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ABSTRACT

Increased immune cell infiltration into tumors is associated
with improved patient survival and predicts response

to immune therapies. Thus, identification of factors that
determine the extent of immune infiltration is crucial,

so that methods to intervene on these targets can be
developed. T cells enter tumor tissues through the
vasculature, and under control of interactions between
homing receptors on the T cells and homing receptor
ligands (HRLs) expressed by tumor vascular endothelium
and tumor cell nests. HRLs are often deficient in tumors,
and there also may be active barriers to infiltration. These
remain understudied but may be crucial for enhancing
immune-mediated cancer control. Multiple intratumoral
and systemic therapeutic approaches show promise

to enhance T cell infiltration, including both approved
therapies and experimental therapies. This review
highlights the intracellular and extracellular determinants
of immune cell infiltration into tumors, barriers to
infiltration, and approaches for intervention to enhance
infiltration and response to immune therapies.

INTRODUCTION
The density and spatial distributions of
immune infiltrates in tumors, prior to treat-
ment, are associated with patient survival and
responses to immune therapy, for melanoma
and other cancers.'"™ The extent of intra-
tumoral immune cell infiltrate at any time
reflects dynamic processes including immune
cell extravasation from the vasculature and
distribution among tumor cells, prolifera-
tion, survival, and retention in the tumor
microenvironment (TME). In this review,
we will address mechanisms that mediate T
cell homing to tumors from the vasculature
(section I), barriers to T cell infiltration,
localization, and retention within the tumor
mass (section II), and potential therapies to
enhance homing to tumors (section III).
Barriers to immune cell extravasation and
infiltration include multiple mechanisms
such as vascular limitations, absence of crit-
ical T cell homing chemokines, extracellular
matrix barriers, and cell-associated barriers.
Understanding barriers to intratumoral
immune infiltrates can identify better targets
to improve efficacy of therapies.
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MECHANISMS OF T CELL HOMING
Tumors may be infiltrated by naive, effector,
or effector-memory cells.”” To enter periph-
eral tissues, including tumors, T cells must
extravasate through the vasculature via a
multistep process, which has been described
in detail by Ley et al, and is summarized in
figure 1 and table 1." The specific reper-
toire of homing receptors (HRs) and homing
receptor ligands (HRLs) required for T cell
entry depends on T cell activation status and
anatomical location of the target tissue.® ' !
Endothelial HRLs are differentially expressed
in a tissue-specific manner and are further
influenced by inflammation. In murine subcu-
taneous tumor models, ligand-receptor inter-
actions required for infiltration of effector
and effector-memory T cells include vascular
cell adhesion molecule 1 (VCAM-1)-integrin
04P1, intracellular adhesion molecule 1
(ICAM-1)-lymphocyte ~ function-associated
antigen-1 (LFAI), E-selectin ligand (ESL)-E-
selectin, and hyaluronic acid (HA)-CD44, as
well as chemokine signaling through CXCR3
ligation of CXCL9-11 (table 1, figure 1)."" In
these tumor models and human solid tumors,
endothelial expression VCAM-1, ICAM-1, and
CXCL9-11 is regulated by inflammatory cyto-
kines tumor necrosis factor (TNF)o, inter-
feron (IFN)Yy, and chemokines, including
CCL5."” Tumors can thus interfere with T
cell homing directly by suppressing produc-
tion of TNFa, IFNy, CCL5, or CXCL9-11, or
indirectly by recruiting suppressive cell types.
One way to enhance T cell infiltration may be
to deliver these cytokines or chemokines to
the TME or to increase their expression.
Naive T cells can home to tumors directly
and can be activated in situ.” This process is
mediated by specialized vasculature, called
high-endothelial venules (HEV). HEV
express peripheral node addressin (PNAd),
CCL19, CCL21, and ICAM-1 which interact
with CD62L, CCR7, and LFAl on naive T
cells (figure 2, table 1)."” '* These interac-
tions initiate rolling/tethering on the HEV,
activation, and subsequent firm adhesion
and cell arrest on the vasculature. HEV are
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Effector T cell homing in tumors. The first step in effector T cell extravasation into peripheral tissues involves

tethering and rolling on the endothelial cells, mediated by homing receptors CD44, P-selectin ligand (PSL), and E-selectin ligand
(ESL) on the T cell and homing receptor ligands, hyaluronic acid (HA), P-selectin (Psel), and E-selectin (Esel) on the vasculature.
Inflammatory molecules interferon (IFN)y and tumor necrosis factor (TNF)o. expressed in the tumor microenvironment (TME) can
upregulate these homing receptor ligands, thereby facilitating the recruitment of T cells. Next, inflammatory cytokines CXCL9-11
expressed by endothelial cells, and other cells in the TME, bind to CXCRS3, activating integrins 041 and lymphocyte function-
associated antigen 1 (LFA1). These integrins subsequently bind to vascular cell adhesion molecule 1 (VCAM-1) and intracellular
adhesion molecule 1 (ICAM-1) on the vasculature, allowing firm adhesion and arrest of the T cell, followed by extravasation
through the endothelial cell layer into the tissue. In this process, tumor cells can inhibit expression of inflammatory cytokines
and chemokines in the TME, thereby indirectly suppressing the expression of homing ligands. Additionally, tumor cells express

factors that can directly signal within the endothelial cells to downregulate homing receptor ligands, or upregulate T cell
suppression molecules directly on the vasculature. Made with Biorender.com.

present in normal secondary lymphoid organs (eg, lymph
nodes), but not in uninflamed peripheral tissues.'® Inter-
estingly, though, chronic inflammation induces lymphoid
neogenesis in peripheral tissues, including human solid
tumors, resulting in tertiary lymphoid structures (TLS),

a key feature of which is HEV-like PNAd" vasculature.'” '°

Table 1 Homing receptors and ligands on vasculature
Ligand on Receptoron T
vasculature cell Effect of interaction

Naive T cells

PNAd CD62L Rolling/Tethering
CCL19 CCRY7 Integrin activation
CCL21 CCRY7 Integrin activation
ICAM-1 LFA1 Firm adhesion/arrest
Effector T cells

PSGL-1 P-selectin Rolling/Tethering
ESL E-selectin Rolling/Tethering

HA CD44 Rolling/Tethering
CXCL9-11 CXCR3 Integrin activation
VCAM-1 041 Firm adhesion/arrest
ICAM-1 LFA1 Firm adhesion/arrest
MAdCAM1 04p7 Firm adhesion/arrest

ESL, E-selectin ligand; HA, hyaluronic acid; ICAM-1, intracellular
adhesion molecule 1; PNAd, peripheral node addressin; VCAM-1,
vascular cell adhesion molecule 1.

T cells and B cells extravasate through HEVs and orga-
nize in TLS, mediated by fibroblasts and perpetuated by
B and T cells."” TLS in tumors have been associated with
improved survival and clinical response to checkpoint
blockade therapy.lx_zo Interestingly, in a meta-analysis
of checkpoint blockade therapy response among seven
different cancer types, CXCLI3, a well-known marker
for TLS, was significantly and selectively expressed in
responding patients.21
TLS can support intratumoral immune responses and
whether they enhance infiltration of in situ activated T
cells into the tumor parenchyma.
Distorted organization of the
can impair T cell infiltration. Because tumors often
grow rapidly, new blood vessels are not formed quickly
enough to provide sufficient nutrients and oxygen,
leading to marked tissue hypoxia.22
hypoxia-inducible factor lo expression in tumor cells
and endothelial cells (ECs), which upregulate expression
of pro-angiogenic genes, including vascular endothelial
growth factor (VEGF)-A. They induce rapid neovascu-
larization that results in irregularly shaped, dilated, and
tortuous vessels, which are leaky and poorly covered by
pericytes.” These structural defects in tumor vasculature
alone present hurdles for T cell infiltration, likely due
to uneven blood flow, disrupted endothelial junctions,
and cytoskeletal alterations in the ECs preventing proper
transmigration.24 In addition, the ECs generated in rapid
neovascularization often respond inefficiently to inflam-
matory signals, failing to upregulate HRL sufficiently, even

Much remains unclear on how

tumor vasculature

Hypoxia induces
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Figure 2 Naive T cell homing in tumors. Similar to effector T cells, naive T cells require multiple signals to extravasate
through the vasculature. Contrastingly, naive T cells require specialized vasculature called high-endothelial venules (HEV),
which are capable of expressing the proper receptors and chemokines. Tethering and rolling is initiated by peripheral node
addressin (PNAd) binding to CD62L on the T cell. Chemokines CCL19 and CCL21 activate lymphocyte function-associated
antigen-1 (LFA1) integrin, and facilitate firm adhesion and arrest by binding of activated LFA1 to intracellular adhesion molecule
1 (ICAM-1). PNAd, CCL19, and CCL21 get upregulated by factors expressed in the tissue microenvironment, LTo, induces
PNAd expression through TNFR signaling, and interferon ((IFN)y induces CCL19 and CCL21 expression. Tumor cells can inhibit
expression of these cytokines, as well as directly downregulate ICAM-1 expression through endothelin-1-endothelin receptor B

(ET4R) signaling. Made with Biorender.com.

when proper inflammatory cytokines and chemokines are
present.25 * VEGF-A and fibroblast growth factor (FGF)-2
also can directly interfere with TNF-induced adhesion
molecule expression on ECs (figure 1).27 % Other mole-
cules expressed in the TME such as nitric oxide and
epidermal growth factor like domain multiple 7 can also
directly suppress EC activation.?” %%

Furthermore, ECs themselves can express molecules
that create barriers to T cell infiltration, such as endo-
thelin receptor B (ET R), indoleamine 2,3-dioxygenase
(IDO)-1, programmed-death ligand (PD-L)1, and Fas
ligand (FasL) (figure 1). When ET R is expressed by
tumor vascular ECs, T cell homing is reduced through
poorly understood mechanisms, but inhibiting ET,R
enhances T cell homing and augments immunothera-
ples Slmllarly, IDO-1 and PD-L.1 can inhibit T cell func-
tion.* FasL expression on tumor-associated vasculature
decreases the influx of CD8" T cells due to selective killing
of the T cells.”® These mechanisms are more biological
than physical barriers, yet, they do restrict functional T
cell infiltration into tumors and are important mecha-
nisms to address when developing strategies to enhance
T cell presence.

BARRIERS TO T CELL INFILTRATION, LOCALIZATION, AND
RETENTION

To control cancers, infiltrating T cells must be retained
there and traffic among and interact with tumor cells.’
Patients with diffuse immune cell infiltration among
tumor cells have a better prognosis than patients whose

infiltrates are confined to perivascular spaces.' There-
fore, tumors may evade immune recognition by inducing
barriers to diffuse immune cell infiltration and motility
among tumor cells.

T cell movement is driven by both intrinsic motile
capacity and extrinsic environmental organization and
cues, including matrix proteins that provide a physical
‘roadmap’ for T cells and chemical guidance cues in
the form of chemokines (figure 3A).* This makes T cell
motility highly dependent on activation status, antigen
density, chemokine gradients, and target tissue type. Sepa-
rately, in tissues with dense extracellular matrix (ECM),
inflammatory signals such as TNFo, IFNy and trans-
forming growth factor (TGF)B can induce secretion of
proteases to loosen the ECM matrix and to allow integrin-
mediated T cell motility within the tissue.”™ In viral
infections, T cell motility along ECM proteins is driven by
integrins 011 (CD49a) and a2B1 (CD49b).*** These all
are crucial to T cell motility and localization within tissues
and provide targets for immune evasion for the tumor.
Tumor cells can overexpress cell-cell adhesion proteins,
possibly forming physical barriers to T cell motility among
tumor cells." ** Each component of these barriers to T
cell infiltration and motility will be explained in greater
detail in this section, “Barriers to T cell infiltration, local-
ization, and retention.”

Leukocyte migration within tissues

Mechanisms of T cell migration within tissues have been
reviewed.* Amoeboid migration enables T cells to move
rapidly with undiminished migration velocities, such that
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Figure 3 T cell migration in the tumor microenvironment (TME). (A). Speed and direction of T cells in tumors relies on various
factors, including, but likely not limited to, chemokine gradients, extracellular matrix (ECM) organization and integrin expression
and migratory capacity of the T cell. Tumor cells or myeloid cells in close proximity to tumor cells can express CXCL9-11 and/
or CCL5, which directs effector T cells to the tumor cells directly. When the ECM is organized in a relaxed, diffuse meshwork

of ECM molecules, similar to normal epithelial tissues, T cells may migrate along them in an integrin-dependent manner. Local
expression of matrix metalloproteinases (MMPs) will furthermore guide their migration. However, cancer-associated fibroblasts
(CAFs) often remodel the ECM into a dense and disorganized matrix, rendering T cells unable to leave and get ‘stuck’ in stromal
areas of the tumor. Due to high variability from tumor to tumor, the exact specifics of the organization and structure likely
determine the ultimate effect the ECM has on T cell motility and function, and requires further investigation. (B) Retention of T
cells into a tissue microenvironment relies on ECM and cell-binding integrins. These include, but are likely not limited to, o131
and 021 binding to collagen and oEB7 binding to E-cadherin on epithelial and/or tumor cells. Additionally, adhesion of o131 to
collagen increases T cell motility, providing both a retention and migration mechanism. In tumors with localized, dense collagen
this may lead to rapid motility, thereby effectively distracting the T cell from forming long-lasting engagement with target cells.

Made with Biorender.com.

they generate fast, low-affinity, and directional crawling.*’
Alternatively, T cells can adapt a mesenchymal-like
motility phenotype, characterized by adhesive spreading
and non-directional slow motility, often in an integrin-
dependent manner.** In healthy and tumor tissues, T cell
motility is a dynamic balance between these two pheno-
types, described as amoeboid-mesenchymal plasticity,** **
which allows T cells to overcome ECM barriers through
adaptability and shape change.*®*” Additionally, single-
cell movement by T cells is linearly related to collagen
pore size and inversely related to collagen or surface stiff-
ness or concentration.”* ** In vivo, migration is further
shaped by chemokines, adhesive ligands, and the degree
of T cell confinement in the tissue.*’ In tumors specifi-
cally, it remains unclear whether and how T cell migra-
tion patterns are distorted compared with migration in
normal or inflamed peripheral tissues, and how much
they rely on chemokine-driven, integrin-dependent,
and/or integrin-independent migration. Interestingly,
when chemically forcing an amoeboid migration state, T
cells showed enhanced speed and migratory distance in
three-dimensional collagen matrices or murine pancre-
atic tumors, whereas a forced mesenchymal state reduced
speed and directionality.** Future studies will have to
determine whether increased speed and directionality
correlates to improved effector T cell function and tumor
cell killing.

Chemokine barriers

Chemokine gradients are important for recruitment of
T cells through endothelium, and for migration within
the tissues after extravasation from the vasculature. High
intratumoral levels of CCL2-5, CXCL9, and CXCL10
strongly correlate with greater intratumoral T cell infil-
trates in treatment-naive solid tumors, suggesting these
chemokines may support both recruitment and disper-
sion of T cells within tumors.'****” In infection models
and solid tumors, myeloid-derived CXCL9 recruits
effector T cells specifically to target cells, through CXCR3
expressed by activated T cells (figure 3A) 125152 and that
CXCL9-mediated recruitment of CD8" T cells depends
on IFNy for induction.'? ®* ®2 In murine tumors, the
intratumoral CXCL9-CXCR3 chemokine axis is crucial
in the response to PD-1 blockade.? Furthermore, tumor
cells themselves can produce CXCL9-11 in the pres-
ence of IFNy and toll-like receptor (TLR) ligands.”* *®
Suppression of IFNy might thus provide a distinct mech-
anism of immune evasion through downregulation of
CXCL9-11 expression in myeloid and tumor cells. CCL5
also can be expressed by tumor cells and correlates with
diffuse T cell infiltration in treatment-naive advanced
ovarian tumors.'” Epigenetic silencing of CCL5 has
been correlated with a lack of T cell infiltration and is
suggested to be another immune evasion mechanism
tumors employ.'?
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Extracellular matrix barriers

The ECM is composed of collagen, fibronectin, elastin,
glycosaminoglycans, and proteoglycans, many of which
are produced and organized by fibroblasts and macro-
phages.‘r’6 ECM is a major determinant of tissue archi-
tecture, and ECM organization itself determines the
direction and efficiency of T cell movement.”” Most
normal epithelial tissues are in a tensional homeostatic
state, which leads to a relaxed meshwork of collagens
and other ECM components, likely allowing optimal
lymphocyte motility. In tumors, however, activated
cancer-associated fibroblasts (CAFs), inflammation,
high interstitial pressure, and increased expression of
collagen-processing lysyl oxidases can increase collagen
deposition, cross-linking, and distorted organization.56 o8
Additionally, tumors often express higher levels of matrix
metalloproteinases (MMPs) than normal epithelial tissue,
leading to increased remodeling of ECM fibers.” In solid
tumors, collagen alignment, length, width, density, and
straightness is altered compared with adjacent normal
tissue.”’ Tumors can limit T cell motility and efficient
‘serial killing” of tumor cells by modulating ECM orga-
nization, manipulating expression of ECM components,
MMPs, and/or lysyl oxidases (figure 3A).%° %" Tumor cells
mainly manipulate these components through recruit-
ment and activation of CAFs with TGFa, TGFp, platelet-
derived growth factor, epidermal growth factor, and
FGF-2.2% Critical questions are how to target CAF activa-
tion most efficiently to improve T cell motility and tumor
cell killing.

Collagen structure in tumors

A major problem to understanding the roles of differen-
tial collagen organization on T cell function in tumors
is that no standardized visualization method exists to
characterize ECM components, especially collagen.®”
Currently used methods range from conventional to two-
photon microscopic techniques visualizing collagen struc-
tures with varying levels of sensitivity, making it difficult
to compare among studies. Regardless, anecdotal studies
can teach us about different collagen structures and how
they may affect T cell localization, motility, and function.
Recently, new tools have been developed for quantitative
and automated measurement of a broad range of features
in ECM organization, which will allow for more standard-
ized and objective studies in the future.®* %

A common collagen organization in tumors involves
dense, aligned collagen fibers outside tumor cell clus-
ters. T cells are often confined within these collagen-
dense regions and are unable to interact with tumor
cells.”® Collagenase treatment, but not integrin blockade,
can liberate T cells, suggesting that in this type of ECM
organization, the collagen fibers form a physical barrier
or restraint.”® In other collagen-rich tumors, including
breast carcinoma models,”” collagen is deposited more
evenly throughout the tumor. However, even when
among tumor cells, these fibers are often still dense,
linear and highly aligned. T cells, similar to many other

cell types, can use these aligned collagen fibers as high-
ways along which to migrate rapidly.”®®® To kill a tumor
cell, a CD8" T cells must arrest and engage with its target
for an extended time.?! In vitro, CD8" effector T cells can
effectively kill a target cell in 5min, although in vivo it
appears to require interactions of 30min to 2hours.” 7
Separately, CD4" T cells can provide help in the form
of inflammatory cytokines, as well as directly kill tumor
cells through ligation of FasL and TNF-related apoptosis-
inducing ligand (TRAIL).”" Direct killing by CD4" T cells
likely requires arrest and lasting engagement similar to
CDS8" T cells. For its helper function, however, a CD4" T
cell may not need to arrest and engage specifically, but it
would need to reach close proximity to tumor cells. When
trafficking along collagen fibers at high velocity, it can
be envisioned that the T cell is unable to engage as effi-
ciently and durably as when it moves more slowly. Thus,
tumors can have distinct forms of collagen deposition and
create structural barriers, preventing T cells from leaving
stromal regions, or collagen-highways that distract T cells
from engaging with target cells. Both forms of collagen
deposition can be mechanisms to hijack the ECM in the
TME to prevent optimal T cell recognition, although in
contrasting ways.

In addition to forming structural barriers, colla-
gens can also act as ligands for the immune inhibitory
receptor leukocyte associated Ig-like receptor-1 (LAIR-
1).”2™ On binding collagens, LAIR-1 signaling inhibits T
and NK cell function in vitro.”* 7 Furthermore, LAIR-1
signaling promotes generation of exhausted T cells and
renders murine lung tumors resistant to anti-PD-1/PD-L1
therapy.”® This suggests that collagens can also directly
inhibit T cell function, even if they do not create a phys-
ical barrier.

Matrix metalloproteinases
MMPs are enzymes that degrade collagens and other
ECM components and, thus, can enable tumor invasion
or immune cell infiltration. Activated T cells express
MMP RNA, but there is minimal MMP expression at the
cell surface.* Interestingly, upregulation of MMP expres-
sion in CD8" T cells enhanced T cell migration through
collagen in vitro, while addition of an MMP inhibitor
in vitro and in vivo reduced this invasive advantage.”’
This suggests that increased MMP activity can enhance
immune cell migration in tumors. Furthermore, collagen
fragments resulting from MMP cleavage can activate
integrin-dependent T cell motility, suggesting collagen
components can create chemotactic gradients toward
intratumoral regions with high collagen remodeling.”
Whether this MMP-driven chemotactic motility distracts
T cells from interacting with tumor cells, or whether it
recruits them to tumor cell-dense areas likely depends
on the collagen deposition in individual tumors, and
remains to be comprehensively studied.

Overall, more comprehensive analyses of T cell
migration patterns in relation to different ECM compo-
nents, and their organization, through live imaging of
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patient-derived tumor slices® could provide important
insights into T cell mobility, localization, and its relation
to cytotoxic function in tumors.

Cell-associated barriers

Cell-cell adhesions

Cell-cell junctions include adherens junctions, desmo-
somes, hemidesmosomes, tight junctions, and gap junc-
tions, which mediate barrier functions and intercellular
communication. Several genes encoding cell-cell junc-
tion proteins have been identified in treatment-naive
melanoma, ovarian cancer, and non-small cell lung
cancer: filaggrin, dystonin, junction plakoglobin, plako-
philin-3, desmoplakin, desmocollin-3, periplakin, and
trop-2, upregulation of which is associated with immune
cell exclusion.” ™ In univariate analyses, overall survival
was significantly shorter for melanomas overexpressing
filaggrin or trop-2, and ovarian cancers overexpressing
filaggrin.” Questions remain about whether these asso-
ciations are causative or whether the concordant over-
expression of these barrier molecule genes reflects an
upstream signal that limits T cell infiltration. In a murine
melanoma model, T cell infiltrates were not altered by
knockout of junction plakoglobin or plakophilin-3 indi-
vidually, or by filaggrin and dystonin together, although
tumor-promoting effects were observed for some of
them."" Additional investigation is warranted to eval-
uate the impact of modulating all genes concurrently or
blocking upstream signals that induce them.

Oncogenic pathways

The oncogenic WNT/B-catenin pathway is commonly
activated in human cancers, and its activation has also
been associated with lack of T cell immune signatures,
explained by insufficient recruitment of BATF3" dendritic
cells and low production of critical T cell homing chemo-
kines.” Interestingly, WNT/B-catenin activation, ET,R
expression, and overexpression of barrier molecule
genes have non-overlapping associations with lack of T
cell immune signatures.** Additional studies are needed
to understand the role of oncogenic pathways in these
other barriers.

Retention mechanisms
Mechanisms for retaining T cells in peripheral tissues
may involve integrins and chemokine receptors.

Integrin function

Integrins are heterodimer adhesion molecules comprising
alpha and beta subunits. On T cells, they enable binding
ECM components or receptors specifically expressed
by tissue resident cells, to drive motility or long-lasting
arrest and engagement.” * ®' o1B1 and o2l in partic-
ular are involved in T cell binding to collagens in epithe-
lial tissues,”” while integrin oEB7 binds E-cadherin, often
expressed on the cell surface of tumor cells from epithe-
lial origin.*> Tumors vary widely in their expression and
organization of ECM components, as well as their level of
surface E-cadherin. Such variation may impact the role

these integrins play in defining spatial localization and
retention of T cells within tumors. Additionally, the inte-
grins are expressed at varying levels on tumor infiltrating
T cells, and those expression levels are likely affected by
differential expression of cytokines and growth factors in
the TME.®”**® Each collagen-binding integrin appears to
affect T cell motility and function separately. For example,
o1B1 drives T cell motility in lung infection and tumor
models.*” " Depending on the collagen deposition, the
increased motility can distract T cells from engaging
with tumor cells, essentially creating retention and T cell
dysfunction simultaneously (figure 3B).”” Overall, o1B1
expression on tumor-specific T cells after vaccination
with tumor-specific peptides is associated with improved
survival in patients with melanoma.*® This suggests that
despite the distraction from engagement with tumor
cells, 1B1 may enhance overall tumor control. On the
other hand, 0281 neither drives T cell motility nor blocks
engagement with tumor cells, suggesting a different role
for a2B1 ligation to collagen ligands (figure 3B). aEB7
may allow retention of tissue resident memory T cells in
peripheral tissues, and to contribute directly to lasting
engagements of T cells with tumor cells and to mediate
their specific killing (figure 3B).*' ¥ Thus, integrin
function overall appears more complicated than simply
‘retention’. Integrins affect motility, localization, and/
or long-lasting engagement with target cells and serve
different, individual purposes with opposing results in
terms of T cell function. It is important to understand
the individual function of each integrin in T cell motility,
retention, and adhesion both in steady-state peripheral
tissues and tumors.

Egress mechanisms

Lymphocytes with long-term residence in peripheral
tissues are tissue-resident memory T cells (T,,): they
upregulate CD69, whose expression and signaling down-
regulates sphingosine-1-phosphate receptor (S1P)1.%
Due to the importance of SIP1 for the migration of T
cells to lymphatics, CD69 blocks egress of T cells from
the tissue.® In solid tumors, whether treatment-naive or
treated with immune therapies, infiltrating T cells often
express high levels of CD69, suggesting a similar mech-
anism may limit their egress.** Chemokines and other
molecules may also play roles in the return of T cells to
the circulation. Egress of naive T cells from peripheral
tissues depends on CCL21-CCR7 ligation, both in steady
state and in acute inflammation.” ! However, in chronic
inflammation and tumors, T cells seem to egress to the
lymph node via a CCR7-independent, yet unknown,
mechanism.” ** It is not well understood whether egress
mechanisms drain functional T cells from tumors, or
whether egress may be a necessary and beneficial process
to reinvigorate suppressed and/or exhausted cells in
the lymph node or to allow recirculation of naive T
cells. Recently developed photoactivation strategies and
advanced imaging™ can provide insights into the benefi-
cial or detrimental effects of T cell egress from tumors for
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overall function. Furthermore, these in vivo models of T
cell migration can answer key questions on which mecha-
nisms and receptors are responsible for T cell egress from
tumors, specifically, and how they may be targetable in
patients.

POTENTIAL THERAPIES TO ENHANCE HOMING TOWARD AND
MIGRATION WITHIN TUMORS

Intratumoral immune stimulatory molecules

Clinical experience supports therapeutic impact of
intratumoral therapies with cytokines, toll-like receptor
agonists, and other molecules that enhance local inflam-
mation. Their mechanisms are understudied, but may
involve enhancement of T cell homing. The TLR7 agonist
imiquimod is Food and Drug Administration (FDA)
approved for treatment of superficial basal cell and
squamous cell cancers, and has been used for primary
and metastatic melanomas with anecdotal successes. It
enhanced expression of E-selectin on tumor vasculature
of squamous cell cancers, increased CXCL10 and other
critical T cell homing ligands in basal cell cancers and
melanomas, and increased T cell infiltration in those
cancers.” " Injection of interleukin-2 (IL-2) directly into
metastases of melanoma can induce local regression in a
high proportion of patients, but does not have abscopal
effects, and the ability of that intervention to overcome T
cell homing barriers is understudied.”® Direct injection
of IFNy into tumors of patients with melanoma, concur-
rent with a melanoma vaccine, increased CXCL10 expres-
sion in the tumor, but did not result in improved total T
cell inﬁltration97; however, there was selective increase in
vaccine-specific T cells after IFNy injection.” Even those
encouraging findings are disappointing in that a median
of only 2% of the total tumor-infiltrating lymphocytes
were vaccine-induced.” Thus, low clinical response rates
of immunogenic melanoma vaccines'” are likely due
to insufficient T cell homing signals within established
human melanoma metastases, but intratumoral therapies
with immune activating agents can overcome some of the
tumor-associated barriers to infiltration. Similar oppor-
tunities may be worth exploring to enhance therapeutic
effectiveness of chimeric antigen receptor (CAR)-T cells
for solid tumors.

A recent preclinical study showed that local delivery
of CXCL9-11 plasmids in the TME, through nanoparti-
cles, increased CD8" T cell infiltration and tumor control
in a lung cancer model.'”" This shows the potential of
inducing direct expression of T cell-recruiting molecules
in the TME and should be further investigated.

Potential impact of current approved therapies on immune
infiltrates

Systemic PD-1 and cytotoxic T-lymphocyte associated
protein-4 antibody blockade can increase immune cells
within tumors that respond to therapy, especially memory
CD8" T cells.!?? 13 Presumably, PD-1 blockade re-invigo-
rates T cells already in the tumors, which secrete IFNy

and thus increase expression of IFN-inducible chemok-
ines (CXCL9-11) and other HRLs, thus, recruiting more
T cells. Inhibition of mutated BRAF in advanced mela-
noma also increased T cell infiltrates within about 2 weeks
of starting therapy, and concurrent with clinical tumor
regression. That infiltration typically is reduced when the
tumors subsequently progress again. The mechanism for
this transient increase in T cells is unclear, but may be
due to lysis of tumor cells and disruption of the tumor-
associated barriers to infiltration Short-term blockade of
mutated BRAF has been combined with adoptive T cell
therapy for advanced melanoma, with an encouraging
75% objective response rate, but median progression-free
survival of <6 months.'”* There is rationale for combining
immune therapies with targeted therapy or cytotoxic
chemotherapies that may overcome tumor-associated
barriers to immune infiltration. Such combinations will
be enhanced by a deeper understanding of the barriers
and how to overcome them on a long-term basis.

Vascular normalization

Targeting VEGF signaling, through blocking antibodies
or small-molecule inhibitors, is a promising treatment to
improve both the structure of blood vessels in tumors and
their expression of HRLs and chemokines, with promise
to improve patient outcomes. Several murine and human
studies support this concept, and VEGF blockade further
improves patient survival when combined with checkpoint
inhibitors.'"” Another strategy to normalize the vascula-
ture involves treatment with TNF superfamily cytokine
LIGHT. In preclinical models for solid tumors, LIGHT
induced vessel normalization and enhanced VCAM-1 and
ICAM-1 expression.'” Furthermore, LIGHT induced
the formation of PNAd" HEV and TLS in these tumor
models, which increased infiltration and in situ activation
of naive T cells."”®'"” Several other potential therapies to
normalize tumor vasculature are currently being studied
in preclinical settings,'” although their effect on T cell
infiltration remains to be elucidated.

Oncolytic viruses

Oncolytic viruses target and replicate in tumor cells,
causing tumor cell lysis, which in turn releases danger-
associated molecular patterns and pathogen-associated
molecular patterns into the TME. This can induce type
I IFN expression and subsequent expression of inflam-
matory cytokines and chemokines.'” Additionally, onco-
Iytic viruses can be engineered to deliver genes to tumor
cells, thereby forcing expression of inflammatory mole-
cules in the TME. Talimogene Laherparepvec (T-vec)
is a granulocyte-macrophage colony-stimulating factor
(GM-CSF)-encoding oncolytic virus, which can induce
durable control of regional melanoma metastases''’ and
is now FDA approved for intratumoral therapy. However,
combining it with PD-1 blockade did not improve clin-
ical outcomes over PD-1 blockade alone.'"" Studies in
murine tumor models have shown that oncolytic viruses
armed with CXCL11 significantly enhanced CD8" T cell
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infiltration, and strongly increased efficacy of CAR-T cell
therapy, suggesting that induced expression of chemo-
kines by tumor cells potentiates T cell responses.'’*"!*
However, whether this is due to increased homing or
directed T cell motility remains to be elucidated. Other
experimental oncolytic viruses deliver vasculature-
targeted molecules to the TME, such as anti-VEGF anti-
bodies."”” Thus, in addition to targeting tumor cells
directly, oncolytic viruses convert the TME into a more
inflammatory environment, which may enhance T cell
recruitment and function.

Epigenetic targeting

Epigenetic regulation plays an important role in physio-
logical immune responses, as well as in immunoediting
by cancer cells. Therefore, histone deacetylase inhib-
itors (HDACi) and DNA methyltransferase inhibitors
(DNMTi) have shown the potential to promote immune-
mediated tumor destruction.''® One of the many immune
response-related targets of DNMTi and HDACi is induced
expression of CXCL9-11 and CCL5 by human and murine
tumor cells, which corresponds with increased migra-
tion of CD8" T cells in vitro and in murine solid tumor
models.""®""” Both DNMTi and HDACi have furthermore
been shown to augment benefit of checkpoint blockade
therapies across multiple murine tumor models.''

Collagen and ECM remodeling
Multiple integrins (including, but likely not limited to,
alPl1, a2B1, aVB1, aVB3, a4pl, 047, aER7 and olp2)
can affect T cell infiltration, motility, and engagement
with tumor cells through adhesion to or motility along
ECM matrix or cells in the TME."” * T cell activation
status, chemokines, and other factors in the TME deter-
mine integrin expression patterns on CD8" T cells.®” 828
With a deeper understanding of these factors, it may be
possible to modulate expression of selected integrins for
most optimal T cell motility and tumor cell engagement.®’
This would create opportunities to adjust vaccination and
adoptive transfer strategies to activate T cells with a favor-
able integrin and homing receptor repertoire so that acti-
vated T cells would not simply respond to their antigens,
but could also infiltrate and engage with tumor cells.
Enhancing T cell migration through the ECM will also
depend on enhanced understanding of how ECM affects
T cell motility in normal and distorted tissues and how to
alter collagen organization. For example, treatment with
recombinant hyaluronan and proteoglycan link protein
1 in a melanoma model promoted a more ‘basket-weave’
ECM structure, more closely resembling normal epithe-
lial tissue.'"® This correlated with improved T cell infiltra-
tion; however, whether it ultimately led to more frequent
interactions with tumor cells is unknown. Alternatively,
MMP inhibitors have been shown to increase T cell
function in tumors, suggesting that inhibition of ECM
remodeling could improve T cell motility. It remains to
be established how these therapies affect T cell motility in
different ECM organizations. Whether they are beneficial

or detrimental to T cell function likely depends on their
capacity to normalize specific ECM structures.

CAF-targeted therapies

CAFs are responsible for the majority of ECM compo-
nents in tumors. Furthermore, they express ECM remod-
eling elements, such as MMPs, thereby contributing in
multiple ways to disorganized and rigid ECM barriers.”
Extensive characterization of stromal cells in different
TMEs by single cell RNA sequencing has revealed that
CAFs are not defined by a few functional subpopulations.
Instead, there is a spectrum of heterogeneity, with the
overall balance either shifting toward a protumorigenic
or antitumorigenic outcome, 112! Thus, the definition
of'a CAF is variable, and successful strategies for targeted
therapy likely depend on the range of CAF ‘phenotypes’
of a specific tumor. For example, preclinical studies have
indicated that deletion of alpha-smooth muscle actin
(0SMA)™ myofibroblast CAFs in a model for pancreatic
cancer fails to reduce tumor growth.'” Desmoplastic
melanoma, characterized specifically by high numbers
of fibroblasts and dense fibrous stroma, frequently
contain intratumoral TLS embedded in the desmo-
plastic tumors, and desmoplastic melanomas are more
responsive to immune therapies than non-desmoplastic
melanomas.'”® '** Similarly, in desmoplastic pancreatic
adenocarcinoma, collagen I and aSMA" fibroblasts were
correlated with T cell positioning in close proximity to
tumor cells.® These studies suggest that, in a minority of
tumors, CAFs may provide a favorable environment for an
immune response. A recent framework for CAFs has been
proposed and can guide efforts to study and to target
CAF subpopulations in future studies.'® In general, two
main branches of CAFs are described: matrix-producing
contractile cells (myoCAFs) and cells with an immuno-
modulatory secretome (iCAFs). iCAF and myoCAF polar-
ization depends on their respective proximity to tumor
cells, as well as their ability to respond to IL-1BR and
TGFBR signaling.'*® 12711 a mouse model for rectal cancer,
it has been shown that presence of iCAFs correlates with
a higher ECM deposition, and treatment with an IL-1BR
antagonist in combination with radiotherapy resulted in
increased CD8" T cell infiltration and reduced tumor
growth.127 However, the distinct subtypes need to be
investigated in greater depth to understand their indi-
vidual role in immune modulation and tumor growth in
different tumor types.'” Current clinical trials targeting
CAFs thus focus on limiting CAF activation (inhibi-
tors of FGF-receptor, Hedgehog, and TGFp), limiting
CAF function (targeting CXCR4, LoxL, focal adhesion
kinase, Rho-associated protein kinase, connective tissue
growth factor, and fibroblast activation protein) and CAF
normalization (targeting vitamin A and vitamin D path-
ways).'* However, fully characterizing CAF heteroge-
neity and their generation in tumor subtypes, such as the
thorough study done by Ogawa et al,'*® remains crucial
in further developing these different targeting strate-
gies in the clinic. Furthermore, future studies will have
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to elucidate how each of these targeting strategies may
affect ECM distribution and T cell infiltration. Preclinical
tumor models for lung and colorectal cancer, when co-in-
jected with CAFs, showed intratumoral normalization of
CAFs after NADPH oxidase (NOX)4 inhibition, a down-
stream factor of TGFB1. This normalization coincided
with increased T cell infiltration, suggesting a promising
effect of the treatment for barrier reduction.

Focused ultrasound
An emerging approach for enhancing effector T cell
homing into tumors is focused ultrasound (FUS), which
enables non-invasive, non-ionizing acoustic disruption of
tumors through thermal (T-FUS) or mechanical (M-FUS)
means. T-FUS can stimulate release of inflammatory cyto-
kines including IL-12, IFNY, and TNFo."*"* In normal
tissues, M-FUS has upregulated ICAM-1 and VCAM-I,
improving mesenchymal stem cell homing to muscle!?*1%°
and also upregulated E-selectin, P-selectin, and ICAM-
1."%7 %% In murine melanoma and breast cancer models,
M-FUS has transiently upregulated expression of ICAM-1,
VCAM-1, and multiple pro-inflammatory cytokines, but
not in a manner sufficient to yield robust T cell infiltra-
tion into these tumors.'* 1% Findings on the impact of
M-FUS for blood-brain barrier disruption in brain tumors
have been mixed, with some results lending to no changes
in adhesion molecule expression or homing of activated
T cells' and others suggesting modulable increases in
ICAM levels.!* T cell-mediated protection has been
achieved through rational deployment of FUS in combi-
nation with immune adjuvants including TLR agonists,
chemotherapy, and checkpoint blockade, 3% 143-146

FUS holds promise as a non-invasive allied strategy for
mediating HRL expression and T cell infiltration. Its role
will be further crystallized by future efforts to understand
(1) how acoustic exposure conditions impact vascular
integrity and sustain HRL expression and (2) if and how
immunomodulatory effects are conserved across diverse
naive and malignant tissue settings.

SUMMARY

The presence and distribution of T cells in tumors is deter-
mined by complex interactions among ECs, tumor cells,
stromal cells, immune cells, and ECM and the subsequent
molecular and cellular composition of the TME. There-
fore, every tumor has a unique TME, and cellular and
molecular components are present in different quantities
and phenotypes. The individual roles of several compo-
nents have been evaluated, however, how they interact
and influence each other in different situations and envi-
ronments need to be dissected further. Newly developed
techniques, such as intravital imaging, live tissue imaging
of human tumor slices, spatial transcriptomics and single
cell RNA sequencing provide opportunities to analyze the
components in greater depth and can shine some neces-
sary light on the interplay between cellular and molecular
components involved in T cell presence and distribution

in tumors. By elucidating the involved mechanisms and
how they influence one another, the field can establish
targets to improve T cell presence and tumor cell killing
in tumors, and in a patient-specific manner.
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