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Resident Memory T Cells
in the Tumor Microenvironment

Jason B. Williams and Thomas S. Kupper

Abstract

Tissue-resident memory T (Tgy) cells are stra-
tegically positioned within the epithelial lay-
ers of many tissues to provide enduring
site-specific immunological memory. This
unique T-cell lineage is endowed with the
capacity to rapidly respond to tissue perturba-
tions and has a well-documented role in eradi-
cating pathogens upon reexposure. Emerging
evidence has highlighted a key role for Try
cells in cancer immunity. Single-cell
approaches have identified Tgy cells among
other CD8* tumor-infiltrating lymphocyte
(TIL) subsets, and their presence is a positive
indicator of clinical outcome in cancer
patients. Furthermore, recent preclinical stud-
ies have elegantly demonstrated that Tgy, cells
are a critical component of the antitumor
immune response. Given their unique func-
tional abilities, Try cells have emerged as a
potential immunotherapeutic target. Here, we
discuss Tgy cells in the framework of the
cancer-immunity cycle and in the context of
the T cell- and non-T cell-inflamed tumor
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microenvironments (TME). We highlight how
their core features make Ty cells uniquely
suited to function within the metabolically
demanding TME. Finally, we consider poten-
tial therapeutic avenues that target Tgy cells to
augment the antitumor immune response.
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3.1 Introduction

While the immune response to cancer is incom-
pletely understood, cytotoxic CD8* T lympho-
cytes are thought to be the fundamental antitumor
effector cells. The presence of a CD8*T-cell infil-
trate is a positive prognostic marker in most types
of solid cancer [1-3] and can predict clinical
response to immune checkpoint blockade therapy
[4, 5]. Most of these therapies aim to increase the
frequency and function of tumor-infiltrating T
lymphocytes (TILs) by inhibiting the negative
regulatory pathways present in the tumor micro-
environment (TME). Despite recent advances in
immunotherapy to harness the power of these
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cells, cures remain rare, and only a subset of
patients exhibit durable responses. At present, a
fundamental objective in the field of immuno-
therapy is to understand the biological mecha-
nisms behind the lack of clinical response and to
develop new therapeutic approaches to overcome
these obstacles.

Research over the past 20 years has revealed a
network of checkpoints impeding effective T
cell-mediated tumor destruction [6]. This check-
point network can be framed into two generalized
phases: T cell homing to and entry into the tumor
site and overcoming the immunosuppressive
TME. Once within a tumor tissue, a T cells’ abil-
ity to function requires adaptation to a challeng-
ing environment. Furthermore, different cancer
tissues exhibit distinct local microenvironments.
Even different metastases within the same patient
may create distinct milieus capable of influenc-
ing T-cell function [7]. As such, T cells must be
adaptable to survive and operate in diverse and
difficult environments. The availability of nutri-
ents and oxygen, local cytokine and chemokine
concentrations, extracellular matrix components,
adhesion molecules, and commensal microbials
are among many other physiological variables.
Within this framework, a recently discovered
T-cell subset, called tissue-resident memory T
(Trm) cells, has emerged as a critical T-cell
lineage in the fight against cancer, in part because
its most distinctive feature is its ability to persist
and function within demanding tissue
microenvironments.

Memory T cells enter tissues in response to
external stimuli (for example, infection or inflam-
mation) and a subset remain as long-lived perma-
nent residents in that tissue. In this process, after
pathogen encounter, naive T cells are primed in
the draining lymph node by dendritic cells carry-
ing antigen from the site of infection. Naive T
cells differentiate into effector T cells, which
then migrate to the infected tissues to clear the
pathogen. After clearance of the infection, the
majority of effector T cells die or leave the tissue,
but some differentiate into Tyy cells that impart
long-term localized T-cell immunity with the
capacity to rapidly respond to subsequent infec-
tion. Try cells reside in most major organs and

are abundant in epithelial barrier tissues such as
the skin, lung, kidneys, and gastrointestinal and
reproductive tracts [§—10]. Commitment to tissue
of residence distinguishes Tyy from effector T
(Tgge) cells, effector memory T (Tgy) cells, and
central memory T (Tc¢y) cell subsets. It also dif-
ferentiates Try cells functionally; they can persist
in tissues for years [11, 12], display heightened
response kinetics [13, 14], exhibit a unique
metabolism [15], and are transcriptionally dis-
tinct compared to other T-cell memory subsets
[10, 16]. These characteristics are a reflection of
an adaptation to survive and function in the local
environment and highlight Tgy cells as a poten-
tially targetable population for the development
of novel immunotherapies in the fight against
cancer. In this chapter, we will discuss the funda-
mental properties of Tgy cells in the context of
cancer and approaches to target Try cells as a
cancer therapy.

3.2 Core Features of T, Cells
Bunkered in barrier tissue at the interface between
the host and environment, Tgy cells are strategi-
cally positioned to react quickly to tissue pertur-
bations, such as infection, injury, or cancer. Try
cells are not immobile within tissues: instead,
they migrate locally along components of the
extracellular matrix and blood capillary to patrol
resident tissue for signs of barrier disruption,
such as cellular distress signals produced in
response to pathogen insult or from cellular death
or injury. Try cells display a wide range of migra-
tory behavior, which is likely dictated by the
local anatomical properties. For instance, in the
dense regions of the epidermis, Tgy cells take on
a dendritic morphology and patrol at a slower
rate (0.5-1.5 pm min=") [17-19] compared to Ty
cells in the myometrium of the female reproduc-
tive tract (10 pm min=') [20] or liver sinusoids
[21]. This localized surveillance by Tgy cells in
tissues after pathogen encounter is a critical fea-
ture of immune memory and anamnestic protec-
tion against repeat pathogen exposure.

The commitment to remain in tissue after
pathogen clearance is a defining feature of Ty
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cells and has been elegantly demonstrated in
transplantation and parabiosis experiments. In
one set of foundational studies, tissues from
virally infected mice containing Tgy cells were
transplanted into naive congenic recipients,
where they were restrained within the graft [13,
22, 23] and exhibited protective functions upon
reinfection [13, 23]. In another set of experi-
ments, by fusing the circulatory system of a
virus-immune mouse with a virus-naive parabi-
ont, Try cells were found in the tissues of the
immune parabiont but not the naive parabiont,
whereas T memory cells equilibrated between
parabionts in secondary lymphoid organs (SLO,
e.g., spleen and lymph nodes) [13, 22, 24, 25].
Tissue retention is maintained by two main
mechanisms: expression of adhesion molecules,
and a lack of responsiveness to cytokines and
chemokines that direct cells back into circulation.
Important for the capacity to remain in tissues are
cell surface receptors that also function as useful
markers to define and identify Tgy cells. In this
role are an array of adhesion molecules, some
upregulated rapidly after T-cell activation (e.g.,
CD44) that are important for tissue entry, while
others are tissue-specific and are only expressed
once T cells gain access to the tissue. While the
exact mechanistic roles adhesion molecules play
are still being investigated, especially in the case
of cancer, evidence indicates that they are critical
for Try formation but are not always required for
maintenance [26]. Two well-studied adhesion
molecules, the oy integrin CD103, which pairs
with f7, and the «l integrin CD49a, which pairs
with f1 and together are called VLA-1, are found
at variable frequencies on epithelium-localized
Trum cells across many tissues [19, 26-30]. CD8*
and CD4* Tyy cells can be found in the dermal
and basement membrane regions but are more
likely to be CDI103 negative [19, 30]. While
CD103 is critical for Tgy cell formation in epi-
thelial tissues, it was found to be dispensable for
Try maintenance in models of intestinal infection
[31, 32]. Intriguingly, CD103 expression was
found to be enriched on CD8* TILs in epithelial-
derived tumors [33-35] and is important for anti-
tumor activities of CD8* TILs [33, 36, 37].
Studies inhibiting VLA-1 or CD103 by using

blocking antibodies or gene-deficient T cells
highlighted the importance of these integrins for
generating Try cells against tumors [38] and led
to a loss of tumor control [39].

Aiding in tissue retention is the refractory
nature of Ty cells to mediators that signal T cell
egress from tissues into the afferent lymphatics.
Egress is mainly dictated by sphingosine-1-
phosphate (S1P) gradients, which are established
by vascular endothelial cells. Accordingly, Ty
cells display minimal levels of the SI1P receptor
(S1P,, SIPR1) [40]. Continued unresponsiveness
to S1P is promoted by CD69, a C-type lectin that
interferes with the function of S1P,, and is
expressed on many Ty cells, especially those in
the skin [28]. Moreover, Try cells lack surface
expression CCR7, a lymphoid tissue homing che-
mokine receptor, and CD62L (L-selectin),
responsible for tethering to high endothelial
venules for entry into lymph nodes (LN). Caution
should be exercised for solely using cell surface
markers, the most common being CD103 and
CD69, for the identification of Tyy cells. CD103
is expressed on only a subset of Tyy cells and is
more enriched in epithelial sites compared to
other organs in the body [28]. While CD69 seems
to be expressed on the majority of epidermal-
localized Tgy; cells, this does not hold true for
other sites such as the kidney and liver [28].
Furthermore, CD69* T cells were found to recir-
culate in the LNs of mice [41]. Therefore, in
addition to phenotypic characterization, resi-
dency should be tested functionally by comple-
mentary  methods  including  parabiosis,
transplantation, in vivo intravascular antibody
staining, and in situ labeling of cells [42].

An important feature of Tgy, cells is their abil-
ity to provide accelerated protection against
repeatedly encountered pathogens. This function
relies on their strategic location in barrier tissues,
where pathogens are most likely to be encoun-
tered, and where epithelial cancers originate.
When a disruption in homeostasis is recognized
by Try cells, they rapidly produce effector mole-
cules that not only impede the spread of the
pathogen but also alarm and mobilize the sur-
rounding tissue into an anti-pathogen state. In
response to local secretion of alarmins such as
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ATP and IL-33, Tyy cells are reactivated and
induce a strong effector cytokine program [40,
43]. Reactivated Tgy cells can upregulate perfo-
rin and granzyme B and efficiently kill target
cells [8, 30], secrete IFN-y, TNF-a, and IL-2, and
activate dendritic cells (DCs), NK cells, and other
resident CD4* and CD8* T cells [44]. The role of
IFN-y is particularly important for protection. In
response to IFN-y, nearby cells upregulate
interferon-stimulated genes, which are critical
for resisting pathogen spread and also activate
the endothelium to express adhesion molecules
that support recruitment of immune cells.
Furthermore, it was found that TNF-a plus IFN-y
do the latter synergistically, which induced the
recruitment of Tcy and Tgy cells from peripheral
blood [45]. Reactivated Tgy; cells also contribute
directly to the recruitment of other immune cells
by producing chemokines [14, 30]. These mecha-
nisms by which Try perform their protective
functions against pathogens naturally engender
the question of whether these same functions are
also used against neoplasms. This question
remains largely uninvestigated, although recent
reports in addition to circumstantial evidence
point to an important role for Tgy cells in antitu-
mor immunity. In the following sections, we will
first focus on the similarities and differences
between the Try lineage and CD8* TILs. In par-
ticular, we review how Tgy cells may be gener-
ated against tumor antigens, the phenotypic
features of the Try cells compared to TILs, and
the transcriptional and metabolic profiles of T
cells within tumors. We explore how Tyy cells fit
within the framework of the T cell- and non-T
cell-inflamed TME and finally, we end with cur-
rent immunotherapeutic strategies under investi-
gation to target or augment the antitumor Tgy; cell
response.

3.3 Immunologic Memory

to Tumors

The immune system plays a critical role in pro-
tecting the host from cancer [46]. The innate
sensing of tumor cell-derived factors can lead to
an adaptive T-cell response through the presenta-

tion of tumor-associated antigens generated from
genetic mutations and epigenetic changes that
occur during carcinogenesis [47]. Spontaneously
primed CD8* T cells can home to tumor sites and
accumulate there, even if tumors are not com-
pletely eliminated [48, 49]. In fact, an extensive
body of work over the past 20 years suggests that
T cells frequently prune neoplastic cells from
healthy tissue throughout life [46, 50, 51]. Under
this premise, it follows that tumor antigen-
specific Ty cells likely form in response to
tumors.

Early evidence of immunologic memory
against cancer was uncovered in mice that
received autologous tumor transplantation. After
resection of 3-methylcholanthrene (MCA)-
induced tumors, mice were protected against a
subsequent challenge with the same tumor cells
but not those derived from a different MCA-
induced tumor [52, 53]. These studies were fol-
lowed by a conceptual proposal by Burnet and
Thomas, who independently posited that an
evolutionary-driven feature of the immune sys-
tem is to detect and eliminate incipient tumors
that arise in tissues susceptible to genetic muta-
tions, such as the highly proliferative epithelium
[54, 55]. This theory evolved into what is known
today as “cancer immunoediting” [56]. However,
it is still unclear as to the relative involvement of
different effector and memory T-cell subsets in
the antitumor immune response.

Circumstantial evidence from human tumor
biopsies pointed toward Tgy cells as a major
T-cell population found within tumors. CD8*
TILs isolated from biopsies of human solid
tumors often express markers characteristic of
residency, including CD103 [33, 34, 57], VLA-1
[39], and CD69 [33, 57]. Although phenotypic
similarity alone is not adequate to identify Ty
cells, transcriptional profiling of CD8* TILs from
human tumors has revealed a Tyy; cell gene signa-
ture, in at least a subpopulation of CD8" TILs
[33, 34, 58]. The detailed study of the Tgy cell
response to cancer has been hampered by a lack
of robust mouse models. Mice are kept in abnor-
mally hygienic Specific Pathogen Free (SPF)
barrier facilities, the most common mouse hus-
bandry practice, and hence lack key characteris-
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tics of the human immune systems due to a lack
of exposure to common pathogens. Perhaps most
importantly, SPF laboratory mice contain fewer
Trm cells and have a naive immune phenotype
more similar to the immune profile of human
neonates rather than adults [59, 60]. SPF facili-
ties also prevent exposure to environmental car-
cinogens, which may be important for the natural
pruning of neoplastic cells and the formation of
Try cells against future cancers. Several studies
have circumvented this limitation by populating
the skin with Tgy cells before tumor challenge by
vaccination [61, 62], resection of a growing
tumor [38], or epicutaneous engraftment of tumor
cells [63]. These studies revealed that Ty cells
can indeed form against tumors and if the tumor
is successfully eradicated, the resulting Tgy; cells
display antitumor properties that are distinct
from those of circulating memory T cells.

It is important to keep in mind that the suc-
cessful initiation of an immune response against
an established tumor will inevitably lead to a het-
erogenous CD8* TIL population, which includes
Try and circulating effector and memory cells.
This heterogeneity makes understanding the biol-
ogy of a given CD8* TIL subset very difficult, as
there is no current way to identify Ty cells ver-
sus newly recruited T cells expressing Try-like
phenotypic markers. In addition, it remains
unknown whether bona-fide Tyy cells can form
within an established tumor, as structural and
molecular features within tumors differ from nor-
mal tissues. Nevertheless, it is clear that many
tumors are populated by CD8* TILs that display
a tissue-resident phenotype, and recent studies in
mice clearly demonstrate a role for Ty cells in
antitumor immunity.

3.4 Tumor-Antigen Specificity

The three tenets of cancer immunoediting
describe different phases of the antitumor
immune response: elimination, equilibrium, and
escape [64]. During the elimination phase,
nascent transformed cells are effectively pruned
by the immune system from otherwise healthy
tissue. This presents a dichotomy regarding the

formation of Try cells against neoplastic tissue:
those that successfully eliminate nascent trans-
formed cells thus preventing tumor development,
and those that form after a tumor is established,
during the equilibrium or escape phases. In the
latter situation, the cues within the TME influ-
encing Tgy cell formation are likely to be differ-
ent from those experienced in normal tissue. The
immunological mechanisms pertinent to Tgy cell
formation in these two scenarios remain to be
elucidated.

Certain steps and features in the cancer-
immune cycle are required regardless of the envi-
ronmental cues influencing Tgy differentiation,
and most important of these is tumor antigen
reactivity.

At the core of the endogenous antitumor
immune response are T cells that have the ability
to recognize tumor-specific antigens. Tumor anti-
gens can fall under three main classifications:
tumor-specific, tumor-associated, and cancer-
testis antigens [65]. Tumor-specific antigens, also
referred to as neoantigens, are absent from nor-
mal cells and recognized as foreign by the host
immune system. They are derived from non-
synonymous driver or passenger mutations and
viral genes [66]. Since tumors are derived from
normal self-tissues, how neoantigens arise and
how the innate immune system initiates an effec-
tor rather than a tolerogenic adaptive immune
response had been unclear. Recent data have indi-
cated that many tumor-specific antigens are
derived from mutational processes that also drive
oncogenesis. Defects in DNA repair machinery,
exposure to mutagens (e.g., UV light and tobacco
smoking), and abnormalities in enzymes that
modify DNA can lead to somatic mutations,
genome translocations, and alterations in gene
expression as part of the process of carcinogene-
sis [47]. These processes lead to diverse muta-
tional landscapes, with some commonly mutated
oncogenes or tumor-suppressor genes that are
characteristics of certain cancer types but also
defined by a spectrum of unique mutations spe-
cific to an individual tumor [67].

It is clear that multiple cancer types can be
infiltrated by CD8* T cells, and in many cases, a
proportion of these T cells are tumor-antigen



44

J. B. Williams and T. S. Kupper

specific. However, recent evidence questions this
central dogma by suggesting that tumor resi-
dency does not always translate to tumor-
specificity. Profiling T-cell reactivity among
CD8* TILs in human tumors with MHCI tetra-
mers or cloning TCRo/f pairs from intratumoral
T cells revealed that nearly all tumors analyzed
were infiltrated by both virus-specific and tumor-
specific CD8" T cells [68-71]. To distinguish
bystander from tumor-reactive T cells, expres-
sion of the ATP catabolizing ectonucleoside,
CD39, was found to be a promising marker for
tumor reactivity. Expression of CD39 correlated
with Tgy genetic signatures and with co-
expression of other resident markers, namely
CD69 and CD103 [34, 69, 72]. Deciphering
whether a TIL expressing Try phenotypic mark-
ers is a recent immigrant or resident cell remains
a challenging problem in the field, especially
with human tumor samples. Nevertheless, it is
clear that many tumors are populated with tumor-
reactive CD8* TILs that display a tissue-resident
phenotype.

3.5 Innate Immune Factors
Regulating Antitumor T-Cell

Responses

Local activation of APCs is a required initiating
step for a productive adaptive T-cell response
against tumor antigens. The innate signaling
pathways involved in this activation step were
first hinted in transcriptome profiling of human
tumors, where a type I IFN gene signature was
found to correlate with a T-cell infiltrate [48, 73].
Mice deficient in genes involved in IFN signal-
ing, IFNAR, and STATI, could not control
immunogenic tumors [49, 74]. Ultimately, the
required APC cell population receiving the type I
IFN signals were mapped to a rare population of
CD8a positive classical dendritic cell (cDCI).
cDCls are known for their ability to cross-present
antigens and are developmentally dependent on
the transcription factors Batf3 and IRFS8 [75, 76].
cDCls are also important for the generation of
Trym cells in the skin and lung. Batf3-deficient
mice exhibit blunted Tgy; development in the skin

after intradermal vaccinia virus (VACV) immuni-
zation [77]. Given the essential role cDCls play
in priming CD8* T cells against tumor antigens, it
is likely that they are also critical for Tgy forma-
tion against tumors; however, detailed studies
addressing this question remain to be performed.

The functional role for type I IFNs prompted
the next level question regarding the nature of the
damage-associated molecular pattern (DAMP)
that could induce type I IFN production in a ster-
ile tumor without pathogen exposure. Early stud-
ies identified several DAMPs that could be
released by stressed or dying tumor cells that
subsequently could lead to productive T-cell
priming. For example, high-mobility group pro-
tein B1 (HMGB1) binding to TLR4 and extracel-
lular ATP binding to the P2X7 purinergic receptor
triggering activation of the NLRP3 inflamma-
some were both reported to induce DC matura-
tion and subsequent activation of anti-tumor T
cells [78, 79]. In apparent contrast to inducing
DC maturation, extracellular ATP can also impact
Trm cell maintenance. Tgy cells can express
P2RX7, which induces cell death when triggered
[80]. However, attrition of Ty cells can be fine-
tuned by their ability to regulate local ATP con-
centrations through the action of the ectoenzyme
CD39. Beyond HMGB1 and ATP, tumor-derived
DNA was found to be a potent initiator of the
endogenous antitumor immune response [81,
82]. DCs recruited to the TME were found to take
up tumor-derived DNA leading to stimulator of
interferon genes (STING)-dependent production
of type I IFNs [83]. Besides DCs, endothelial
cells of the tumor vasculature were also reported
to produce type I IFNs in response to STING
activation [84]. STING signaling not only acti-
vates DCs but also induces the upregulation of
adhesion molecules on endothelial cells of the
tumor-associated vasculature, a critical step for
T-cell extravasation into the tumor [85]. STING
is an endoplasmic reticulum adaptor that is acti-
vated by cyclic dinucleotides generated by
cGAMP synthase [86]. The mechanism by which
tumor-derived DNA can gain access to the cyto-
sol to activate the STING pathway has yet to be
elucidated. But consistent with this mechanism,
immunogenic tumors fail to be rejected and grow
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progressively in mice lacking STING and sponta-
neous priming of CD8* T cells against tumor
antigens is nearly ablated [81, 82, 87]. The cel-
lular cues alerting the immune system of a
nascent tumor are just starting to be uncovered.
Mouse models highlight an important role for
sensing tumor-derived DNA. Whether this occurs
in the absence of spontaneous tumor cell death
remains to be determined.

3.6 Antigen-Presenting Cells:
The Gatekeepers
of the Antitumor T-Cell

Response

The process by which DCs are initially recruited
to the tumor site is not fully understood and likely
depends on the chemokine repertoire produced
by tumor cells or the surrounding tissue.
Alternatively, a subset of DCs exists at steady-
state in barrier tissues, such as the CD103* vari-
ety found in the skin [88], and therefore local
activation may not require DC recruitment from
the periphery. In support of this notion, it was
found that CD103* DCs were uniquely capable in
the uptake of tumor antigens and trafficking to
the lymph node to prime CD8* T cells (Fig. 3.1)
[89]. Regardless of the mode of DC recruitment,
tumor cells can acquire the ability to produce
chemokines that can contribute to their own
growth, survival, and metastasis [90]. Genomic
aberrations such as oncogenic pathways can
impact the array of chemokines expressed. In a
melanoma model, B-Raf pathway activation led
to the production of the chemokine CCL4, which
contributed to the recruitment of ¢cDCls in a
CCRS5-dependent manner [87]. Taken together, it
is likely that both tissue-localized and circulatory
DCs can effectively prime CD8* T cells, indicat-
ing another layer of control for effective T-cell
responses. Nevertheless, delineating the anatomi-
cal logistics of DC activation will be important
for determining which DC populations can be
effectively targeted as a cancer therapy.

After DC activation by type I IFN at the site of
tumor formation, DCs traffic to the draining
lymph node to prime tumor-antigen-specific

naive T cells. T-cell priming encompasses a com-
plex series of spatial, biochemical, transcrip-
tional, proliferative, and differentiation events
that engender clonal populations of activated T
cells with effector and tissue-homing programs
[91]. The tissue-homing program is characterized
by expression of specific chemokine receptors
responsible for correctly trafficking T cells to the
site of an infection or tumor and aid in entry into
the tissue. The CXC-chemokine receptor 3
(CXCR3) has an intriguing role, as it was shown
to be important for T-cell entry into many
inflamed peripheral sites [92]. Adoptively trans-
ferred antigen-specific CXCR3-deficient CD8" T
cells failed to traffic to infected skin [26], vaginal
epithelium [93, 94], and melanoma [95].
Antibody-mediated blockade of CXCR3 pre-
vented T-cell infiltration in a model of pancreatic
ductal carcinoma [96]. It must be noted that
CXCR3 was not required for tissue infiltration in
all experimental systems. For instance, CXCR3-
deficient mice displayed similar numbers of skin-
infiltrating T cells after cutaneous VACV
infection and B16F10 [97] tumor engraftment
[98], suggesting the existence of compensatory
mechanisms. Beyond its role in aiding T-cell
entry into tissues and tumors, CXCR3 was also
shown to play an active role in Tgy generation
within tissues [26], possibly through influencing
intra-tissue migration [99] and cell—cell interac-
tions [100, 101]. Consistent with this latter role,
CDS8* TIL interactions with cDCls were medi-
ated by CXCR3, which was critical for the effec-
tiveness of anti-PD-1 blockade in mice [98].

A strong correlation between the presence of
CD8* T cells and expression of the CXCR3
ligands, CXCL9 and CXCL10, has been observed
across a range of tumor types [48, 102, 103]. The
source of these chemokines in early recruitment
of CD8* T cells was initially attributed to tumor
cells [48, 104] or activated keratinocytes [26];
however, in a murine model of oncogene-induced
melanoma, cDC1s were identified to be the major
source of CXCL9 and CXCL10 within the TME
and those DCs were required to recruit activated
CDS8* T cells to the tumor site in a CXCR3-
dependent manner [87]. Similar results were
found in an engraftable tumor model using a dual
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Fig. 3.1 Tru cells in the context of T cell-inflamed, T

cell-excluded, and non-T cell-inflamed tumors. DCs
acquire tumor antigens and traffic to the LN where they
prime T cells. Studies in mice indicate that the Batf3-
lineage DC is particularly critical in this process. TGF-
signaling in the LN can precondition T cells to become
Tru cells upon entering their target tissue prior to tumor
development. This suggests the possibility that preexist-
ing Ty cells are present in many tumors, despite the fail-
ure at a later time to recruit new T cells. Try cells may be
an actionable target to disrupt the non-T cell-inflamed
phenotype. T cell infiltration into tumors is regulated by
many factors. A lack of T cell priming can occur when
DCs are not recruited to the TME, for instance in the case
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of tumor-intrinsic f-catenin activation (non-T cell-
inflamed). The tumor vasculature can also diminish T cell
influx when adhesion molecules are not upregulated or
induce T cell apoptosis via Fas-FasL interaction (both T
cell-excluded and non-T cell-inflamed). TGF-f in the
TME can act on cancer-associated fibroblasts to exclude T
cells to the marginal area (T cell-excluded). In response to
proper homing signals, such as CXCL9 and CXCL10 and
adhesion molecule expression on vascular endothelium, T
cells migrate into the tumor leading to the T cell-inflamed
phenotype. This phenotype exhibits an IFN-y-gene signa-
ture, which correlates with responsiveness to checkpoint
blockade therapy
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reporter for CXCL9 and CXCL10, where CD11b*
DCs were also producing these chemokines [98].
In summary, DCs play a critical role in regulating
the antitumor immune response, acting as sen-
tries for detecting the initial cellular cues pro-
vided by nascent tumors. The cDC1 subset is
critical for priming and recruiting CD8* T cells to
the tumor site, and for providing a stimulus to T
cells within the tumor.

3.7 Trm Cell Commitment,

Maintenance, and Function

T-cell memory encompasses not just the antigen
for which a TCR is specific, but also the anatomic
site of T-cell activation. The initial site of T-cell
priming imprints chemokine receptors and adhe-
sion molecules that biases migration to a specific
tissue or organ where the pathogen is first encoun-
tered [105]. Upregulation of tissue-specific che-
mokine and adhesion molecules occurs after
T-cell stimulation in coordination with molecular
cues encountered in secondary lymphoid organs
(SLOs) [106]. For example, in conjunction with
TGF-f and retinoic acid, DCs that emigrate from
intestinal tissue induce expression of oyp; and
CCR9 on T cells within the mesenteric lymph
nodes, guiding T cells to inflamed sites within the
intestine [107].

Migratory potential seems to be lost over time
as Tggr cells isolated from the spleen 7 days after
LCMYV infection failed to generate Tgy cells [22].
This raises the question of whether Ty cells are
restricted to only populate sites of infection. In
this scenario, the Tyry-arm of immunological
memory would be compromised if the pathogen
is re-encountered elsewhere in the body.
Addressing this question, it was found that Tgy
cells populated distant non-infected skin sites in
response to skin-localized vaccinia virus infec-
tion [24]. In addition, overlapping TCR reper-
toires were found between Tqy and Try cell
populations after skin immunization, which
points to a common naive T-cell precursor and
suggests that Ty, cells can serve as a reservoir for
the formation of Tgy cells upon re-challenge

[108]. In support of this notion, Ty cells possess
stem-like properties [109], a feature shared with
Try cells, and after transfer into a naive host, Ty
cells can differentiate into Tgy cells upon re-
challenge [61]. These findings revealed addi-
tional pathways for the formation of Tgy cells,
providing protection at sites secondary to the ini-
tial pathogen encounter. It also suggested that at
least part of the Ty genetic program is initiated
in SLOs, while the final commitment steps occur
in tissue. This is supported by a recent study pro-
posing a mechanism where naive T cells are pre-
conditions to become Ty cells after interacting
with cognate antigen, cDCs, and TGF-§ in the
LN [110]. The full extent of the genetic determi-
nants permissive for Try development initiated in
the LN remains to be elucidated.

In the early phases after T-cell priming and
entry into target tissue, T cells are endowed with
the capacity to patrol and eliminate infected or
cancerous cells. Signals within the peripheral tis-
sue environment aid in this transformation by
heightening cytotoxic capacity and cellular
motility. One example is TGF-p, which has a
well-documented role in the induction of the Tyy
phenotype. In response to TGF-p, T cells enter-
ing epithelial tissue upregulate CD103 and down-
regulate the transcription factor KLLF2, a promoter
of SIPRI1, which together enforce tissue resi-
dence [40]. CD103 is not only important for
retaining T cells within tissues, it contributes to
T-cell movement toward tumor regions [36],
enhances cytotoxic functions against tumor cells
[111], and can convey survival signals [26, 29].
These functional roles may help explain why the
intratumoral expression of CD8 and CD103 is a
more robust prognostic indicator of overall sur-
vival and predictor of response to anti-PD-1 ther-
apy than CDS alone [33, 34, 112]. However, an
alternative possibility for this observation is that
CD103 may identify the critical cDC1 popula-
tion, which has been linked to the efficacy of
anti-PD-1 therapy [98, 113].

After successful elimination of infected cells,
T cells undergo a contraction phase where they
can die by apoptosis, enter the circulation to
become Ty or Tgy cells, or remain in the tissue
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to become Tgry cells. The selection of cells enter-
ing the Try-lineage may not entirely be stochas-
tic, but likely depends on the differentiation state,
expression of pro-survival cytokine receptors and
adhesion molecules, and transcriptional regula-
tion. For example, homeostatic cytokines, namely
IL-7 and IL-15, are important for Tgy formation.
However, their requirements are heterogenous
among different tissues. IL-15 and IL-7 signaling
is critical for Tgy formation in the skin, kidney,
and liver, but not for the female reproductive
tract, pancreas, or small intestine [114—117].
During the T-cell response to a pathogen, it
remains unclear when commitment to the Try
lineage occurs. Highly differentiated cells that
are marked by high KLRG-1 and low IL-7R
expression fail to differentiate into Ty cells [26,
32, 117]. However, using a KLRG-1 lineage trac-
ing mouse model, it was found that T cells which
downregulated KLRG-1 but retained IL-7R
expression during the contraction phase were
able to differentiate into Tgy cells [117]. Thus,
expression of KLRG-1 does not exclude cells
from entering the Ty cell fate and its downregu-
lation before Tgy-formation may indicate escape
from a terminally differentiated state. Consistent
with this notion, Ty cells do not express KLRG-1
at steady state and local antigen persistence is not
required for Tgy maintenance in some tissues
[29, 118]. On the other hand, KLRG-1 is upregu-
lated after antigen stimulation [119]; therefore, it
is intriguing that CD8* TILs generally do not
express KLRG-1 despite the presence of local
cognate antigens [120, 121]. However, in
response to checkpoint blockade therapy or ago-
nistic antibodies against co-stimulatory recep-
tors, KLRG-1 is upregulated, which correlates
with greater antitumor activity and indicates a
transition into a more effector-like state [122,
123]. In summary, Ty differentiation may be ini-
tiated in the LN and finalized in the tissue. The
steps toward Tgy commitment involve local cyto-
kine signals, which can vary among different tis-
sues. The exact mechanism driving differentiation
and commitment, as well as markers identifying
Tru-precursors, remains to be elucidated.

3.8 Trm Cells and Tumor Immune

Exclusion

Despite the ability of the immune system to rec-
ognize cancer cells, not all patients respond to
checkpoint blockade therapy. Anti-PD-1/PD-L1
therapy exhibits an almost bimodal response.
Some patients experience complete eradication
of tumors, while a majority derive little or no
clinical benefit. To explain this dichotomy, gene
expression profiling across all cancer types has
revealed that tumors can be classified into three
major subsets, the T cell-inflamed, T -cell-
excluded, and non-T cell-inflamed based on the
relative abundance of T cell-related transcripts
(e.g., CD8A, GZMA, PRFI1, and IFNG) and
location of T cells relative to the tumor core
(Fig. 3.1) [4, 124-127]. By segregating tumors
this way, it was found that the majority of patients
responding to checkpoint blockade therapy con-
tained a T cell-inflamed tumor phenotype [4],
suggesting that in these patients, the immune sys-
tem has been restrained while remaining primed
for reinvigoration. However, some patients within
this subset fail to respond to checkpoint blockade
therapy, indicating that additional resistance
mechanisms must be overcome to achieve effec-
tive clinical responses [128, 129].

The non-T cell-inflamed subtype of tumor is
remarkably devoid of immune cell signatures,
including the negative regulatory pathways nor-
mally seen in the T cell-inflamed tumor. Exclusion
of T cells from the tumor may result from the
breakdown of key events required for successful
T-cell recruitment. These include innate immune
activation, chemotaxis, and extravasation into the
tumor or surrounding tissue, and penetration
from peritumoral space into the tumor bed. The
mechanisms behind the evolution of non-T cell-
inflamed tumors are currently under intense
investigation and recent observations have helped
to understand this phenotype. Genetic events
with oncogenic potential include those that
increase immune evasion. For example, activa-
tion of the Wnt/p-catenin pathway led to a loss of
chemokines critical for the recruitment of the
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Batf3-DC lineage to the tumor site, and thus a
failure to activate the innate immune system
[127, 130]. Inactivating mutations or deletions of
PTEN led to activation of the PI3K-AKT path-
way and subsequent decrease in tumor cell
autophagy, thereby diminishing innate immune
activation and T-cell priming [131]. The non-T
cell-inflamed TME appears to be independent of
nonsynonymous mutation load, indicating that a
lack of immunogenic T-cell antigens does not
drive exclusion [132]. However, tumor evolution
in response to immune pressure can lead to tumor
cells with defects in antigen presentation machin-
ery. Many of these cases were documented from
patients that developed acquired resistance to
immunotherapies through loss of function muta-
tions in B2M and HLA genes [133-137].
Neoantigen loss also contributes to immune
resistance through selective killing of tumor sub-
clones or gene silencing via epigenetic processes
and chromosomal deletions can lead to an overall
decrease in tumor immunogenicity [138, 139].
The tumor-associated vasculature is also a
critical barrier regulating T-cell infiltration [140].
A network of arterioles, capillaries, and postcap-
illary venules provide avenues for T cells to enter
the tumor peritumorally though the tumor stroma
or intratumorally through the tumor parenchyma.
Unlike peritumoral blood vessels, which can be
derived from exiting normal endothelium, intra-
tumoral vessels are often found to be immature
[141]. This immaturity is driven by rapid angio-
genesis when the metabolic demands of the
tumor surpass the supply of the local vasculature.
In response, tumors produce angiogenic factors,
including vascular endothelial growth factor
(VEGF), angiopoietins, and thrombospondins to
induce the formation of new blood vessels. These
angiogenic factors contribute to leaky and chaoti-
cally organized vessels, which often express low
levels of adhesion molecules (e.g., E/P-selectin,
ICAM-1/2, VCAM-1, and VAP-1) [141-146],
fail to respond to inflammatory stimuli [147,
148], and can express FasL to directly kill antitu-
mor T cells [149]. Additional players in tumor
angiogenesis are pericytes, which surround blood
vessels and contribute to new blood vessel forma-
tion and immune cell trafficking. Pericyte pheno-

type and coverage along the tumor vasculature
are often found to be abnormal when compared
to normal adjacent vasculature [150].
Interestingly, immune cells can interact with
pericytes in a positive feedback loop resulting in
normalization of blood vessels and immune-
favorable changes in the TME such as hypoxia
mitigation [151]. Similarly, genetic deletion of
the G-protein signaling component Rsg5 induced
pericyte-mediated vasculature normalization and
increased T-cell recruitment [152]. These studies
indicated that pericytes associated with the tumor
vasculature have abnormal activity and distribu-
tion. Normalization of pericyte function to pro-
mote T-cell infiltration into the TME may be a
potential therapeutic approach. Entry into the
TME via the peritumoral route also contains hur-
dles for T cells. Stroma surrounding the tumor
often contains immune-suppressive cell popula-
tions such as cancer-associated fibroblasts
(CAFs), myeloid-derived suppressor cells, and
tumor-associated macrophages. CAFs sterically
inhibit T-cell ingress into the tumor through the
synthesis of a dense extracellular matrix [153,
154]. Overall, endothelial cell immaturity,
anergy, and pericyte abnormality diminish T-cell
infiltration directly into the tumor parenchyma,
diverting T cells to enter via perivascular routes,
where the dense ECM of the tumor stroma can
border T cells.

When considering immune exclusion in the
context of Tgy cells, there is the possibility that
Try cell localization at tumor sites precedes
tumor formation. Given the patrolling nature of
Trum cells and their relative abundance within tis-
sues (a recent study found around 500 Ty cells
per mm? in healthy human skin [19]), the ques-
tion arises as to how some tumors can apparently
develop without T cells present. One possibility
lies in how T-cell infiltration is calculated. While
methods may differ, quantification of T-cell infil-
trations from RNASeq data is generally scored
based on relative expression of a T cell-related
gene signature. Therefore, non-T cell-inflamed
samples may contain RNA transcripts below a
defined threshold, but this does not translate to a
complete lack of T cell-related transcripts. Thus,
T cells may be present at low frequency in non-T
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cell-inflamed tumors, which may represent a pre-
existing Try cell population. This is consistent
with recent findings that in some T cell-containing
tumors the majority of T cells are specific for
commonly encountered viruses (e.g., EBY,
CMYV) and not tumor antigens [69, 70]. However,
studies quantifying T-cell infiltration by histol-
ogy clearly identify tumors that are devoid of T
cells, termed “immune-desert”, or T cells that are
retained to the peritumoral area, termed “immune-
excluded” [6]. These phenotypes suggest that
tumors may actively exclude T cells.

Active exclusion of T cells may involve
sequestering T cells to peritumoral regions via
coinhibitory receptor interactions such as
PD-1:PD-L1. Biopsies taken before and after
anti-PD-1/PD-L1 therapy show an increase in
tumor penetration after treatment [155]. Another
possibility is adhesion molecule-mediated reten-
tion of T cells in the stroma. Recent studies pro-
vide evidence for a role of TGF-f in driving
peritumoral T-cell retention. While TGF-f exerts
positive immune effects on Ty cell differentia-
tion and function, the abundance of TGFB tran-
scripts in the tumor also correlates with poor
prognosis in multiple cancer types [156—158].
Indeed, the role of TGF-f in cancer immunity is
complex and contextual, exhibiting pleotropic
effects on cancer, stromal, and immune cells
within the tumor [159]. TGF-p can be co-opted
by cancers to promote their progression by evad-
ing the growth-inhibitory effects through inacti-
vating mutations in the TGF-f} signaling pathway
and maintaining the immune suppressive effects
on surrounding stroma and immune cells. In par-
ticular, TGF-f signaling in CAFs was associated
with poor prognosis in colorectal cancer [160,
161]. Furthermore, transcriptome analysis of
tumors from patients with metastatic urothelial
cancer refractory to the PD-L1 antagonist atezoli-
zumab had an enrichment for genes involved in
the TGF-p signaling pathway. This enrichment
correlated an immune-excluded phenotype [162].
Similar evidence was found in a genetically engi-
neered mouse model of colorectal cancer. In this
model, combinatorial oncogenic mutations led to
metastatic tumors with an immune excluded phe-
notype and TGF-f transcriptional signature.

Interfering with TGF-p via blocking antibodies
or a small molecule inhibitor for TGFBR1 redis-
tributed T cells into the intratumoral zone and
sensitized mice to PD-L1 blockade therapy [163].
Taken together, an interesting relationship
emerges between the Tgy-promoting and the
immune-excluding effects of TGF-p, where the
sum of the effects results in retainment of immune
cells to peritumoral regions.

3.9 T-Cell Dysfunction

The defining features of Tgy cells: tissue resi-
dency, tissue patrol, and rapid response to stimu-
lus, have mainly been described under conditions
of tissue homeostasis after pathogen clearance. In
the context of chronic infection or persistent anti-
gen exposure, less is known about Ty differen-
tiation or how the Tgy genetic program is
influenced. However, it is well known that T cells
isolated from tumors or from secondary lym-
phoid organs during chronic viral infections are
dysfunctional or exhausted. Much of the knowl-
edge surrounding T-cell dysfunction is derived
from in vivo models of chronic viral infections,
in particular clone 13 LCMV. In this model, anti-
gen is continuously present, which drives the
breakdown of immunological memory formation
and pushes responding T cells into a state termed
exhaustion, which is characterized by a gradual
and sequential loss of effector functions [164—
166]. Furthermore, continuous TCR signaling
induces an NFAT-driven transcriptional program,
promoting the expression of inhibitory receptors,
including PD-1 [167, 168], which in turn blunts
CD28 co-stimulatory receptor signaling in a
SHP2-dependent manner [169]. Other in vivo
studies found that SHP2 was dispensable for pro-
moting exhaustion; thus, similar phosphatase-
recruiting inhibitory receptors may compensate
[170]. In fact, both tumor-antigen specific TILs
and exhausted virus-specific CD8" T cells upreg-
ulate and maintain expression of an array of co-
inhibitory receptors, including CTLA-4, TIM-3,
TIGIT, and LAG-3, in addition to PD-1 [120,
121, 171-173]. Engagement of these receptors
has been shown to blunt proliferation and
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cytokine production by T cells, and blocking
interactions between these receptors and their
corresponding ligands can restore T-cell function
[120, 174, 175]. Due to these key features that
parallel chronic infection and cancer, persistence
of antigen and expression of inhibitory receptors
on T cells, it has long been proposed that dys-
functional CD8* TILs resemble virally exhausted
CD8* T cells. Some studies have found similari-
ties between these two cellular states [121, 176].
Other studies have found significant differences.
For example, despite expression of inhibitory
receptors, CD8* TILs were found to not be func-
tionally inert and retained the capacity to prolif-
erate, produce cytokines, and lyse target cells
[120, 174, 177]. Under the latter premise, it is
unclear why a tumor is not controlled by the
immune system despite a tumor-reactive T-cell
infiltrate with tumoricidal properties. This ques-
tion and the discrepancy surrounding T-cell func-
tionality between chronic viruses and cancer
have been looming in the background for many
years [178] and not until recently, with the tech-
nological advances of single-cell genomic analy-
ses, has a more encompassing picture emerged.
Investigations into CD8* TIL biology using
single-cell RNA sequencing (scRNA Seq) tech-
nology have revealed previously unappreciated
transcriptional heterogeneity. Clustering of sin-
gle cells based on the expression of core genetic
signatures suggests a developmental continuum,
at least for some T-cell subsets. This type of anal-
ysis has revealed similar CD8* TIL subsets across
many human cancers including human lung
cancer [179-181], breast cancer [58, 182], liver
cancer [183], colorectal cancer [184], and human
and mouse melanoma [176, 185, 186]. In addi-
tion, the immune cell infiltrate appears to differ
significantly depending on the tumor tissue type,
the individual patient, and even among different
metastasis sites within the same host [7]. Host
genetics and environmental influences such as
the composition of microbiota can have a
profound impact on the transcriptional landscape
of tumor-infiltrating immune cell populations
[187, 188]. Despite much observed heterogene-
ity, these studies revealed several key CD8* TIL
populations that are commonly found across

many tumor types. One of the most abundant
T-cell types are dysfunctional CD8* TILs, char-
acterized by expression of inhibitory (e.g., Pdedl,
Havrc2), co-stimulatory (e.g., Tnfrsf9), effector
cytokines (e.g., Ifng, Gzmb), and cell cycle
genes. This population usually contains many
expanded clones, suggesting tumor specificity,
and is often actively proliferating. Generally,
within this population is a subset with a transcrip-
tional signature similar to Tgy cells that has been
described in mice and humans [58, 179, 180,
186]. However, the precise relationship between
Trum cells and infiltrating T cells is not well char-
acterized. Memory T-cell populations, including
Tem and Tgy were identified as having lower
expression of inhibitory receptors while retaining
expression of effector molecules (e.g., Gzmk and
Prfl) and in the case of T¢y, expressing genes
important for circulating among secondary lym-
phoid organs (e.g., Sell and Cer7). Finally, a new
stem-like T-cell population was found, which
was characterized by the expression of genes that
promote self-renewal properties (e.g., Tcfl)
[189].

A primary goal of checkpoint blockade is to
reinvigorate T cells into a state of potent effector
function. It follows that determining the T-cell
populations responding to checkpoint blockade
can have important clinical implications for
selecting patients who are more likely to respond.
An analysis of immune cell infiltrates responding
to anti-PD-1 therapy revealed that the presence of
the CD8* TCF7* stem-like TIL population indi-
cated a greater probability of a clinical response
[185]. Furthermore, studies have suggested an
interplay between the stem-like and dysfunc-
tional CD8* TIL populations, where the stem-like
cells act as long-lived progenitors for the dys-
functional population [176, 190]. Since the stem-
like population expresses intermediate levels of
PD-1, it is thought that they are antigen experi-
enced. Furthermore, PD-1 was found to promote
survival of this population by preventing over-
stimulation [191]. This population expresses
SLAMG6 and CXCRS5 and has antigen-independent
self-renewal properties [176, 192]. In response to
anti-PD-1 therapy, T cells from the stem-like
population differentiate and expand into effector
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cells with a dysfunctional phenotype [176, 185,
192]. Integration of these datasets indicates that
transitional response to anti-PD-1 therapy first
gives rise to potent cytotoxic T cells, which over-
time enter into a dysfunctional state [192—-194].
In line with this evidence, TCR sequence analysis
revealed an overlap between the dysfunctional
and stem-like T-cell populations, suggesting a
clonal relationship. In addition, adoptive transfer
of the stem-like TIL population into tumor-
bearing mice further demonstrated their transi-
tion into the dysfunctional phenotype [176, 185].
Importantly, dysfunctional CD8* TILs can also
respond to checkpoint blockade. In one proposed
mechanism, it was found that CD8* TILs undergo
a futile cycle of proliferation and apoptosis at
steady state, which was reversed by agonistic
anti-4-1BB plus anti-PD-L1 antibody treatment
or by inhibiting Fas—FasL interactions [174,
175]. Similarly, targeting co-stimulatory recep-
tors such as 4-1BB, GITR, and OX40, or other
co-inhibitory receptors like LAG-3, both of
which are absent or lowly expressed on stem-like
TILs, can restore CD8* TIL function and induce
tumor control [195]. Taken together, blocking
PD-1 may stimulate PD-1* TCF7* stem-like
CD8* TILs, giving rise to potent effector cells.
Although these cells may eventually enter into a
dysfunctional state, dysfunctional cells can be
reinvigorated in response to the same anti-PD-1/
PD-L1 therapy. Developing a more comprehen-
sive understanding of the clonal and functional
relationships between the stem-like population,
Try cells, and dysfunctional CD8* TILs is an
investigational priority with considerable thera-
peutic implications.

In response to cognate antigen recognition, T
cells undergo a metabolic switch from oxidative
phosphorylation (OXPHOS) and fatty acid oxi-
dation (FAO) to aerobic glycolysis and glutami-
nolysis. While energetically less efficient, this
allows for the rapid production of biosynthetic
molecules such as nucleotides, amino acids, and
lipids that are required for clonal expansion and
the acquisition of effector functions [196].
Similarly, cancer cells use more aerobic glycoly-
sis and glutaminolysis compared to normal cells
to support their rapid growth. This, in combina-

tion with poor angiogenesis, nearly depletes
exogenous glucose and fills the tumor with
hypoxic regions. In addition, uncontrolled cell
growth and necrosis can lead to a buildup of
byproducts such as lactate and extracellular
potassium that can interfere with T-cell function
[197, 198]. Accordingly, after entering the TME,
T cells undergo profound metabolic changes in
response to competition with tumor cells for
nutrients. For instance, in melanoma and renal
cell carcinoma, CD8* TILs exhibited severely
diminished glycolysis and mitochondrial func-
tion [199, 200]. In a preclinical model, CD8*
TILs in tumors exhibiting low glycolytic activity
maintained tumoricidal activity, while those in
high glycolytic tumors did not. These data high-
light a local competition for glucose that can
impede the antitumor functions of T cells and
impair immunotherapy [201, 202]. Due to these
metabolic constraints, CD8" TILs developed the
altered metabolism necessary to support survival
and function. For example, in response to hypoxia
and hypoglycemia, CDS8* TILs upregulate
PPAR-« signaling and increase FAO of exoge-
nous lipids and decrease glycolysis. When treated
with a PPAR-a agonist, CD8* T cells displayed
enhanced cytolytic function after adoptive trans-
fer into a tumor-bearing host [203]. A shift to
FAO after entering the TME is also partially due
to PD-1 signaling, which can inhibit glycolysis
and promote FAO [204]. In the face of a meta-
bolically hostile TME, Tgy; cells may therefore be
ideally suited to function within a tumor. As Ty
cells differentiate, they adapt to the metabolic
constraints and available energy resources in
their residing tissue. For example, Tgy cells that
reside in the skin epidermis, which is avascular
and relies on diffusion for nutrients [205, 206],
have altered their metabolism to function with
less oxygen and glucose. This is accomplished
through mitochondrial beta oxidation using
exogenous FAs scavenged from the surrounding
environment [15, 207]. Reliance on FAs could
benefit Tgy cells inside solid tumors as the lipid
content is generally higher compared to normal
tissue [208]. In summary, TIL function is impeded
by the immunosuppressive and metabolically
challenging TME, which can push TILs into a
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state of dysfunction. Checkpoint blockade ther-
apy can reinvigorate TILs and understanding
which TIL populations respond is critical for
designing new therapies. Evidence suggests that
both the stem-like and dysfunctional TIL popula-
tions contain the capacity to respond. Try cells
may be a component of the responding popula-
tions; however, further investigation is needed to
characterize the nature of Tgy cell responses.
Nonetheless, Tgy cells are prime targets for
checkpoint blockade therapy due to their ability
to function under the metabolic constraints within
their tissue of residence.

3.10 Targeting Ty Cells in Cancer
Immunotherapy

The magnitude of the T-cell infiltrate in tumors is
a major determinant of effective immunotherapy,
including checkpoint blockade. Patients with low
or no T-cell infiltrate are generally less likely to
respond. Designing new therapeutic interven-
tions to augment the chances of a response is a
principal goal for researchers and clinicians.
Targeting Ty cells may provide new therapeutic
avenues by either directly augmenting Try cell
function or inducing the recruitment of periph-
eral T cells (Fig. 3.2). In fact, Tgy cells may be a
component of the T-cell pool that is reinvigorated
in response to checkpoint blockade. In their core
genetic signature, Try cells can express a range
of co-inhibitory receptors, such as PD-1, TIM-3,
and LAG-3, as well as costimulatory receptors,
such as 4-1BB and ICOS [10, 15, 26, 209]. Since
Try cells are poised to rapidly respond, expres-
sion of these co-inhibitory receptors on Tgy cells
is thought to limit unwarranted activation. In a
mouse model of contact hypersensitivity, anti-
body blockade of PD-1 and TIM-3 exacerbated
Tru-driven skin inflammation in response to
allergen rechallenge. Further, in response to viral
challenge, Try cells were found to proliferate in
situ generating a secondary pool of Ty cells [17,
210]. These observations suggest that Ty, func-
tions can be augmented in response to checkpoint
blockade.

Tk cells can also be targeted by vaccination.
Cancer vaccine therapies can provoke two differ-
ent Try responses by (i) priming new T-cell infil-
tration into the tumor and (ii) activating Tgy; cells
already present in the tumor at the time of vacci-
nation. The recruitment of new effector T cells
was the goal of many cancer vaccine trials, which
have only shown limited efficacy [211]. One pos-
sible explanation may involve the route of admin-
istration. It is well documented that intramuscular
vaccination induces the formation of circulating
memory T cells, but only weakly induces Try
cells in tissues [212, 213]. It is now evident that
manipulation of the target tissue is needed to
induce the proper homing and inflammatory sig-
naling required for Ty formation. Vaccine
administration to mucosal sites, for instance,
through intranasal, cervicovaginal, or skin scari-
fication routes, more robustly generates Ty, cells
at the site of vaccination [214-216]. In a preclini-
cal model of orthotopic head and neck or lung
cancer, intranasal, but not intramuscular, vacci-
nation protected nearly all mice from tumor
growth when given prophylactically, and inhib-
ited tumor growth in the therapeutic setting [216,
217]. Similarly, vaccination by skin scarification
was sufficient to slow tumor growth and syner-
gized with circulating memory T cells [61]. Site-
specific vaccination may also provide a means to
disperse T cells to other unmanipulated sites,
such as in the case of skin scarification [24]. This
phenomenon may provide a means to promote
T-cell infiltration when in situ vaccination is not
possible and may help explain cases of abscopal
tumor regression [218].

Other approaches combine systemic immuni-
zation with tissue-specific stimulation. In these
“prime and pull” strategies, the Tgy precursor
frequency is increased either by adoptive transfer
of activated antigen-specific T cells or by subcu-
taneous vaccination, which is followed by
antigen-independent stimulation of the target tis-
sue to recruit and promote Tgy cell formation.
For example, after subcutaneous vaccination to
induce a circulating memory T-cell response,
intravaginal injection of CXCL9 and CXCL10
resulted in the recruitment and formation of Tgy
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cells to induce tumor control. Try cells may be one of the
responding intratumoral T cell populations to checkpoint
blockade, such as anti-PD-1, which augments their tumor-
icidal functions. Interactions between T cells and ¢DCs
via CXCR3 are important for anti-PD-1 efficacy. In situ
tumor vaccination with tumor antigens may activate pre-
existing Try cells and infiltrating Tggr cells. In situ vacci-
nation could also be used to activate anti-viral Ty cells to
induce positive immune changes within the TME. Such
changes may include production of chemokines to recruit

cells in the vaginal tissue [94]. Likewise, adop-
tively transferred activated T cells were effec-
tively recruited to the skin by topical application
of the contact sensitizer dinitrofluorobenzene
(DNFB) [17].

While cancer vaccination strategies show
great promise, they are only possible when tumor
antigens are known. Identifying neo-antigens and
formulating personalized cancer vaccines remain

“prime and pull” strategy, which has been successfully
used to recruit T cells into tissues, could be adapted to
recruit T cells to the tumor. In this strategy, the frequency
of circulating tumor antigen-specific Tgr cells is increased
by immunization. Chemokines or inflammatory mediators
are then injected into the tumor tissue to recruit these Tgpr
cells. Finally, T cells extracted from the patient could be
modified to express Ty genes, for example, by promoting
Runx3 activity, which may improve T cell infiltration and
function after adoptive transfer back into the patient

logistically challenging and expensive. An alter-
native approach is to target virus-specific T cells
within the tumor to incite favorable changes in
other host cells found within the TME. This
approach may be more feasible because for many
common pathogens, immunogenic peptides are
known and tumors often contain virus-specific T
cells. Indeed, a recent study found that T-cell
immunity against commensal papillomavirus
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was critical for controlling development of skin
tumors in response to chemically- or UV-induced
carcinogenesis [219]. Further, activating pre-
existing antiviral immunity can enhance antitu-
mor immunity. Rosato et al. [71] showed that
reactivation of VSV-specific CD8" T cells by
intratumoral peptide injections could delay tumor
growth and synergized with anti-PD-L1 antibody
therapy.

One key to therapeutic strategies designed to
enhance T-cell infiltration into tumors may lie in
understanding and promoting the specific DC
populations and attendant T-cell transcriptional
programs that imprint Tgy precursor behavior.
Recent data suggest that T cells in secondary
lymphoid organs can be conditioned by migra-
tory DCs to become Tgy cells in a TGF-p-
dependent manner [110]. Promoting Tgry
precursor characteristics can also be accom-
plished by manipulating transcriptional activity
directly in T cells. Runx3 was found to program
CDS8* T cells for tissue residency and adoptive
transfer of T cells overexpressing Runx3 aug-
mented T-cell accumulation in the tumor while
enhancing their anti-tumor activity [220]. These
studies suggest that peripheral T cells can be pro-
gramed to become Tyy cells by promoting genes
and cellular pathways that regulate Tgy; develop-
ment. This may be an attractive approach to
potentiate adoptive cell transfer therapies.

3.11 Concluding Remarks

Try cells are a unique lineage of T cells with spe-
cialized functions endowing them with the capac-
ity to adapt and survive in their tissue of residence.
Their high abundance in most peripheral tissues
and ability to rapidly respond to stimuli make
them prime targets for cancer immunotherapies.
Studies in mice have clearly demonstrated a role
for both peripheral T cells and Ty cells in antitu-
mor immunity. However, a lack of cellular
markers defining Tgy cells from other infiltrating
effector T-cell subsets has hindered determining
their composition within human tumors. Recent
single-cell transcriptome analyses have revealed
that most immune-infiltrated tumors contain

T cells with a Tgy-like genetic profile. Further,
the abundance of T cells with Ty cell character-
istics often correlates with a favorable outcome
and several lines of evidence suggest that Try
cells may be an important population activated
by anti-PD-1 therapy.

Cancer vaccination is one type of therapy that
can activate intratumoral Ty cells. However, the
route of administration is a critical component
influencing the effectiveness of this approach.
While in situ vaccination has shown great poten-
tial, the immune-suppressive TME can diminish
its effect. Furthermore, it remains to be deter-
mined how the TME affects Ty differentiation
and whether newly infiltrated T cells can become
bona fide Tgy; cells with their specific functional
qualities. Understanding these influences, includ-
ing which immune-inhibitory pathways are active
in the TME, will be important for deciding which
therapy will best synergize with in situ vaccina-
tion. Vaccinating against common viral antigens
can activate preexisting Try cells to induce posi-
tive immune changes in the TME and sensitize
the tumor to checkpoint blockade therapy. On
balance, Try cells possess the desired functional
characteristics that can be harnessed to eliminate
tumors, and the study of Tyy cell biology in the
context of cancer is nascent and a worthy
endeavor.
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