture and presentation of antigens by DCs
to T cells in secondary lymphoid organs, (iii) priming and
activation of tumour antigen-specific T-cell responses,
(iv) trafficking of activated T cells through blood vessels,
(v) infiltration of T cells into the tumour, (vi) recognition
of tumour cells by T cells and (vii) T cell-mediated killing
of tumour cells. Tumour cell death releases further
tumour antigens, which restarts the cycle, resulting in an
iterative expansion of both the repertoire and amplitude
of T-cell responses. Each step of the cycle is regulated by
stimulatory and inhibitory factors and can be subverted
by the tumour for immune evasion.

Importantly, points of failure can potentially be
reversed to enable the immune system to regain control
of the tumour. For example, the mechanisms of action
underlying CTLA-4 and PD-1/PD-L1 inhibition in cancer
therapy are canonically assigned to the overcoming of
barriers in steps 3 (priming of T cells in secondary lym-
phoid organs) and 7 (engagement of T cells in the
tumour microenvironment) respectively. By contrast,
CAR-T cell therapy, which is the genetic engineering of a
cancer patient’s autologous T cells to express synthetic
activation receptors, followed by expansion and infusion
back into the patient, is designed to effectuate steps 6
and 7.7% Notably, RT can potentially address blockades in
steps 1 and 2 (by evoking an immunogenic cell death), 5
(by promoting T-cell recruitment) and 6 (by increasing
tumour cell expression of MHC-I), as will be elaborated
elsewhere in this Special Issue. Whereas in some can-
cers monotherapy is sufficient to (re-)establish the
cancer-immunity cycle, in others a combined modality

Fig. 4. The cancer-immunity cycle. A sequence
of events occurs in a self-propagating cyclic pro-
cess in the generation of an optimal anti-tumour
immune response. The cycle is divided in seven
major steps, as illustrated above. Each step
occurs at a particular anatomical site and is care-
fully regulated by a balance of stimulatory and
inhibitory factors. Figure adapted from Chen
et al.”? lllustration created with Biorender.com.

Priming of T cells | 3

Capture and
presentation of
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approach is required. For example, anti-CTLA-4 alone is
effective in patients with chemotherapy-refractory
advanced melanoma but not non-small cell lung can-
cer,”>7% yet in the latter group the combination of anti-
CTLA-4 therapy and RT appeared to be able to activate
systemic cancer immunity.”” Biomarkers to predict the
effectiveness of a treatment modality in promoting the
cancer-immunity cycle is a highly active area of immuno-
oncology research.

Cancer-immune set point, immune phenotypes
and gut microbiome

Where the cancer-immunity cycle is stalled, the equilib-
rium between the stimulatory and inhibitory pressures
for a particular patient is referred to as the cancer-
immune set point, which also represents the threshold
that must be exceeded to achieve cancer immunity.”® As
can be inferred from the heterogeneity of immunother-
apy responses observed in clinic, this set point is highly
variable across tumours and even between patients with
overtly similar tumours, therefore, conceivably depen-
dent on a multitude of tumour and host-related factors.
At a basic tumour level, the cancer-immune set point is
reflected in the observation of the three broad immune
phenotypes that correlate with response to anti-PD-1/
PD-L1 therapy: immune-inflamed, immune-excluded
and immune-desert.”® Briefly, in immune-inflamed
tumours, the tumour parenchyma is characterised by the
infiltration of T cells in proximity to tumour cells as well
as expression of PD-L1 on tumour and immune cells.
Altogether, this phenotype suggests pre-existing anti-
tumour immune responses that are arrested within the

Trafficking of T cells

4
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tumour. In immune-excluded tumours, immune cells
are present but do not penetrate the tumour parench-
yma. Rather, they are retained in the tumour stroma sur-
rounding tumour cell nests, suggesting that T-cell
migration and penetration into the tumour is the rate-
limiting step. In immune-desert tumours, there is a
dearth of T cells in either the tumour parenchyma or
stroma, which points to a poorly immunogenic tumour
that has not alerted a T-cell response. Unsurprisingly,
immune-inflamed tumours often, but not always,
respond to anti-PD-1/PD-L1 therapy (reflecting a lower
cancer-immune set point), while immune-excluded and
immune-desert tumours rarely do (reflecting a higher
cancer-immune set point).

Factors that determine the cancer-immune set point
are vast and are being continuously elucidated. Tumour
mutational burden, which dictates tumour antigenicity, is
a major element, but the secretory phenotype of the
tumour, presence of infectious agents, use of previous
chemotherapy, as well as host age, susceptibility to
inflammatory stimuli and overall health are also impor-
tant considerations.”®”° More recently, the gut micro-
biome has been established as an important host-
related factor, whereby certain species of gut bacteria
intriguingly activate host innate immune responses bet-
ter than others, thus heightening baseline immuno-
surveillance and shifting the cancer-immune set point.8°
Indeed, gut microbiome diversity is correlated with
response to immunotherapy across a range of cancers as
well as rates of immune-related adverse events.8183
More impressively, a randomised Phase 1 trial testing live
bacterial supplementation in conjunction with ICB in
patients with metastatic renal cell carcinoma have
reported a significant improvement in progression-free
survival.®* However, emerging larger-scale data caution
about substantial cohort-dependency in gut microbiome
associations and that no single species is consistently
predictive across studies, which reflect the complex
interactions between gut microbial abundances, clinical
factors and even geographical location.®®

In conclusion, the impact of the immuno-oncology revo-
lution is inarguably far-reaching and the proliferation
of immunotherapy trials across the spectrum of cancer
types and settings is tremendous. In this backdrop and
especially given the growing interest in the use of RT
for synergy with immunotherapeutic agents, a working
knowledge of the immune system and its role in shaping
and controlling cancer growth should no longer be periph-
eral for the radiation oncologist. The reader is directed to
other articles in this Special Issue for the mechanisms of
and clinical evidence for RT as an immune adjuvant. From
a larger perspective, just as how the oncology landscape
has shifted dramatically over the decades, it is both sober-
ing and stimulating that unexpected discoveries are con-
tinually being made in our understanding of the immune
system. How its intersection with oncology will continue to
evolve will be exciting to observe.
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