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T Cells in Immunity

The immune system encompasses a broad spec-
trum of cells from the hematopoietic lineage.
Each cell type contributes specialized functions
which together perform key steps in host immu-
nity: sensing danger stimuli, secreting cytokines
that recruit and activate effector cells, display-
ing peptide fragments, detecting antigens, and
engulfing and lysing targets. A guiding hallmark
of immune activity was defined by immunolo-
gists Burnet and Medawar, who proposed the
Self-Nonself Model (SNS), which posited that
immune cells cooperate to recognize and attack
foreign (non-self) antigens [1]. This framework
rationalized how microbes and infected or trans-
formed cells harbor aberrant “Nonself” protein
antigens, which are recognized and subjected to
immune attack, whereas regular normal “Self”
host tissues are spared from immune targeting.
SNS helps explain how B and T cell repertoires
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emerge in the host to respond against certain anti-
gens and ignore others [2]. During development,
each T cell clone is individually educated to rec-
ognize a peptide: major histocompatibility com-
plex (MHC), but emerging clones that respond
to self-antigens are directed to undergo apop-
tosis. Despite its broad applicability, SNS does
not completely explain key phenomena such as
tumor immunity. The “Danger Model” is a newer
theory developed by Matzinger, and it proposes
that immune activation is controlled by the con-
text of innate immune signals in the tissue envi-
ronment that are generated by perturbation of
homeostasis. Viewing immune responses through
the lens of “danger” has provided a logical way to
interpret fundamental principles of tumor immu-
nology [3]. These include the requirement of
co-stimulation signaling to activate naive T cells
and the regulatory role of checkpoint molecules,
which attenuate T cell activation and prolifera-
tion. In the tumor microenvironment, homeo-
static regulatory processes and suppressive
signals maintain a balance that suppresses T cell
function. These mechanisms create a high thresh-
old for the immune system to activate effective
anti-tumor responses.

of T cells play a central role in the adaptive
immune system and are also the key constituent
of anti-tumor immunity. Individual T cell clones
express a unique T cell receptor (TCR) dimer on
the plasma membrane. The receptors contain an
immunoglobulin-like subunit with a unique
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variable sequence at the surface, which scans
MHC:peptide complexes expressed on adjacent
antigen-presenting cells (APCs). MHC class 1
molecules are expressed on nearly all cell types,
and these complexes are recognized by CD8" T
cells. MHC class II molecules are primarily pre-
sented by professional APCs, which include den-
dritic cells (DCs) and macrophages, and they are
recognized by CD4* T helper cells. When a TCR
is engaged by an MHC:peptide complex with
sufficient affinity to bind, activation signals are
transmitted from the TCR through downstream
signaling cascades that activate T cell effector
functions and clonal proliferation. Class I anti-
gens stimulate CD8* T cells to produce TNF-a
and IFN-y and to secrete cytotoxic granules that
release perforin and granzyme, which cause lysis
of the targeted cell [4]. Class I antigens stimulate
CD4* T cells, which mediate helper activities
including release of supportive cytokines and
expression of CD40 ligand, which binds CD40
on adjacent APCs and promotes their activation.
Type I helper cells (T,1) can promote anti-tumor
activity when activated to secrete IFN-y, which is
a strong paracrine signal that promotes surround-
ing cells to present class I and class I MHC com-
plexes. For tumor cells, this increases recognition
by cytotoxic CD8* T cells [5]. Additionally, T}1
cells release IL-2, which is a growth factor that
promotes survival and proliferation of surround-
ing T cells. Collectively, CD8" and CD4* T cells
directly attack tumor cells and produce immuno-
stimulatory signals that promote anti-tumor
activity of other immune populations. In the fol-
lowing sections, we will describe some of the
mechanisms cancers utilize to escape immune
recognition and rejection.

APC Activation of T Cells

T cell clones emerging from the thymus are in a
naive phenotypic state prior to antigen encounter.
The context of a T cell’s initial recognition of
cognate antigen is critical for its long-term fate in
the immune system. When a naive T cell’s TCR
binds MHC:peptide antigen without co-
stimulation, the cell is induced to undergo anergy

and enters a state of reduced proliferation and
diminished IL-2 secretion [6]. The Danger Model
predicts that immune cells are activated by alarm
signals from pathogens or distressed cells. Toll-
like receptors (TLRs) represent a prominent fam-
ily of innate danger sensors expressed by APCs,
and activation through these receptors induces
their maturation. When mature, professional
APCs, such as dendritic cells, increase surface
expression of B7-1 and B7-2; these molecules
co-stimulate naive T cells by binding CD28 [7].
TCR stimulation coupled with CD28 co-
stimulation activates a naive T cell to adopt its
mature, effector status; its TCR subunits reorga-
nize at the plasma membrane to respond to future
antigen encounters at a lower threshold. The cell
also expresses CD25 to enable rapid proliferation
in response to IL-2. With these changes, the acti-
vated T cell can clonally expand and effectively
attack antigenic targets in the periphery. It also
spawns effector and memory daughter cells to
expand the reach and longevity of cells recogniz-
ing the antigen in question.

Mature DCs perform key functions necessary
for T cell priming. They phagocytose distressed
or dead cells, process and present antigens for T
cell recognition, and release stimulatory cyto-
kines [8]. In tumors, DCs are activated if they
encounter danger-associated molecular patterns
(DAMPS) which bind their TLRs. In particular, a
subpopulation of BATF-3-dependent CD103*
DCs have been found to efficiently engulf and
process tumor cells and vesicles and transport
this cargo to tumor draining lymph nodes [9].
Upon arrival, the DCs present MHC class I and IT
peptide antigens from the tumor and prime anti-
tumor T cells. The presence of sufficient DAMPs
in the tumor microenvironment is critical for this
initial step in generating an anti-tumor response.

Multiple innate regulatory signals are utilized
by the immune system to prevent overactive or
redundant T cell responses and maintain homeo-
stasis. This includes checkpoint signals, which
are transmitted through an array of receptors to
control the duration and amplitude of T cell activ-
ity. The two most prominent checkpoint targets
with a proven efficacy in immunotherapy are
CTLA-4 and PD-1. T cells upregulate surface
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expression of CTLA-4 following stimulation of
their TCR. This provides a negative signaling
axis, wherein the B7-1 and B7-2 costimulatory
molecules can transmit regulatory signals by
binding CTLA-4. In mouse models, a germline
knockout of CTLA-4 leads to fatal autoimmunity
associated with generalized T cell activation,
illustrating the regulatory power of this check-
point molecule in suppressing T cells [10]. A sec-
ond checkpoint pathway is mediated by the
receptor, PD-1. T cells upregulate PD-1 expres-
sion following activation, and ligand binding
regulates tissue inflammation, which protects
against autoimmunity. Its ligands, PD-L1 and
PD-L2, are expressed on tumor cells and regula-
tory immune cells. When PD-1 is bound, the T
cell downregulates kinases involved in activation
and acquires an “exhausted” phenotype with lim-
ited function and potentially apoptosis [11]. Mice
with a genetic knockout of PD-1 demonstrate
tissue-specific autoimmunity, though less severe
than CTLA-4 [12]. Overall, the immune check-
point molecules maintain homeostasis by damp-
ening immune activation. They also are utilized
in the tumor microenvironment to create a barrier
to anti-tumor immunity.

Immunity in the Brain

The central nervous system (CNS) has a unique
landscape compared to other tissue types with its
own resident immune cells, a distinct lymph
drainage pathway, and restricted vascular perme-
ability maintained by the blood-brain barrier.
Microglia reside exclusively within the CNS, and
they perform similar functions to macrophages,
including processing and presentation of antigens
and expression of MHC class II complexes. At
baseline, microglial cells maintain immune
homeostasis; they also stimulate and remove var-
ious neighboring cells for maintenance of the
microenvironment. Innate immune signals can
activate microglia and turn on their antigen-pre-
senting and immune-priming functions. Their
persistent activation has been associated with
destructive inflammation and neurodegenerative
diseases [13]. In metastatic and primary brain

tumors, microglia function can be subverted to a
tolerogenic phenotype, similar to M2 macro-
phages. Peripheral macrophages and monocytes
are often recruited to brain tumors and can func-
tion together with altered microglia to release
tumor-promoting cytokines and growth factors.
In doing so, they help vascularize the tumor tis-
sue and promote tumor cell growth and invasion
[14].

The blood-brain barrier stringently regulates
passage of substrates and cells into the brain from
the vasculature. It is comprised of tight junctions
between endothelial cells and support from astro-
cytes and pericytes. This tight barrier hinders
immune cell trafficking, and therefore the brain
has been sometimes characterized as an “immune
privileged” site due to the limited cross-talk
between its tissue epitopes and the APCs and lym-
phocytes of the immune system, though this inter-
pretation has been challenged. Three sites of
immune cell access into the brain have been pro-
posed: choroid plexus, leptomeningeal vessels,
and parenchymal vessels [15]. Metastatic tumors
exhibit heterogenous vascular regions with selec-
tive disruption of the blood-brain barrier, which is
due, in part, to their suppression of molecular sig-
naling pathways of CNS endothelial cells [16].
Nevertheless, modeling of the “blood tumor bar-
rier” has found that chemotherapeutic agents are
significantly excluded from brain tumors relative
to non-CNS tissues [17]. Tumor-directed radiation
has been found to disrupt the blood-brain barrier. It
is not clear how or whether more extensive altera-
tions of the blood-brain barrier in tumors would
impact the systemic anti-tumor immune response.

The origins and extent of tumor immunosur-
veillance in the CNS are not fully defined.
Preclinical evidence has shown that APCs are
present in the brain parenchyma and ultimately
drain into cervical nodes of the neck, where they
can present tumor antigens to circulating T cells
to generate a systemic immune response.
Recently, discovery of draining lymphatics
along the dura has provided more insight into
this pathway. Intraparenchymal cerebrospinal
fluid (CSF) carrying cells and antigens from the
brain tissue flow out to the subarachnoid reser-
voirs of CSF [18]. Enriched by these substrates,
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Fig. 25.1 Histologic
evaluation has revealed
the presence of
lymphatic vessels in the
meninges of the brain.
They line the dural
sinuses and serve as an
interface with
cerebrospinal fluid
carrying cells and
soluble particles from
the brain parenchyma.
The brain lymphatics are
a channel for immune
cells and fluids to drain
to the deep cervical
nodes where they can
interact with the
peripheral immune
system

Superior sagittal sinus

Inferior sagittal sinus

Confluence of sinuses

Transverse sinus

the CSF diffuses into lymphatic vessels, which
run in parallel along the dura. The lymph fluid
follows this path along the sagittal sinus, which
ultimately reaches deep cervical lymph nodes to
interface with the peripheral immune system
(Fig. 25.1). Overall, the brain has a unique
immune microenvironment. Its resident immune
cell population, blood-brain barrier, and distinct
lymph drainage channels add to the complexity
of strategically targeting metastatic CNS tumors
with immunotherapy.

Tumor Immunosurveillance

Tumor immunosurveillance is a model of the
dynamic interaction between the immune sys-
tem and emerging cancers. It postulates that
most neoplastic cells are eliminated before they
proliferate to form tumors. Newly transformed
cells possess genetic or cellular aberrations that
are presented in antigen complexes and recog-
nized by circulating T cells. Schreiber et al.
defined three main categories of tumor antigens:
tumor-associated antigens, cancer germline
antigens, and tumor-specific antigens [19].

(v

Internal jugular vein

Deep cervical lymph nodes

Tumor-associated antigens (TAAs) are proteins
associated with cell function that may be recog-
nized by T cells when expressed at aberrant lev-
els. In melanoma, several substrates involved
with pigment synthesis are TAAs, such as
MART-1 and GP100. In breast cancer, HER2/
neu is a TAA. Germline antigens are proteins
normally restricted to the gonads but ectopically
expressed by tumor cells. MAGE-A and
NY-ESO-1 are well-characterized germline
antigens expressed by various cancers. Tumor-
specific antigens, also known as “neoantigens,”
are proteins expressed from nonsynonymous
gene mutations occurring in cancer cells that
result in novel peptide epitopes recognized as
foreign by lymphocytes. Innovations in bioin-
formatics are creating new applications to apply
whole genome sequencing and mass spectrom-
etry data from tumor samples to predict the
presence of neoantigens and identify corre-
sponding reactive lymphocytes from the patient
[20]. Tumors that contain a high mutational
load, such as in the setting of defective mismatch
repair genes, have shown an increased response
to immunotherapy. This may be due to an
increased abundance of neoantigens susceptible
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to T cell attack. The ability to analyze tumors
and predict antigenic targets may lead to new
opportunities in immunotherapy.

Immune Suppression by Tumors

In addition to immunoediting, tumors also acti-
vate regulatory processes that suppress host anti-
tumor immunity. Histologically, the tumor
microenvironment contains supporting and regu-
latory stromal cells dispersed among the primary
cancer cells. They include fibroblasts, myeloid
cells, and tumor-associated vascular endothe-
lium. In cancer, these populations converge to
create an immunosuppressive network resem-
bling an unhealed wound [21]. They condition
the microenvironment by secreting growth fac-
tors and chemokines including vascular endothe-
lial growth factor (VEGF), chemokine ligand 2
(CCL2), and granulocyte-macrophage colony-
stimulating factor (GM-CSF), which attract
myeloid cells from the periphery that differenti-
ate into myeloid-derived suppressor cells
(MDSCs) and macrophages; these cells potently
suppress APCs and T cells within the tumor [22].
Clinically, high levels of tumor infiltrating poly-
morphonuclear MDSCs have been associated
with disease progression and worse prognosis in
cancer patients, which illustrates how local
immunosuppression favors tumor persistence
and growth [23]. They produce reactive oxygen
species which affect CD8" T cells by reducing
levels of the TCR zeta chain and BCL-2, which
increases their proclivity to undergo apoptosis
[24]. MDSC metabolism also suppresses immune
function, by depleting arginine in the tumor
microenvironment, disrupting the function of the
TCR complex and limiting proliferation of acti-
vated T cells [25]. MDSCs also express the
enzyme IDO, which catabolizes tryptophan to
kynurenines. Low tryptophan concentration sen-
sitizes T cells to apoptosis, and kynurenines
induce T, cell differentiation [26]. Tolerogenic
DCs also synthesize IDO and metabolize trypto-
phan. MDSCs, tumor macrophages, and T, all
produce IL-10 and transforming growth factor
(TGF)-p. IL-10 attenuates DC activation and
reduces macrophage expression of both MHC

class II complexes and CD86 costimulatory mol-
ecules [21]. TGF-p promotes expansion of T,
and induces differentiation of naive CD4* T cells
to Foxp3* T, It also induces apoptosis of acti-
vated CD8" T cells, attenuates DC activation, and
directs macrophages toward a suppressor pheno-
type [27]. In summary, the tumor microenviron-
ment maintains specific populations of cells and
produces a profile of cytokines that are potently
immunosuppressive, establishing a significant
barrier to effective anti-tumor immune responses.

Radiation Therapy in Cancer

Radiation biology dogma has traditionally
attributed anti-tumor effects of radiotherapy to
cytocidal DNA damage. Measurements of
tumor cell sensitivity to radiation, such as sur-
vival curves generated from clonogenic assays,
have traditionally provided a means to model
therapeutic efficacy of various dose and frac-
tionation approaches [28]. This approach inter-
prets radiotherapy through the lens of cell kill.
However, more modern data has revealed that
radiation also has a substantial effect on the
tumor microenvironment that influences sys-
temic processes. In vivo mouse studies have
shown that radiation treatment can activate
anti-tumor immune responses and synergize
with immunotherapeutic agents [29]. Radiation
releases cell death substrates that activate
innate immune receptors that promote T cell
priming [30]. Furthermore, the production of
double-stranded DNA breaks and formation of
micronuclei turn on the type I interferon path-
way [31, 32]. These phenomena, which will be
elaborated in greater detail later, are established
mechanisms by which radiation stimulates
tumor immunity, and they substantiate the ben-
eficial role of radiotherapy as an adjuvant when
combined with immunotherapy.

Immunogenic Cell Death

The contribution of radiation to anti-tumor
immunity is partly due to how the malignant cells
die and the associated signals that are released
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into the microenvironment. Zitvogel and Kroemer
reported that various cell death pathways can
produce DAMPS, which are danger signals that
activate innate immune receptors and ultimately
trigger adaptive T cell activation against antigens
from the dying cells. This type of cell death is
categorized as “immunogenic cell death” (ICD)
[33]. Strategic induction of ICD is an emerging
therapeutic strategy to elicit activation of the
immune system within the tumor. Three impor-
tant DAMPs have been conventionally associated
with cells undergoing ICD [34]:

1. Calreticulin, an endoplasmic reticulum pro-
tein, translocates to the extracellular surface
of the plasma membrane. External exposure
of calreticulin corresponds to endoplasmic
reticulum stress and the molecule signals
CD91 on DCs and macrophages, leading to
phagocytosis of the dying cell [35].

2. HMGB?2 is a chromatin-binding factor that is
released from the cell. It signals TLR4 on DCs
leading to maturation. Mature DCs upregulate
costimulatory molecules such as CD80, effi-
ciently phagocytose dead cells, and cross-
present exogenous antigens [36].

3. ATP is secreted by the dying cells, which
recruits professional APCs and stimulates
IL-1p production by DCs, thus promoting
antigen cross-presentation.

Altogether, ICD facilitates anti-tumor immu-
nity by producing an array of DAMPs that pro-
mote tumor infiltration and activation of APCs,
engulfment of dead and dying tumor cells, and
effective cross-presentation and priming of
tumor-specific T cells.

The discovery that some cell death pathways
promote adaptive immunity has led to evaluation
of various anti-neoplastic therapies for their
immunogenicity. Among various chemotherapy
classes, anthracyclines, cyclophosphamide, and
oxaliplatin have been demonstrated to induce
ICD in vitro and in vivo [37]. Classic tumor vac-
cination/re-challenge assays have also shown that
radiation induces ICD. Mice injected with irradi-
ated cells fail to grow tumors following a second
challenge injection. Importantly, this finding was
not recapitulated when the experiment was

repeated in immunodeficient mice, bolstering the
causal relationship between adaptive immuniza-
tion and protection against tumor growth. Golden
et al. evaluated levels of ICD biomarkers pro-
duced in tumor cell cultures and found that tumor
cell radiation results in release of ATP and
HMGBI and promotes externalization of plasma
membrane calreticulin, all in a dose-dependent
fashion [38]. These studies have shown that radi-
ation of tumor cells induces bona fide ICD with
production of the hallmark DAMPs.

Radiation Upregulates MHC
and IFN-p

Radiation also promotes tumor MHC:peptide
antigen presentation. Reits et al. showed that
radiation of human melanoma cultures increased
the level of tumor MHC class I molecules in a
dose-dependent fashion. Radiation was also
shown to upregulate MHC expression on normal
host tissues in vivo [39]. An orthotopic murine
glioma model demonstrated that whole-brain
radiation upregulated MHC-I expression on
GL261 tumor cells, which improved the efficacy
of concomitant vaccination [40]. Radiation also
broadens the antigen peptide pool by activating
mammalian target of rapamycin (mTOR), which
promotes processing of proteins into peptide
fragments and increases synthesis of new pro-
teins. Moreover, radiation of different types of
human tumor cells demonstrably increased the
production of cancer-testis antigens, including
MAGE-A1 and NY-ESO-1, which lead to activa-
tion of corresponding T cells reactive against
these epitopes. These findings taken together
show that radiation promotes MHC display with
a diverse ensemble of peptide antigens.
Radiation of tumors also stimulates an innate
immune pathway that leads to type I interferon
production. Specifically, production of double
stranded DNA (dsDNA) breaks followed by cell
mitosis generates micronuclei that contain chro-
mosome fragments. The cGAS molecule senses
these dsDNA fragments and activates down-
stream STING, which ultimately leads to tran-
scription of type I interferon [41]. Production of
IFN-B stimulates maturation of DCs with
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increased expression of costimulatory mole-
cules and efficient cross-presentation of anti-
gens to T cells, which enhances priming of
adaptive immunity. Combinatorial therapy with
radiation and checkpoint blockade relies on
IFN-f activation of Batf-3-dependent DCs to
cross-prime CD8* T cells and generate effective
anti-tumor responses [32]. An in vivo mouse
model of breast cancer utilizing combination
anti-CTLA-4 and tumor radiotherapy showed
that doses greater than 12-15 Gy per fraction
attenuated anti-tumor immune responses.
Mechanistically, higher doses of radiation
induce expression of the nuclease, Trex1, which
degrades cytosolic dsDNA and thereby removes
the immune signal for activation of the cGAS-
STING pathway [31]. This model demonstrated
the significance of radiation dose and fraction-
ation for immunotherapy applications.

The immune-activating effects of radiation
have provided a basis for models combining
tumor radiotherapy with immune targeting
drugs. One of the first preclinical models testing
this concept utilized Flt-3 ligand, a growth factor
for DCs, together with radiation to treat mice
challenged with Lewis lung carcinoma. The
cohorts that received monotherapy of either
agent alone showed limited survival because of
lung metastases. However, a combination of
radiation with Flt-3 ligand reduced the number
of pulmonary metastases and improved overall
survival [42]. Subsequently, Demaria and
Formenti showed a bona fide abscopal effect
with a combination of radiation and immuno-
therapy. In mice with bilateral flank tumors of
mammary carcinoma (67NR), radiation of one
tumor and Flt-3 ligand treatment reduced the
growth of the contralateral tumor [43]. This
effect was abrogated in athymic mice lacking off
T cells, highlighting a synergy of the two thera-
pies for the adaptive immune response.

Immune Regulation Induced by
Radiation

Radiation also activates homeostatic mechanisms
of the immune system that play an important role
in suppressing immune attack. Irradiated tumors

increase HIF1-a expression, TGF-f production,
and activation and release of chemokines that
recruit Ty,, MDSCs, and macrophages. These
phenomena have prompted research into regi-
mens combining radiation with immunomodula-
tory drugs to “release the brakes” from these
regulatory signals. TGF-p is a prominent target
for this objective; it diminishes cross-priming by
APCs, reduces activation of CD8* T cells, and
increases the prevalence of T,,. A preclinical
model with 4T1 breast cancer evaluated tumor
radiation and TGF-p blockade, which showed
increased activation of anti-tumor T cells,
decreased tumor growth and metastases, and
improved survival [44]. This approach was incor-
porated in a clinical trial for metastatic breast
cancer: patients received three fractions of 7.5 Gy
to one lesion and either low- or high-dose anti-
TGF-p antibody; receipt of the high dose of
immunotherapy boosted memory CD8* T cells
and was associated with improved overall sur-
vival [45]. Chemokine receptor 2 (CCR) is also a
relevant target for combination therapy. Radiation
signals through cGas-STING to increase intratu-
mor levels of chemokines that bind CCR2 and
attract MDSCs to the tumor microenvironment.
Notably, tumor-challenged mice treated with
radiation and CCR2 blockade demonstrated
enhanced CD8* T cell-mediated tumor rejection
versus cohorts receiving radiation alone [46].
Overall, radiation has both stimulatory and sup-
pressive effects on the immune system. Strategic
molecular targeting of potent regulatory path-
ways together with radiotherapy can successfully
elicit anti-tumor immunity.

Immune Checkpoint Inhibitors

Clinical trials have demonstrated the efficacy of
checkpoint inhibitors for several tumor types and
thus established immunotherapy as a mainstream
modality in oncology. New applications continue
to emerge, and at present, most are focused on
metastatic or locally advanced disease. Allison
and colleagues originally elucidated the T cell
regulatory molecule, CTLA-4, and demon-
strated that antibody blockade (anti-CLTA-4)
unleashed anti-tumor immunity. Mice that were
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challenged with characteristically immunogenic
tumors showed pronounced rejection of the
tumors after receipt of anti-CTLA-4 antibody
[47]. An in vivo study with melanoma demon-
strated that anti-CTLA-4 therapy contributed to
tumor immunity by amplifying effector T cell
function and minimizing T, cell activity [48].
Notably, a subsequent study using anti-CTLA-4
to treat the poorly immunogenic melanoma,
B16-BL6, showed minimal ability to inhibit
tumor growth. It was only when mice received
anti-CTLA-4 therapy combined with a vaccina-
tion injection of irradiated B16-BL6 cells modi-
fied to express GM-CSF that elimination of tumor
could be achieved in vivo [49]. These results high-
lighted that most tumors may require multiple
sources of immunogenic stimuli for a therapeutic
response. The preclinical work characterizing
anti-CTLA-4 ultimately translated to clinical
applications with ipilimumab. In the first major
phase III trial with a checkpoint inhibitor, the drug
showed improved overall survival for metastatic
melanoma, which set the stage for further devel-
opment of checkpoint inhibitors in oncology [50].

The PD-1 signaling axis is the second T cell
checkpoint pathway that has been successfully
incorporated for tumor immunotherapy. Several
established human tumors such as lung, ovary,
colon, and melanoma increase expression of
PD-L1 to suppress T cell activity in their microen-
vironment [51]. Immune cells recruited by tumors,
including MDSCs, can also express PD-L1 [52].
When surface PD-1 is engaged by the ligand, T
cells adopt an exhausted phenotype and display
diminished activity. Anti-PD-1 antibodies block
this signal and help revive tumor infiltrating T
cells, thus facilitating adaptive anti-tumor
responses. PD-1 checkpoint inhibitors have dem-
onstrated success and are approved for use in an
increasing number of malignancies, including
advanced stage melanoma, non-small cell lung
cancer (NSCLC) urothelial carcinoma, Hodgkin’s
disease, and head and neck squamous cell cancer,
as well as microsatellite instability-high cancers
[53]. Though cohorts of cancer patients receiving
checkpoint inhibition have improved clinical out-
comes as a group, most patients do not achieve a
significant response to treatment. New approaches
to increase the proportion of responders are

needed, and radiotherapy is being investigated for

this purpose.
Recent trials have assessed whether combined
checkpoint inhibition may synergistically

enhance clinical anti-tumor responses. Check-
mate 067 was a phase III clinical trial evaluating
monotherapy checkpoint inhibition versus a
combination of ipilimumab and nivolumab
administration for patients with metastatic mela-
noma [54]. The cohort receiving combined ther-
apy had a longer progression-free survival (PES)
and higher objective response rate compared to
the cohort receiving ipilimumab alone, albeit at
the price of increased toxicity. Notably, most of
the trials utilizing immunotherapy for advanced
stage cancer have excluded patients with brain
metastases. However, Margolin and colleagues
reported a phase II study of dual checkpoint inhi-
bition with nivolumab and ipilimumab for
patients with melanoma brain metastases. Com-
bined therapy resulted in a high response rate of
56%. Complete response was seen in 26% of
patients [55]. These impressive results provide a
foundation for exploring checkpoint inhibition
for different types of brain metastases.

Combination of Checkpoint
Inhibitors with Radiation

Radiation of tumors associated with off-target
responses (abscopal effect) has been described in
a small number of case reports dating back several
decades. This includes patients with a wide vari-
ety of tumor types such as melanoma, renal cell
carcinoma, and lymphoma [56-58]. The impact
of radiation on systemic tumor responses may be
related to anti-tumor immunity. As previously
described, radiation induces stimulatory immune
danger signals that create an in situ vaccine effect
in the tumor microenvironment, which helps
prime adaptive T cell responses. Potential synergy
of these effects with checkpoint inhibition has
been extensively explored in preclinical studies
[59]. Formenti and Demaria showed that mice
challenged with 4T1 breast carcinoma derived
minimal benefit from treatment with radiation or
anti-CTLA-4 monotherapy. Yet, combined treat-
ment with both agents significantly reduced the



25 Synergy of Immunotherapy and Radiosurgery

363

number of lung metastases in recipients and
improved survival [60]. This approach has also
demonstrated efficacy in an orthotopic glioma
mouse model: combinatorial therapy with anti-
PD-1 and a single fraction of 10Gy to the tumor
resulted in a significant improvement in survival
over either treatment alone [61]. Minn et al.
showed that dual checkpoint therapy with anti-
PD-1 and anti-CTLA-4 in addition to tumor radia-
tion provided complementary, non-redundant
immune activation signals. The anti-tumor TCR
repertoire was expanded by radiation. PD-L1
blockade revived exhausted CD8* T cells, and

CTLA-4 blockade decreased T, Thus, dual
checkpoint blockade increased the ratio of CD8/
Treg cells [62]. Rudqviist et al. also found that
CTLA-4 blockade and radiation therapy
for tumor-challenged mice synergized to expand
the TCR repertoire within tumor-infiltrating
lymphocytes (TIL). Their evaluation identified an
increased diversity and number of CDR3 motifs
among the population of receptors [63]. The evi-
dence from these and several other preclinical
models have provided a compelling rationale to
explore combinatorial strategies with radiation
and checkpoint inhibitors (Fig. 25.2).

Anti-PD-1

o

Fig. 25.2 Immunotherapy with anti-CTLA-4 and anti-
PD-1 monoclonal antibodies activates non-redundant
mechanisms that promote clonal expansion of T cells and
revive exhausted effector cells. Tumor radiation enhances
MHC antigen presentation and increases the diversity of

the anti-tumor T cell repertoire. Clinical trials are explor-
ing paradigms for combining immunotherapy with tumor
radiation to synergistically activate and expand anti-tumor
T cells that mediate systemic tumor rejection
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Results from preclinical data have influenced
new oncology trials for patients incorporating
synchronous immunotherapy and radiation. Most
of the findings are limited to small cohort studies
or anecdotal case reports. For example, a mela-
noma patient who reportedly progressed after
receipt of ipilimumab received palliative radia-
tion in three fractions for a spinal metastasis.
Within 3 months, distant hilar metastases, and
splenic lesions responded, representing nearly a
complete disease regression [64]. Also a phase II
study treating Merkel cell carcinoma with pem-
brolizumab reported that two patients who
received palliative radiation following disease
progression had subsequent off-target tumor
response [65]. Formenti and colleagues recently
reported the results of a trial for patients with
NSCLC who, after failing chemotherapy, went
on to receive radiation therapy to a single metas-
tasis and concurrent ipilimumab. Notably, two
previous prospective randomized trials of
CTLA-4 blockade with chemotherapy failed to
demonstrate significant activity in advanced
NSCLC [66, 67]. However, in Formenti’s trial
combining ipilimumab with focal radiotherapy,
31% of the patients achieved disease control, and
18% demonstrated an objective response [68].
One patient who achieved a complete response
after originally presenting with synchronous lung
cancer and brain metastases was found to have a
clonal expansion of T cells recognizing a muta-
tion within his tumor. This result demonstrated
translational success of radiotherapy in inducing
neo-antigens and converting the tumor into an in-
situ vaccine. As ongoing combinatorial trials
continue to mature, more sophisticated conclu-
sions can be reached regarding the efficacy of
combining tumor radiation with immune check-
point inhibitors.

Optimal Radiation Parameters
for Inmunotherapy

The optimal dose and fractionation of radio-
therapy in combinatorial regimens with check-
point inhibitors are yet to be determined.
Several cases reported in the literature utilized

a hypofractionated course, though no standard
prescription has emerged. One core question is
the comparative efficacy of different doses per
fraction of radiotherapy. In preclinical work
with B16 melanoma, a single fraction of 20Gy
activated anti-tumor CD8* T cells in mice,
whereas this response was not seen in a com-
parison cohort treated with 5 Gy x 4 fractions
[69]. On the other hand, Vanpouille-Box
treated mice bearing two subcutaneous TSA
breast carcinomas with anti-CTLA-4 and vari-
ous radiation regimens directed only to one
tumor. Cohorts that received 8 Gy x 3 demon-
strated abscopal tumor response (measured in
the non-irradiated tumor) and increased sur-
vival compared to those that received a single
fraction of 20 Gy. In this model, the abscopal
response from radiation diminished as doses
were escalated above 12 Gy per fraction [31].
This trend paralleled dose-dependent induction
of Trex-1, an exonuclease that digests cyto-
plasmic dsDNA and removes the substrate for
cGAS/Sting, which attenuates induction of
type I interferon.

With no consensus dose established for immu-
notherapy applications, clinical trials are utilizing
a variety of radiation prescriptions. Chmura et al.
conducted a phase I clinical trial treating meta-
static solid tumors with pembrolizumab and
SBRT doses from 30 to 50 Gy. They reported a
favorable toxicity profile, but the objective
response was only 13.2%, which was similar to
the outcome of pembrolizumab alone in an
unselected cohort of patients with metastatic dis-
ease. The median PFS was 3.1 months [70]. In
comparison, the Netherlands Cancer Institute
reported preliminary phase Il results from NSCLC
patients, who were randomized to pembrolizumab
alone versus pembrolizumab with a sub-ablative
radiation dose of 8 Gy x 3. The pembrolizumab
alone cohort achieve a 19% response rate, while
the cohort receiving combination therapy had a
41% objective response. Also, the median PFS
was 1.8 versus 6.4 months, respectively [71].
These preliminary findings suggest that a dose/
fraction effect may govern the immune activat-
ing potential of radiotherapy. Further investiga-
tion is needed to validate this phenomenon and,
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if confirmed, determine whether this is due to
Trex-1 induction or other signals.

Modern clinical trials have not yet reported
high-level data for combinatorial regimens with
checkpoint inhibitors and radiation of brain
metastases. Standard whole-brain radiation pre-
scriptions include 30 Gy in 10 fractions and
20 Gy in 5 fractions as palliative options for
extensive disease. Stereotactic radiosurgery
(SRS) using a single-fraction ablative dose has
demonstrated excellent local control for patients
with a limited number and size of brain metasta-
ses. SRS also has superior preservation of long-
term cognition compared to whole-brain
radiation. Furthermore, Knisely and colleagues
reported findings that bolstered the prospect of
combination SRS and checkpoint inhibition. In a
retrospective analysis of cases of melanoma
brain metastases, they showed that the cohort of
patients who received ipilimumab in addition to
SRS had an overall survival of 21.4 months ver-
sus 4.9 months for patients who received SRS
alone [72], a significant difference even if the
retrospective nature of the study likely reflects
patient selection. Additionally, hypofractionated
regimens may have comparable efficacy to SRS
for larger brain tumors >2 cm. A meta-analysis
of 24 trials showed similar 1-year local control
for patients receiving SRS versus multi-fraction
RT. The most common multi-fractionation regi-
men utilized was 27 Gy in three fractions [73], a
prescription that aligns well with the preclinical
data from Vanpouille-Box modeling optimal
immunogenic doses to induce tumor production
of type I interferon.

In addition to dose and fractionation, the opti-
mal sequencing of radiation and immunotherapy
continues to be evaluated. Preclinical work com-
paring different sequences showed that upfront
checkpoint blockade with anti-CTLA-4 followed
by radiotherapy achieved the greatest tumor treat-
ment efficacy. The study concluded that early
depletion of T,,, facilitated immune priming of
CD8* T cells when tumors were irradiated [74].
Limited results from currently available trials
suggest that overlapping or close sequencing of
checkpoint blockade with radiotherapy is likely to
be the most effective approach. For melanoma

brain metastases, a retrospective analysis showed
that patients receiving anti-PD-L.1 and anti-
CTLA-4 therapy followed by stereotactic radio-
surgery within 4 weeks of checkpoint blockade
demonstrated a greater median reduction in lesion
volume compared to patients with a longer sepa-
ration of treatments. However, this result could be
attributable to patient selection since progression
through ipilumimab may correspond to more
aggressive metastatic disease [75]. An unplanned
analysis of the Pacific Trial for NSCLC found that
patients who received durvalumab (anti-PD-1)
after responding to platinum-based chemo-radia-
tion had improved PFS. The finding was particu-
larly significant if checkpoint blockade was
administered within 2 weeks from completion of
chemoradiation [76]. Also, Chiang and colleagues
reported retrospective data of melanoma patients
with brain metastases who were treated with SRS
and immune checkpoint inhibition. Administration
of immune checkpoint therapy within 4 weeks of
SRS resulted in greater reduction in tumor size
compared with patients who received treatment
that was not concurrent [77]. Going forward,
results from clinical trials that are currently under-
way will provide a clearer understanding of the
significance of dose/fractionation and sequencing
to the overall success of therapy.

Lymph Nodes as an Organ at Risk (OAR)

Utilization of radiotherapy for tumor immune
activation will elevate the importance of lympho-
cytes and lymph nodes as organs at risk for treat-
ment planning. Functional lymph nodes provide
an interface for T cells and APCs draining from
tumors to interact and receive priming signals for
activation and proliferation. Marciscano and col-
leagues examined the impact of radiation target
fields that included tumor-draining lymph nodes
in a preclinical model. Mice were challenged
with flank tumors and treated with checkpoint
blockade and a single fraction of 12 Gy that
either included or omitted the regional draining
lymph nodes. The cohort that received radiation
with a field encompassing their draining lymph
nodes had a diminished tumor infiltrating lym-
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phocytes population and worse survival compared
to the cohort where draining lymph nodes were
avoided [78]. A second area of consideration is
the impact of fractionated radiation on lympho-
cytes in the peripheral blood. Ford and colleagues
modeled the radiation dose to the circulating pool
of lymphocytes. In their calculation, a single frac-
tion of 2 Gy would deliver 0.5 Gy to 5% of circu-
lating cells. Notably, a 30-fraction course would
result in >0.5 Gy to 99% of circulating blood
cells. These studies support a strategy of lymph
node sparing and the utilization of hypofraction-
ated courses of radiation to best protect the host T
cell pool if attempting to stimulate an anti-tumor
immune response. For radiation of the brain, an
additional consideration could be the anatomic
avoidance of the previously described lymphoid
drainage network that traces along the sinuses to
the cervical nodes. Louvea and colleagues showed
that ablation of meningeal lymphatics reduces T
cells and inflammatory responses in the brain in a
model of multiple sclerosis [79]. It has not been
determined how treatment such as whole-brain
radiation impacts the integrity of the brain lym-
phatic channels and, furthermore, what impact
this has on anti-tumor T cell responses within the
brain. Future preclinical studies may be needed to
explore how brain radiation specifically impacts
all of these variables.

Summary

Immunotherapy is transforming the practice of
oncology and rapidly integrating into main-
stream treatment paradigms. The utility of radio-
therapy as an adjuvant with immunotherapy is
well established by preclinical data showing how
tumor radiation releases danger signals that may
convert the irradiated tumor into an in situ vac-
cine. The rarity of abscopal effects confirms the
evidence of the robust immunosuppressive
microenvironment of established tumors.
Tipping the balance by adding immunomodula-
tors to local radiotherapy, such as checkpoint
inhibitors, can create a synergistic effect that
promotes therapeutic anti-tumor T cell responses.
Brain metastases present a unique challenge

because the brain has a distinct immune profile.
Furthermore, many clinical trials with check-
point inhibitors have excluded such patients.
Additional data regarding optimal dose, timing,
and targeting with radiation is rapidly emerging.
This data should be incorporated into new clini-
cal trials for brain metastases to ultimately
develop the most effective combinations of ste-
reotactic radiation and immunotherapy.
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