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Abstract

CD8 T-cells are a critical brake on the initial development of tumors. In established tumors, the
presence of CD8 T-cells is correlated with a positive patient prognosis, although
immunosuppressive mechanisms limit their effectiveness and they are rarely curative without
manipulation. Cancer immunotherapies aim to shift the balance back to dominant anti-tumor
immunity through antibody blockade of immunosuppressive signaling pathways, vaccination, and
adoptive transfer of activated or engineered T-cells. These approaches have yielded striking
responses in small subsets of patients with solid tumors, most notably those with melanoma.
Importantly, the subset of patients who respond to vaccination or immunosuppression blockade
therapies are those with CD8 T-cells present in the tumor prior to initiating therapy. While current
adoptive cell therapy approaches can be dramatically effective, they require infusion of extremely
large numbers of T-cells, but the number that actually infiltrate the tumor is very small. Thus, poor
representation of CD8 T-cells in tumors is a fundamental hurdle to successful immunotherapy,
over and above the well-established barrier of immunosuppression. In this review, we discuss the
factors that determine whether immune cells are present in tumors, with a focus on the
representation of cytotoxic CD8 T-cells. We emphasize the critically important role of tumor-
associated vasculature as a gateway that enables the active infiltration of both effector and naive
CD8 T-cells that exert anti-tumor activity. We also discuss strategies to enhance the gateway
function and extend the effectiveness of immunotherapies to a broader set of cancer patients.

|. Prognostic significance of immune cell representation in tumors

A role for the immune system in cancer regression was suggested in the late 19" century by
William Coley, who observed that spontaneous remission of tumors sometimes occurred in
patients who contracted acute bacterial infections. He subsequently developed a mixture of
bacterial toxins that he believed activated the immune system, and reported they were
effective and even curative for some patients (Coley, 1893). Still, his method was
controversial, and with the advent of chemo- and radiotherapy, fell out of favor (Wiemann
and Starnes, 1994). It was not until the late 201" century that the importance of the immune
system in tumor control was firmly established. In seminal studies examining the
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development of tumors in immunodeficient mice (Kaplan et al., 1998; Smyth et al., 2000,
2001; Shankaran et al., 2001), it was established that cytotoxic CD8 T-cells and NK cells
controlled the incidence and severity of spontaneously occurring and chemically induced
tumors. However, immune selective pressure also edited these tumors, enabling the
expansion of tumor clones that had stopped expressing target antigens and making them less
susceptible to immunological control. In addition, other immune elements, including
regulatory T-cells (Treg) and several myeloid populations, were shown to suppress
immunity, contributing to tumor outgrowth, angiogenesis, and metastasis (Coussens et al.,
2000; Lin et al., 2001; Turk et al., 2004; L. Yang et al., 2004; De Palma et al., 2005).
Nevertheless, early correlative studies of patients with many tumor types, including
melanoma (Clark et al., 1989) and neurological tumors (Lauder and Aherne, 1972; Palma et
al., 1978), demonstrated that the presence of intratumoral lymphocytes was associated with a
positive prognosis and longer survival.

Different immune cell subsets have now been correlated with prevention of tumor
establishment and outgrowth (Vesely et al., 2011) as well as a positive or negative prognosis
in late stage tumors (Fridman et al., 2012). In fact, the same cell types are often beneficial at
both stages of tumor development. Cells that are present in the tumor mass and most often
linked to a positive prognosis include cytotoxic lymphocytes (CD8 T-cells and NK cells)
and CD4 T-cells with a Th1 (interferon-y, [IFNvy] producing) phenotype. Cells in the tumor
mass that represent myeloid lineages, including neutrophils, macrophages, and myeloid
derived suppressor cells, are most commonly associated with a negative prognosis. Other
tumor-infiltrating cell types have not been consistently linked to a single prognostic
outcome. In different studies, Th2 and Th17 cells, Treg, and NKT-cells have been linked to
both positive and negative prognoses (Fridman et al., 2012). The reasons for these variable
associations are unclear. For Treg, this could reflect the imprecision with which phenotypic
markers (e.g. FoxP3) clearly identify true regulatory cells with suppressive function, as
opposed to activated effector cells in humans (Tran et al., 2007; J. Wang et al., 2007). It has
been proposed that Th17 cells might have different phenotypes or functions depending on
the tumor type and therefore exert either pro- or anti-tumorigenic activity (Wilke et al.,
2011; Bailey et al., 2014).

Recognizing that multiple subsets of immune cells are often present in tumors at the same
time, their relative representations and function may be as important as their simple
presence, as these create a balance between positive and negative influences. The ratio of
CD8 T-cells to Treg or total CD4 T-cells has been shown to be prognostically important in
ovarian, colorectal, and pancreatic cancer (Diederichsen et al., 2003; Ino et al., 2013;
Preston et al., 2013; Sato et al., 2005). In addition, although high levels of CD8 T-cells in
tumors have been linked to positive clinical outcomes more commonly than for any other
cell type and in a number of different tumors, their functional status in the tumor is also
relevant. For example, CD8 T-cells were only associated with longer survival of renal cell
carcinoma patients if they were actively proliferating (Nakano et al., 2001). CD8 T-cells that
expressed CD45R0, a marker of antigen experience, were associated with both enhanced
expression of cytotoxicity genes and positive prognosis in colorectal cancer patients (Galon
et al., 2006; Pageés et al., 2009). Gene signatures associated with cytotoxicity and IFNy
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signaling as markers of effector CD8 T-cells have similarly been associated with a positive
prognosis in many other tumor types (Galon et al., 2013).

Interestingly, the precise localization of CD8 T-cells within the tumor also alters their
prognostic significance. The density and location of CD8 T-cells in colorectal carcinomas,
encompassed as an analysis termed the ‘Immunoscore’, was shown to exceed traditional
histopathological staging in prognostic power (Angell and Galon, 2013; Galon et al., 2006).
CD8 T-cell presence in both the center of the tumor and the invasive margins was associated
with a better outcome than presence in only one location (Pages et al., 2009). The presence
of CD8 T-cells was associated with improved survival if they were localized to
intraepithelial, but not stromal regions of ovarian carcinoma tumors (Sato et al., 2005). In
metastatic melanoma, three distinct ‘immunotypes’ have been defined based on the presence
and intratumoral distribution of immune cells (Erdag et al., 2012). Immunotype A tumors
were poorly or negligibly infiltrated by immune cells, and these patients had the poorest
prognosis. Immunotype B tumors contained CD8 T-cells that remained perivascular. This
phenotype was associated with an intermediate prognosis. Immunotype C tumors contained
CD8 T-cells that extended well away from blood vessels throughout the tumor and were
associated with the best overall prognosis. Therefore, even among patients with the same
histological tumor type, there is a remarkable heterogeneity in overall CD8 T-cell
representation and intratumoral distribution. Most importantly, this heterogeneity indicates
that fundamental processes controlling T-cell infiltration into and migration within tumors
vary.

Il. CD8 T-cell representation in tumors as a predictive marker of

responsiveness to therapy

The emergence of clinically evident cancers reveals that despite the presence and activity of
CD8 T-cells, tumors can escape their control (Vesely et al., 2011). Numerous strategies to
harness and/or enhance the anti-tumor properties of CD8 T-cells have been developed, and
in recent years, have led to encouraging successes. Melanoma has historically been the most
studied tumor for immunotherapies, in part because it is also the most responsive to a wide
spectrum of such therapies. However, efficacy of certain treatments has also been shown in
renal cell carcinoma, lung cancer, and bladder cancer. Regardless, only a fraction of patients
with any of these cancers respond to these therapies. Efforts to identify the basis for
responsiveness have suggested that a major determinant is the presence of effector CD8 T-
cells in tumors prior to initiating therapy.

High dose IL-2 has consistently been shown to elicit clinical responses, including complete
responses, in a small fraction of patients (Rosenberg et al., 1994; Schwartzentruber et al.,
2011). Gene expression profiling of pre-treatment tumor biopsies has revealed that a pre-
existing immune related gene signature, indicating elevated representation of CD4 and CD8
T-cells and elevated expression of T-cell derived cytokines and T-cell attracting
chemokines, is associated with clinical responses to IL-2 (Sullivan et al., 2009; Wang et al.,
2002; Weiss et al., 2011). A similar association has also been observed with clinical
responses to other immunotherapies, including therapeutic cancer vaccines (Gajewski et al.,
2010; Ulloa-Montoya et al., 2013), and treatment with the checkpoint blockade antibodies
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anti-CTLA-4 (Ji et al., 2012), and anti-PD-1/anti-PD-L1 (Herbst et al., 2014; Tumeh et al.,
2014). The pre-treatment presence of effector T-cells is also associated with enhanced
responsiveness to some chemotherapy and radiotherapy treatments in colorectal cancer
(Halama et al., 2011, 2009; Morris et al., 2008; Yasuda et al., 2011), breast cancer (Denkert
etal., 2010; Loi et al., 2013; West et al., 2011) head and neck cancer (Balermpas et al.,
2014), and non-small cell lung cancer (Liu et al., 2012).

Given that the immunotherapies and traditional therapies outlined augment immunity and/or
inhibit tumor growth through diverse and distinct mechanisms of action, the reason(s) that a
pre-existing infiltrate of CD8 T-cells in the tumor is associated with clinical responses are
not entirely clear. The connection is most easily explained for anti-PD-1/PD-L1 therapy and
IL-2 therapies. IL-2 may act to expand the intratumoral effector T cell population or rescue
it from an anergic phenotype (Beverly et al., 1992; Margolin, 2000). PD-1 expression on
effector T-cells, and engagement with its ligand PD-L1, inhibits their secretion of effector
cytokines, blunts their cytotoxic function, and promotes cell death, thereby protecting
peripheral tissues from excessive immune-mediated damage (Keir et al., 2008). In tumors,
the ligands PD-L1 and PD-L2 can be expressed on tumor and stromal cells and likewise
restrict immune attack and drive T-cell apoptosis (Blank et al., 2004; Dong et al., 2002). In
keeping with this, patients whose tumors or stroma express PD-L1 are more likely to
respond to anti-PD-1 (Topalian et al., 2012; Tumeh et al., 2014). The pre-existing
accumulation of effector CD8 T-cells in the tumor therefore represents the immediate target
of anti-PD-1 therapy.

Anti-CTLA-4 is proposed to act primarily in the lymph node (LN) to enhance T-cell priming
rather than locally in the tumor (Pardoll, 2012). This is supported by the emergence of a
broader TCR repertoire among tumor infiltrating lymphocytes upon treatment, likely
reflecting expansion of lower-affinity T-cells due to a lowered threshold of activation with
CTLA-4 blockade (Cha et al., 2014; Kvistborg et al., 2014). In mouse models, anti-CTLA-4
can also deplete Treg (Bulliard et al., 2013; Simpson et al., 2013). Although this mechanism
has not been demonstrated in humans, responsiveness to anti-CTLA-4 has been associated
with the pre-existing level of intratumoral FoxP3* cells (Hamid et al., 2011). IL-2, in
addition to local effects in the tumor, could also support a more robust proliferative response
in the LN. Therapeutic vaccination likewise aims to enhance the response to specific tumor
antigens that occurs in tumor-draining LN. Finally, chemotherapies or radiotherapies may
promote the immunogenic death of tumor cells acting as a natural vaccination to promote T-
cell priming against antigens from the killed cells (Casares et al., 2005; Formenti and
Demaria, 2013; Lugade et al., 2005; Zitvogel et al., 2011). Radiotherapy is also associated
with abscopal effects, whereby local irradiation leads to regression of distant metastases.
This phenomenon is poorly understood, but requires effector CD8 T-cells, indicating it is
immune-mediated (Demaria et al., 2005, 2004; Postow et al., 2012).

Thus, for a variety of therapies, the presence and distribution of effector CD8 T-cells in the
tumor microenvironment prior to therapy predicts a positive response. This is true even for
interventions that do not seem to be directly targeting the CD8 T-cells already in the tumor.
In all of these instances, we suggest that the prognostic significance of pre-existing CD8 T-
cells in the tumor reflects a microenvironment, and a tumor associated vasculature, that is
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permissive to CD8 T-cell accumulation. As a consequence, new CD8 effectors generated in
local secondary lymphoid tissue by any of these treatments may more readily enter the
tumor and control it.

The adoptive transfer of ex vivo expanded lymphocytes has also shown clinical efficacy in a
substantial percentage of treated patients with melanoma (Restifo et al., 2012). The pre-
existing presence of CD8 T-cells in the tumor is naturally a prerequisite for treatment, as
that is the source of the cells that are harvested, expanded, and reinfused. New adoptive
transfer therapies using T-cells derived from the blood rather than the tumor, which are
genetically engineered to recognize tumor antigens, have recently been shown to have some
anti-tumor activity in solid tumors (Beatty et al., 2014). It would be expected that the
presence of endogenous T-cells in the responding patients’ tumors is required, but this
remains to be investigated.

lll. Determinants of CD8 T-cell representation in tumors and other tissues

The overall representation of T-cells in tissues, including tumors, is determined by the
balance of several fundamental processes: cells entering tissues from the blood vasculature,
cells leaving through draining lymphatics, and cells proliferating and dying in situ. To
accumulate in a tumor at a peripheral site, however, typically effector T-cells are first
activated by specific antigen in the draining LN (see Figure 1). Tumors that are poorly
infiltrated by effector T-cells may be poorly immunogenic due to a paucity of antigens.
Consistent with this, we have observed that murine B16 melanoma tumors transfected to
express ovalbumin as a strong neoantigen are infiltrated by larger numbers of effector CD8
T-cells than the parental B16 line, which is poorly antigenic (Peske et al., 2015). Similar
results have been reported for other implantable murine tumors (Yu et al., 2005). Responses
to anti-CTLA-4 or anti-PD-1/PD-L1, which are associated with a pre-existing CD8 T-cell
infiltrate, have also been associated with mutational burden (Champiat et al., 2014; Snyder
et al., 2014), providing a link between T-cell representation and tumor antigenicity.

Poor representation of T-cells in tumors might also result from interference with dendritic
cell (DC) maturation or trafficking. For example, type | IFN signaling is required to generate
DCs capable of inducing antigen-specific anti-tumor CD8 T cell responses in B16 tumor-
bearing mice (Fuertes et al., 2011). Type | IFN is induced by tumor DNA that acts through
the STING cytosolic DNA sensing pathway in DC (Deng et al., 2014; Woo et al., 2014).
Thus defects in STING or type I IFN signaling might restrict DC activation and subsequent
T-cell priming. Murine melanoma cells that failed to express chemokines that recruited
cross-presenting DCs generated a poor T-cell response to an otherwise immunogenic tumor
(Spranger et al., 2014). High STAT-3 signaling, another common pathway activated in
melanoma and other tumors, can also inhibit DC maturation thus limiting CD8 T cell
activation (Wang et al., 2004). In pancreatic tumors, the Kras driver mutation has been
shown to prevent accumulation of T-cells by inducing the expression of GM-CSF, which
promotes the infiltration of immunosuppressive myeloid derived suppressor cells
(Gabrilovich et al., 2012; Pylayeva-Gupta et al., 2012; VVonderheide and Bayne, 2013).

Adv Cancer Res. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peske et al.

Page 6

In addition to the importance of these factors, there is also ample evidence to suggest that
the tumor vasculature limits the representation of CD8 T-cells in tumors. Subcutaneous (SC)
and intravenous (V) routes of vaccination with bone marrow-derived DCs presenting tumor
antigen both induce robust CD8 T-cell responses, but these differentially infiltrate and
control tumors growing in SC sites or lungs (Mullins et al., 2003). The importance of
vaccination route in enabling effective control of tumors growing in different anatomical
locations has been confirmed with other vaccine modalities as well (Chang et al., 2004;
Hangalapura et al., 2011; Sandoval et al., 2013). This was shown to be related to the ability
of vaccine induced T cells to enter tumors. Many other studies have also shown that even
when circulating antigen-specific T-cells are present in blood, their accumulation in the
tumor can be minimal (Lurquin et al., 2005; Marincola et al., 2003; Mullins et al., 2003;
Thurner et al., 1999; Weiss et al., 2012). In this regard, limited infiltration of T-cells into
tumors prevented rejection after Treg depletion in a B16 melanoma model (Quezada et al.,
2008). Similarly, an exceedingly small number of adoptively transferred tumor-specific
effector T-cells get into tumors, in both human and mouse studies (Bernhard et al., 2008;
Economou et al., 1996; Fisher et al., 1989; Ganss and Hanahan, 1998; Garbi et al., 2004;
Griffith et al., 1989; Kershaw et al., 2006; Pockaj et al., 1994). Finally, adoptively
transferred T-cells also controlled SC tumors but not gastric tumors in one murine study
(Bourquin et al., 2010), suggesting that adoptively transferred T cells can also differentially
enter tumors based on their anatomical location. Detailed understanding of the homing
characteristics of effector T-cells and tumor vasculature may explain why, even with robust
effector T-cells in circulation, entry into tumors is limited.

A. Trafficking of effector T-cells into tissues

Trafficking of leukocytes, including T-cells, from blood into lymphoid and peripheral
tissues involves sequential interactions between homing receptors on leukocytes and
corresponding ligands on vascular endothelial cells (Sackstein, 2005). An initial transient
adhesion, in which leukocytes engage and roll slowly on the vascular surface, is followed by
chemokine mediated activation of the high-affinity conformation of integrins, leading to
firm adhesion and transmigration into the underlying tissue (Butcher, 1991; Ley et al.,
2007). Effector differentiation in the LN up-regulates expression of new homing receptors
that enable CD8 T-cell entry into peripheral tissues where the corresponding vascular
ligands are expressed (Mora and von Andrian, 2006).

The specific homing receptors upregulated on effector CD8 T-cells depend on the location
of the priming LN and in turn on the properties of DCs and LN stromal cells that vary
depending on the local environment (Campbell et al., 2003; Dudda et al., 2005;
Hammerschmidt et al., 2008; Johansson-Lindbom et al., 2003; Masopust and Schenkel,
2013; Mora et al., 2005, 2003; Sigmundsdottir et al., 2007). For example, T-cells activated
in gut-associated LN, or by DCs from gut-associated lymphoid tissues, upregulate the
integrin a4p7 and the chemokine CCR9 (Campbell and Butcher, 2002; Mora et al., 2003).
Conversely, T-cells activated in skin-associated LN, or by the corresponding DCs, express
E-Selectin Ligand (ESL), P-Selectin Ligand (PSL), and the chemokine CCR10 (Dudda et
al., 2005; Johansson-Lindbom et al., 2003; Mora et al., 2005; Sigmundsdottir et al., 2007).
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Similar results are observed when T-cells are activated in different LN beds by exogenously
administered DCs. Intraperitoneal (IP) immunization with bone marrow derived DC
activates T-cells in the mesenteric and mediastinal LN that upregulate a4f7 integrin
(Ferguson and Engelhard, 2010; Sheasley-O’Neill et al., 2007). SC immunization activates
T-cells in skin-draining LN, most of which upregulate ESL and PSL, while some express
a4l integrin (Ferguson and Engelhard, 2010). IV immunization activates T-cells in the
mediastinal LN and spleen that express a4p1 integrin without coexpression of either ESL or
a4B7 integrin (Brinkman et al., 2008; Ferguson and Engelhard, 2010; Sheasley-O’Neill et
al., 2007). Finally, some homing receptors are upregulated on murine CD8 T-cells
regardless of the site of activation. CXCRS3, the receptor for CXCLJ9, 10, and 11 is
upregulated on a substantial fraction of effector CD8 T-cells. A subset of these cells also
express PSL, indicating that PSL expression is not restricted to cells primed in skin-draining
LNs. This PSL* subset also co-expresses several other chemokine receptors (CCR3, 4, 5,
and 6) (Ferguson and Engelhard, 2010). Collectively, these results define 3 major
populations of effector CD8 T-cells based on expression of molecules that initiate slow
rolling and confer tissue specificity. By contrast, broad based expression of chemokine
receptors enables sensing of the presence of a variety of different inflammation induced
chemokines for the purposes of further immobilization and tissue entry.

Expression of the corresponding vascular ligands also varies depending on the anatomical
location and inflammatory state of the underlying tissues. In some cases this provides a basis
for tissue selective T-cell trafficking. E- and P-selectin on skin vasculature facilitate slow-
rolling interactions with ESL* and PSL* effector T-cells (Austrup et al., 1997; Berg et al.,
1991; Borges et al., 1997; Fuhlbrigge et al., 2002, 1997). E-selectin is homeostatically
expressed at low levels only on skin vasculature (Brinkman et al., 2013; Chong et al., 2004;
Kupper and Fuhlbrigge, 2004). Transcription and translation leading to E-selectin
expression within 4-6 hrs is enhanced by numerous inflammatory stimuli, including IL-1,
tumor necrosis factor-a (TNFa), IFNy, lipopolysaccharide (LPS), thrombin, and radiation
(Hallahan et al., 1995; Kaplanski et al., 1997; Matsumoto et al., 2007, 2005; Yao et al.,
1999; Zarbock et al., 2011). TNFa, IL-1, LPS, thrombin, histamine, and radiation also
upregulate P-selectin within minutes as it is released from pre-formed stores in Weibel-
Palade bodies on endothelial cells and alpha granules of platelets (Hariri et al., 2008; Yao et
al., 1999). Inflammation induces transient expression of E- and P-selectin in a broad range
of tissues (Barthel et al., 2007). Chemokines have also been implicated in selective T-cell
trafficking to the skin. CCL27 and CCL17 are both homeostatically displayed on cutaneous
venules and are upregulated by inflammatory stimuli (Homey et al., 2002; Kupper and
Fuhlbrigge, 2004). CCL17 binds CCR4 on skin homing CD4 T-cells to mediate integrin
activation and induce extravasation (Andrew et al., 2001; Campbell et al., 1999), while
CCL27 binds to CCR10 and promotes movement into the epidermis (Homey et al., 2002;
Morales et al., 1999; Sigmundsdottir et al., 2007).

MAdCAM-1, a major ligand for a4f7 integrin, and CCL25, the ligand for CCR9, are
selectively expressed on the vasculature of gut-associated tissues (e.g. intestinal lamina
propria) (Hammerschmidt et al., 2008; Rott et al., 1996). CCL25 is constitutively expressed
at high levels on gut-associated vasculature and is not enhanced by inflammatory stimuli
(Ericsson et al., 2006), while MadCAM-1 is expressed constitutively at low levels and
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enhanced by TNFa and IL-1 (Ando et al., 2005). Low affinity a47/MadCAM-1
interactions have been shown to initiate slow rolling of leukocytes (Chen et al., 2003).
Subsequent engagement of CCR9 with CCL25 induces the high affinity forms of a4p7
integrin or LFA-1 which can mediate firm adhesion to gut vasculature (Berlin et al., 1995,
1993; Chen et al., 2003; de Chateau et al., 2001; Salas et al., 2002).

Other vascular ligands are expressed more ubiquitously among different tissues, and
therefore promote T-cell trafficking into a broader range of inflammatory sites. The integrin
ligand VCAM-1 is constitutively expressed at low levels on vasculature of many tissues and
is induced to much higher levels by TNFa, IFNy, IL-1, and LPS, thrombin, and radiation
(Cook-Mills et al., 2011; Ferguson and Engelhard, 2010; Hubbard and Rothlein, 2000;
Kaplanski et al., 1998; Lawrence and Springer, 1991; Molla et al., 2003; X. Wang et al.,
2007). a4p1/VCAM-1 interactions contribute to T-cell trafficking into brain, lung, and
interestingly, also the skin and gut (Baron et al., 1993; Calzascia et al., 2005; Kenyon et al.,
2009; Rott et al., 1996). In addition, a4p1/VCAM-1 interactions can support both slow
rolling and firm adhesion of effector T-cells without chemokine-mediated activation, but
possibly in cooperation with LFA-1 (Alon et al., 1995). Expression of certain chemokines is
also induced during inflammation in multiple different tissues. CXCL9, 10 and 11, all
ligands for CXCRS3, are induced by IFNy (Coursey et al., 2014; Tensen et al., 1999). CCL3,
4 and 5, all ligands for CCR5, are broadly induced by viruses and bacterial endotoxin
(Sherry et al., 1988; Tsai et al., 2013) and promote T-cell infiltration into inflamed tissues
(Abdi et al., 2002; Gregg et al., 2010; Hancock et al., 2000).

B. Trafficking of effector T-cells into tumors

The homing receptor/ligand interactions required for T-cell entry into tumors are not as well
characterized as for entry into peripheral tissues, and several important and related questions
need to be considered. First, what homing receptor ligands are expressed on tumor
vasculature? Does ligand expression vary based on anatomical site and/or tumor type? Are
ligands expressed at sufficient levels to enable T-cell entry? Is tumor vascular ligand
expression characteristic of the local peripheral tissue, or the tumor itself, and is it regulated
positively or negatively by elements of the innate and adaptive immune systems? In many
cases, the answers to these questions are only starting to be addressed.

Although tumors are sites at which significant T-cell mediated death and inflammation may
be occurring, the expression of many homing receptor ligands on tumor vasculature is low.
E-selectin is often not expressed on the vasculature of squamous cell carcinomas of the skin
or metastatic melanomas, despite being present on adjacent tissue vasculature (Clark et al.,
2008; Weishaupt et al., 2007). MadCAM-1 is expressed at low levels on gastric
adenocarcinoma vasculature relative to normal mucosal tissue (Enarsson et al., 2006).
VCAM-1 and ICAM-1 expression are also low on vasculature of melanoma, colorectal
cancer, colorectal hepatic metastasis, and glioblastoma (Blank et al., 2005; Dirkx et al.,
2003; Weishaupt et al., 2007; Yoong et al., 1998, unpublished). Chemokines commonly
associated with T-cell trafficking, including the CCRS5 ligands CCL3, CCL4, and CCL5, or
the CXCR3 ligands CXCL9, CXCL10, and CXCL11 are low in poorly infiltrated
melanomas and colorectal carcinomas (Coppola et al., 2011; Harlin et al., 2009; Messina et
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al., 2012). Vascular endothelial growth factor (VEGF), Endothelin B receptor, and CD73 are
three factors that have been implicated in limiting ligand expression on vasculature, in part,
through blocking inflammation-induced ligand upregulation (Buckanovich et al., 2008;
Dirkx et al., 2003; Wang et al., 2011).

In some cases, expression of vascular ligands has also been shown to vary with the location
of tumor growth or the tumor type. E-selectin was more often expressed at higher levels in
Merkel cell carcinomas in the skin than in melanoma (Afanasiev et al., 2013; Weishaupt et
al., 2007). In an assessment of several different implantable tumors growing subcutaneously,
only a subset of tumors, including B16 melanoma, expressed vascular E-selectin (Seguin et
al., 2012). We have found that the vasculature of B16 melanoma and Lewis Lung carcinoma
tumors grown SC expresses E-selectin and relatively high levels of VCAM-1, while that of
tumors grown IP expresses low levels of VCAM-1 and is negative for E-selectin
(unpublished). Conversely, MAdACAM-1 is expressed on a significantly higher fraction of
the vasculature in IP B16 tumors compared to SC tumor vasculature. This indicates that
homing receptor ligand expression on tumor vasculature resembles, and is presumably
derived from, that of adjacent normal tissue. There is a paucity of information concerning
expression of E-selectin, VCAM-1, and MAdCAM-1 among human tumor types and
locations. Whether chemokines such as CCL27 and CCL25, which are normally expressed
in skin and gut, are differentially expressed in tumors growing in different anatomic
locations remains unknown.

Several studies have evaluated which homing receptor ligands enable infiltration of effector
CD8 T-cells into tumors, either directly or as a correlation. VCAM-1 expression correlates
with T-cell representation in pancreatic islet cell carcinoma and melanoma (Garbi et al.,
2004; Lohr et al., 2011; Quezada et al., 2008) while ICAM-1 expression correlates with T-
cell entry into melanoma, pancreatic islet carcinoma, and glioblastoma (Blank et al., 2005;
Buckanovich et al., 2008; Fisher et al., 2011; Garbi et al., 2004; Lohr et al., 2011; Quezada
et al., 2008). CD8 T-cell infiltration into SC B16 melanomas was also significantly reduced
in ICAM-1""~ mice even following an inflammatory systemic hyperthermia therapy (Fisher
etal., 2011). We have shown that antibody blockade of a4p1/VCAM-1 and LFA-1/ICAM-1
interactions significantly reduces the number of adoptively transferred a4p1* effector CD8
T-cells that enter SC or IP B16 tumors (unpublished). These molecular pairs are not
redundant, suggesting that a4p1/VCAM-1 acts to initiate slow rolling while LFA-1/ICAM-1
mediates arrest. Infiltration of adoptively transferred CXCR3™/~ effector CD8 T-cells into
SC or IP B16 tumors is almost entirely eliminated, implying that this is the major chemokine
axis enabling entry (unpublished). CXCR3 has also been associated with CD8 T-cell entry
in other tumor models (Harlin et al., 2009; Kunz et al., 1999; Mullins et al., 2004), and with
increased survival in melanoma patients (Mullins et al., 2004). This also identifies an
important role for the CXCR3 ligands CXCL9, 10, and 11. The direct role of VCAM-1,
ICAM-1, and ligands for CXCR3 or other chemokine receptors in mediating T-cell entry
into additional murine and human tumors still needs to be thoroughly examined.

E-selectin has also been implicated in CD8 T-cell entry into tumors. Low expression in
melanomas was associated with an absence of ESL* CD8 T-cells (Clark et al., 2008). Higher
vascular E-selectin expression among Merkel cell carcinomas in different patients was
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associated with larger numbers of CD8 T-cells, although it is unclear if the infiltrating T-
cells were ESL* (Afanasiev et al., 2013). Fucosyltransferase IV and VII knockout CD8 T-
cells cannot generate the carbohydrate structure to form functional ESL (Goelz et al., 1994,
1990; Knibbs et al., 1996; Maly et al., 1996) and their entry into SC B16-cOVA tumors is
reduced compared to wild-type cells (Stark et al., 2012). However, whether wild-type CD8
T-cell entry was dependent on either ESL or PSL (which is also fucosyltransferase
dependent) or both was not determined. We have shown that adoptively transferred ESL*
effector CD8 T-cells enter SC B16 tumors with E-selectin® vasculature more efficiently than
IP tumors with E-selectin™9 vasculature (unpublished). Entry of ESL* effector CD8 T-cells
into SC tumors growing in E-selectin™~ mice was also reduced compared to entry into SC
tumors in wild-type mice, while blockade of P-selectin/PSL interactions with a recombinant
P-selectin fusion protein had no effect (unpublished). Thus, ESL/E-selectin interactions
enable effector CD8 T-cell entry into skin-associated tumors where E-selectin is expressed
on the vasculature.

Given the low level of MAdCAM-1 expression on SC tumor vasculature, it is not surprising
that blocking antibodies to its receptor, a4f7, had no impact on T-cell entry into SC
melanomas (Fisher et al., 2011). In human colorectal carcinoma patients, high MAdCAM-1
gene expression in tumor lysates correlates with the presence of CD8 T-cells (Mlecnik et al.,
2010), but direct evidence that it mediates CD8 T-cell entry is lacking. The role of
MAJCAM-1 in enabling T-cell infiltration into tumors deserves further scrutiny, especially
in cancers of mucosal tissues or tumors that metastasize to mucosal sites.

Although selectin, integrin, and chemokine expression on tumor vasculature is generally
low, it can still respond to inflammatory signals analogous to normal vasculature. For
example, treating human squamous cell carcinomas with the TLR7 agonist, Imiquimod, or
with TNFa induced expression of E-selectin on the vasculature and significantly increased
the number of ESL* CD8* T-cells in the tumor (Clark et al., 2008). Likewise, inflammation
induced by systemic hyperthermia significantly increased the number of CD8 T-cells rolling
on tumor vasculature, and this could be blocked by a cocktail of E- and P-selectin antibodies
(Fisher et al., 2011). Additionally, treatment of pancreatic islet carcinomas with CpG
upregulated VCAM-1 and ICAM-1 on tumor vasculature and significantly increased T-cell
infiltration, likely due to enhanced homing ligand expression (Garbi et al., 2004). These data
highlight that upregulation of homing receptor ligand expression on tumor associated
vasculature is an important maneuver to be developed in conjunction with other therapies
that depend on immune infiltrates for their effectiveness.

C. Positive feedback loops in vascular ligand expression

It is interesting that some of the pro-inflammatory cytokines that increase homing receptor
ligand expression are also released by effector CD8 T-cells. This raises the possibility that
early stage effector CD8 T-cell entry into tumors could initiate a positive feedback loop in
which their secretion of cytokines further upregulates homing receptor ligand expression,
enhancing the entry of additional effector CD8 T-cells (see Figure 2a). Indeed, exogenous
antigen-specific T-cells that enter EL-4 thymoma increase accumulation of host T-cells as
well (Boissonnas et al., 2007). This increased accumulation was dependent on IFNy released
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by the transferred cells, and associated with increased expression of several chemokines that
are chemotactic for effector T-cells (Hollenbaugh and Dutton, 2006). We have found that
B16-cOVA tumors grown in Ragl~'~ mice, which lack B and T-cells, express significantly
lower levels of VCAM-1 and MAdCAM-1 (unpublished). The adaptive immune effector
activities that upregulate homing receptor ligand expression in these tumors remain to be
elucidated. Importantly, the efficacy of PD-1 blockade in enhancing tumor control has been
associated with induction of this positive feedback loop: enhanced IFNy secretion by
intratumoral CD8 T-cells in anti-PD-1 treated mice increased expression of chemokines,
including CXCL10, and resulted in greater T-cell entry and tumor control (Peng et al.,
2012).

D. Mechanical properties of vasculature

In normal angiogenesis, VEGF-activated endothelial cells detach from their neighbors and
sprout in the direction of pro-angiogenic factors, including VEGF itself (Weis and Cheresh,
2011). Proliferation results in the formation of tubes that recruit pericytes to provide
stability. In a final resolution stage, the endothelial cells remodel and prune to form a
functional vasculature. The enhanced availability of pro-angiogenic factors in tumors results
in vessels that are disorganized, tortuous, leaky, and lack pericyte coverage. This abnormal
architecture results in hypoxia in the tumor microenvironment and high intratumoral
pressure. Loss of the gene encoding Regulator of G-protein Sgnaling 5 resulted in
normalization of this tumor vasculature and, intriguingly, also enhanced T-cell
representation within tumors (Hamzah et al., 2008). This study concluded that this was due
to a reduction in intratumoral pressure, which enabled more robust T-cell entry (Hamzah et
al., 2008). This makes sense if fluid flow were a direct determinant of migration, but T-cells
crawl on extracellular matrix to move within tissue. Instead, the decreased space between
endothelial cells in normalized vasculature may create a more continuous vascular surface to
support T-cell rolling as a prelude to entry. The effect of normalizing the tumor vasculature
on vascular ligand expression was also not addressed. MadCAM-1 expression, for example,
has been shown to be dependent on proximity of endothelial cells to one another (Ogawa et
al., 2005), a property that could be altered by normalizing vasculature. While high dose anti-
angiogenic therapy destroys vasculature and inhibits entry, low dose anti-angiogenic therapy
may promote entry and enhance immunological tumor control alone or in combination with
other strategies (Huang et al., 2012; Shrimali et al., 2010).

IV. Tumors develop HEV-like vasculature

Classically, naive CD8 T-cells are thought to primarily recirculate through the blood and
secondary lymphoid organs to scan antigen presenting cells for their cognate antigen (von
Andrian and Mackay, 2000). This tissue selectivity is based upon interactions of L-selectin
and CCR7 with Peripheral Node Addressin (PNAd) and CCL19/CCL21 respectively, which
are normally selectively expressed on the specialized high endothelial venules (HEV) found
in LN but not the vessels of peripheral tissues (Girard et al., 2012; Rosen, 2004). However,
numerous recent studies have reported that PNAd and/or CCL21 are expressed in a variety
of human tumors, including melanoma, breast, lung, ovarian, colorectal and testicular
cancers (Cipponi et al., 2012; Coppola et al., 2011; de Chaisemartin et al., 2011; Martinet et
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al., 2012, 2011; Messina et al., 2012; Sakai et al., 2014). Several of these studies also
showed that PNAd*™ HEV-like vasculature is associated with a positive prognosis (Avram et
al., 2013; Martinet et al., 2012, 2011). These results suggest that inducing the development
of HEV-like vasculature presents an alternative therapeutic path for enhancing intratumoral
T-cell representation by enabling naive T-cell entry into tumors, where they may become
anti-tumor effectors.

A. Control of HEV in lymph nodes and tertiary lymphoid structures

In the absence of an inflammatory insult, HEV that express PNAd and CCL21 are found
exclusively in secondary lymphoid organs, including LN and MALT (e.g. PP, NALT), but
not the spleen (Girard et al., 2012). In addition to their selective expression of ligands for
naive T-cell homing receptors, the endothelial cells of HEV can be distinguished from the
flat endothelial cells found in other tissues by their plump, cuboidal morphology. This
unique morphology also contributes to the trafficking function of HEV, enabling them to
store incoming lymphocytes in “pockets” until there is room in the LN parenchyma to
accommodate the entering cells (Mionnet et al., 2011).

HEV emerge in the developing LN during embryogenesis, but they do not develop their
characteristic adhesion molecule expression pattern until after birth (Mebius et al., 1996).
Still, development of HEV is presumed to depend on the same signals required for LN
organogenesis as a whole. This process is dominated by signaling of the heterotrimeric form
of lymphotoxin (LTa1p2) on Lymphoid Tissue Inducer cells through the Lymphotoxin-f
receptor (LTPR) on stromal organizer cells to induce chemokine secretion (van de Pavert
and Mebius, 2010). Mice deficient in LTa, LTp, or LTBR lack most or all LN (Alimzhanov
et al., 1997; De Togni et al., 1994; Fitterer et al., 1998; Koni et al., 1997). In the adult LN,
the homeostatic maintenance of HEV morphology, expression of PNAd, and subsequent
lymphocyte trafficking depend on LTal1p2 signals delivered by DCs directly to LTPR-
expressing endothelial cells (Browning et al., 2005; Moussion and Girard, 2011), and is
independent of B and T cells (Moussion and Girard, 2011). However, PNAd can be
expressed on both the luminal and abluminal surfaces of HEVs (Rosen, 2004; Streeter et al.,
1988). LTPR signaling primarily controls luminal expression of PNAd on LN HEV
(Browning et al., 2005). Furthermore, homeostatic expression of chemokine CCL21 is
independent of LTBR (Browning et al., 2005; Liao and Ruddle, 2006). Thus, some, but not
all specialized HEV characteristics depend on LTBR signaling.

When peripheral tissues are chronically inflamed, as in many autoimmune conditions, HEV-
like blood vessels that express PNAd and/or CCL21 can develop (Rosen, 2004). This
phenomenon has been reported in numerous human diseases and mouse models, including
rheumatoid arthritis, Sjogren’s syndrome, thyroiditis, atherosclerosis, allograft rejection, and
bacterial or viral infection (Aloisi and Pujol-Borrell, 2006). In some of these conditions,
PNAd™* blood vessels have the unique cuboidal morphology of LN-resident HEV, while in
others, the PNAd* vessels are composed of typical flat endothelial cells (Rosen, 2004). An
additional feature of these inflamed tissues is the development of organized lymphocytic
infiltrates around PNAd™ blood vessels that are referred to as ectopic/tertiary lymphoid
structures (TLS) or tertiary lymphoid organs (Aloisi and Pujol-Borrell, 2006; Drayton et al.,
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2006). One set of criteria for defining a bona fide TLS has recently been proposed (Dieu-
Nosjean et al., 2014). TLS are defined to consist of large infiltrates of B-cells and T-cells
that are segregated into distinct zones, recapitulating the organization found in LN. They
also contain follicular DCs and germinal centers where B-cells undergo class switching, and
mature DCs capable of presenting antigen to and activating infiltrating T-cells. Not every
report of TLS development has shown the structure contains all of these properties, but in
general most have at least shown the accumulation of B-cells and T-cells in conjunction
with antigen presenting cells and stromal cells. The control of HEV-like vessels and TLS
development in many models is similar to the mechanisms previously described for the LN.
For example, in lung models of TLS that develop in response to flu or bacterial infections,
DC are responsible for maintaining HEVs through LTBR signaling (GeurtsvanKessel et al.,
2009; Halle et al., 2009). Blockade of LTBR also prevents development of TLS and HEVs in
many other models (Gatumu et al., 2009; Grabner et al., 2009; Motallebzadeh et al., 2012;
Rangel-Moreno et al., 2011).

B. Control of the development HEV-like vessels in tumors

Although many studies have reported the existence of HEV-like vessels expressing PNAd
and/or CCL21 in tumors, few have examined the cellular and molecular mechanisms leading
to their spontaneous development. In human studies, the density of DCs expressing LTP or
markers of maturity has been correlated with the density of HEV-like vasculature (Martinet
et al., 2013), consistent with the hypothesis that their development in tumors mirrors the
pathways defined in LN. Data from several murine models, however, have implicated other
cellular and molecular pathways. Recent work in our laboratory using ovalbumin-expressing
B16 melanoma showed that development of HEV-like vasculature occurred in tumors
growing in multiple anatomic locations in wild-type mice (Peske et al., 2015).
Mechanistically, HEV-like vasculature was not induced by DC expression of LTBR, but
instead required the secretion of homotrimeric LTag and IFNy by activated effector CD8 T-
cells and/or NK cells in the tumor microenvironment. These cytokines signaled through
TNF receptors and the IFNy receptor expressed on endothelial cells to induce PNAd and
CCL21 expression. PNAd* blood vessels were also correlated with the presence of activated
effector lymphocytes in a genetic model of melanoma driven by melanocyte-restricted
BRAFVY600E mytation and PTEN loss (Peske et al., 2015). A different study using methyl
cholanthrene-induced fibrosarcomas found that the primary tumors that developed in wild-
type mice did not contain HEV-like vasculature (Hindley et al., 2012). But when Treg were
depleted, a fraction (~50%) of the tumors were well infiltrated with activated lymphocytes
and contained blood vessels expressing PNAd and MAdCAM-1 (another HEV associated
molecule found on HEV in mesenteric LN and Peyer’s patches, but not inguinal LN).

While these studies at first glance seem to point to disparate tumor-specific mechanisms
leading to development of HEV-like vasculature, the results can be unified by positing that
ongoing NK and/or T-cell driven cytokine expression in the tumor microenvironment is
necessary to establish and maintain HEV. Thus, in strongly antigenic tumors, effector
lymphocytes receiving robust activation signals would secrete the required cytokines for
HEV-induction even in the presence of Treg. In less antigenic tumors, immunosuppression
by Treg may dominate, necessitating their depletion to enable HEV-induction by sufficiently
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activated effector lymphocytes. While DCs play a critical role in priming the effector T-cell
response, their direct involvement in inducing HEV-like vasculature was not revealed in
either murine model. The dependence of HEV-like vasculature in tumors on activated
lymphocytes differs from the mechanisms defined in LN and non-tumor TLS. One
possibility is that within the highly angiogenic tumor environment, endothelial cell control
of HEV-like properties is altered. Indeed, differential responsiveness of PNAd+ and PNAd-
endothelial cells to VEGF has been documented for LN HEV (Chyou et al., 2008; Webster
et al., 2006). Although endothelial cell morphology has not been carefully determined in all
studies, control of PNAd present on flat venules in tumors (Peske et al., 2015) might differ
from control on the morphologically distinct cuboidal HEV in LN.

C. Association of tumor HEV with TLS

As highlighted above, PNAd* HEV-like vessels that emerge in inflamed tissues are often
associated with organized TLS. Some studies have now determined if intratumoral HEV are
similarly associated with organized lymphoid tissue. Not all have used the framework
proposed by Dieu-Nosjean for identifying a TLS, or the organization described only
incompletely meets those standards. In addition, not all studies that stained for the presence
of HEV also investigated if TLS were present. Including the studies that have identified
HEV-like blood vessels associated with infiltrates of B and T-cells even if they did not
demonstrate fully segregated zones as in LN, HEV-associated TLS have been identified in
numerous human tumors and animal models, including melanoma, lung, colorectal, and
breast cancer (Goc et al., 2013).

Importantly, HEV-like vessels also clearly develop in the absence of TLS. Primary human
melanomas do contain HEV-like vessels expressing PNAd and CCL21 (Avram et al., 2013;
Cipponi et al., 2012; Martinet et al., 2012). However, TLS are either entirely absent or
present in only a small fraction of primary tumors (Cipponi et al., 2012; Ladanyi et al.,
2014). In contrast, metastases were more likely to contain TLS in association with HEV
(Cipponi et al., 2012). The tissue of origin also plays a role in determining TLS presence in
the metastasis. Lung metastases from primary colorectal cancers had a higher density of
TLS than metastases from primary renal cell carcinomas (Remark et al., 2013).
Interestingly, in our studies with ovalbumin-expressing B16 melanoma, HEV-like blood
vessels develop in tumors growing at both IP and SC locations. However, associated TLS-
like structures composed of an intermingled B and T-cell infiltrate were only present in IP
tumors (Peske et al., 2015). The absence of TLS in SC tumors was also observed using a
B16 line transfected to express high levels of CCL21 (Shields et al., 2010). Thus there are
additional signals required to drive the maturation of an organized TLS in addition to those
necessary for induction of PNAd on the vasculature.

One possibility is that certain sites receive the LTagz-mediated signals that induce PNAd
expression, but poorly induce expression of chemokines such as CCL21 and CXCL13 if
they fail to receive adequate IFNvy or LTPR signals. Certain anatomic locations of metastasis
may also intrinsically be more or less able to support the development of TLS. For example,
CXCL13 expression, which likely enables B-cell organization in the TLS (Henry and
Kendall, 2010), is induced by retinoic acid signaling (van de Pavert et al., 2009). Mucosal
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associated sites where cells express high levels of retinoic acid-synthesizing enzymes may
be more permissive to TLS neogenesis. In addition, transgenic overexpression of CCL21
induces TLS formation in the thyroid and pancreas (Luther et al., 2002; Marinkovic et al.,
2006), but not the skin (Chen et al., 2002). Still, the skin does not have an absolute
restriction on TLS development as cutaneous melanoma metastases (Cipponi et al., 2012) or
subcutaneous tumors transfected to directly express LTa (Kim et al., 2004) can develop
TLS. The skin might actively suppress TLS development via inhibitory factors or lack
permissive signals present in mucosal sites, but this requires further investigation.

D. Tumor-associated HEV-like vessels support enhanced antitumor immunity

While many human and murine tumors contain HEV, because their development is a
consequence of a robust immune response, one possibility is that their linkage with a
positive prognosis simply reflects the confounding variable of the presence of effector T-
cells. However, it is now clear that intratumoral HEV also directly support an enhanced
immune response. HEV-like vessels are the gateways for recruiting naive T-cells into
tumors (Peske et al., 2015). Once they have reached the tumor, naive T-cells undergo
priming and differentiation in situ, if they are specific for tumor antigens (Thompson et al.,
2010), leading to the significant restraint of tumor outgrowth (Peske et al., 2015). In some
murine models where naive T-cells are directed to the tumor in large numbers, tumors can
even be completely eradicated (Yu et al., 2004). In contrast, another study demonstrated that
a B16 cell line that directly secreted CCL21 developed HEV-like vessels as a component of
a tolerogenic stromal environment enriched in Treg that inhibited anti-tumor immunity
(Shields et al., 2010). While several other studies of the effects of either endogenous or
exogenous CCL21 in the tumor microenvironment are consistent with the hypothesis that it
is a beneficial factor promoting anti-tumor immunity (Kirk et al., 2001b; Messina et al.,
2012; Novak et al., 2007; Sharma et al., 2000; Turnquist et al., 2007; S.-C. Yang et al.,
2004), these contrasting results suggest that the precise context in which the HEV-like blood
vessels develop can be critical for determining their effect on anti-tumor immunity.

Furthermore, while TLS often form in relation to HEV-like vessels, it is not clear if they
positively or negatively influence the development of local anti-tumor immunity.
Histological or gene expression-based evidence for the presence of TLS in human tumors is
associated with a positive prognosis for several tumor types (Coppola et al., 2011; Dieu-
Nosjean et al., 2008; Messina et al., 2012). This prognostic association may again be
confounded by the fact that TLS form downstream of HEV induction as a consequence of an
ongoing immune response. In a murine melanoma model where TLS-like structures
(whether they included germinal centers and follicular DCs was not examined) were induced
in the tumor in the absence of LN, priming of naive T-cells still led to tumor eradication,
suggesting the TLS was an effective locus for generating the anti-tumor immune response
(Schrama et al., 2008, 2001). However, in B16-cOVA tumors, TLS-like structures develop
only in IP tumors (Peske et al., 2015), but both IP and SC sites support the effective in situ
priming and differentiation of tumor-specific naive T-cells (Thompson et al., 2010).
Furthermore, naive T-cells primed in SC tumors in the absence of TLS still exert anti-tumor
immune activity, delaying tumor outgrowth and prolonging survival (Peske et al., 2015).
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Thus, the TLS does not appear to be absolutely required for intratumoral priming of naive T-
cells.

TLS may instead affect the anti-tumor immune response in more subtle ways. For example,
chemokine expression in the TLS may simply help promote effective T cell trafficking into
the tumor. However, it is also possible that high levels of chemokines in TLS might retain
T-cells in the structure around the vasculature, thereby restricting T-cell contact with the
bulk of the tumor. Whether ‘Immunotype B’ melanoma patients (Erdag et al., 2012), who
have primarily perivascular lymphocytes and an intermediate prognosis, encompasses the
patients with intratumoral TLS is a interesting question. Another possibility is that the TLS
primarily alters the function of intratumoral B-cells, which often dominate the structure.
Intratumoral B-cells have been associated with either beneficial (DiLillo et al., 2010;
Germain et al., 2014; Nielsen et al., 2012) or negative (Barbera-Guillem et al., 2000;
DeNardo et al., 2010) effects in different models. This could be related to whether or not the
B-cells were present in the context of a TLS, which was not examined in all of these studies.
Finally, the presence of TLS might improve the responsiveness to immunotherapies such as
anti-CTLA-4/anti-PD-1 treatment, or vaccinations that are delivered directly to the tumor
site. The overall contribution of the TLS to positive or negative effects on anti-tumor
immunity therefore remains to be fully investigated, and will require more precise
understanding of the factors driving their development.

V. Altering the tumor vasculature to support enhanced entry of naive and

effector T-cells

A. Rationale for modifying tumor associated vasculature

As we have reviewed, characteristics of the tumor vasculature determine whether or not
tumors are permissive to the entry of both effector and naive CD8 T-cells. Because the
presence of CD8 T-cells in tumors is such a strong prognostic factor and predictor of
responsiveness to immunotherapies, strategies that can alter the tumor vasculature to support
the enhanced entry of T-cells hold the potential to extend the effectiveness of these
immunotherapies to a much broader cross-section of patients for whom they would
otherwise be ineffective.

If a tumor contains only small numbers of CD8 T-cells, however, can altering just the
properties of the vasculature actually have a meaningful effect? This is likely to depend on
the precise nature of the tumor. For example, if the tumor has antigens that can be
recognized by CD8 T-cells, but remains poorly infiltrated due to defects at the level of
innate cell activation, or driver mutations that promote limited lymphocytic infiltration, then
exogenous manipulations to initiate inflammation in the tumor or directly upregulate ligands
for homing receptors would likely have a positive effect. Indeed in pancreatic cancer
patients and murine models, vaccination and chemotherapy initiated accumulation of T-cells
in the previously T-cell poor tumor (Lutz et al., 2014; Winograd et al., 2015). As effector T-
cells reach the tumor in response to these interventions, they would secrete pro-
inflammatory cytokines, and initiate the positive feedback loop to support recruitment of
additional effector CD8 T-cells into the tumor by maintaining an inflamed tumor
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vasculature. A similar effect would be expected in response to interventions designed to
induce HEV-like blood vessels and promote naive T-cell entry. Indeed, several studies have
shown that maneuvers to induce intratumoral naive T-cell priming, such as targeting of LTa
to the tumor, or intratumoral vaccination with CCL21-secreting peptide-pulsed DCs are
effective, even in the absence of LN (Kirk et al., 2001a, 2001b; Schrama et al., 2008). Once
naive T-cells become activated, they would also be expected to contribute to the positive
feedback loop, supporting the continual influx of T-cells through inflamed blood vessels.

There are still theoretical advantages to targeting the tumor to primarily enhance either naive
or effector T-cell entry. For example, the induction of HEV-like blood vessels appears to
require LTa-TNFR signaling regardless of the site of tumor growth. Therefore inducing
vessels expressing PNAd and CCL21 at different anatomic locations may be easier than
attempting to induce the different molecules involved in effector cell trafficking that may
have a known tissue-selective preference for one site or another, such as E-selectin and
MAdCAM-1. On the other hand, altering the vasculature to support entry of effector T-cells
may work synergistically with current vaccination or adoptive transfer therapies by
enhancing the very small fraction of transferred cells that enters the tumor.

B. Strategies for modifying tumor associated vasculature

The simplest method for altering tumor associated vasculature to support enhanced entry of
CD8 T-cells would be through systemic administration of inflammatory stimuli, such as
TNFa, LTa, LIGHT, and IFNY, or agonistic antibodies targeting their receptors to induce
upregulation of ligands for naive and effector T-cell homing receptors. Unfortunately, this
strategy is limited by the toxicity of these agents when given systemically. Therefore, an
alternative strategy would be the concentrated delivery of inflammatory cytokines or other
stimuli directly to the tumor site. While these strategies are still early in development,
methods such as tumor-endothelium targeted microbubbles (Hernot and Klibanov, 2008) or
engineered adeno-associated viruses that localize to specific tumor targets (Konkalmatt et
al., 2013) are potential options (see Figure 2). These methods could deliver a tumor
vasculature-modifying drug or cytokine directly, ShRNA sequences to knockdown inhibitory
molecules, or even protein-coding nucleic acid sequences. These could potentially be the
endothelial expressed ligands themselves (e.g. E-selectin, VCAM-1, CXCL10), or an
upstream cytokine known to induce their expression (e.g. TNFa, IFNy, LTa).

Direct modulation of the tumor vasculature is not the only possibility, however. One
interesting intervention involves a temporary induction of mild hyperthermia, which is
associated with the expression of IL-6 to enhance ICAM-1 expression on tumor vasculature
(Fisher et al., 2011). Inhibiting VEGF (Shrimali et al., 2010) or the Endothelin B Receptor
that indirectly decrease expression of homing receptor ligands is another potential strategy
(Buckanovich et al., 2008). Tissue engineering approaches to implant scaffolds to support
development of TLS at the tumor site may also be feasible (Irvine et al., 2008). Furthermore,
the matching of vaccination routes or in vitro treatments of adoptively transferred cells
should be optimized to induce T-cell populations that express appropriate homing receptors
to bind to the ligands expressed on tumor vasculature, which may vary with location of
growth.
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Interventions to enhance T cell trafficking are not proposed to entirely supplant, but rather
work in concert with current therapeutic strategies. For example, they may be combined
with local radiotherapy or chemotherapy to enhance tumor antigenicity, or applied in
combination with vaccination or adoptive transfer to increase the efficiency of CD8 T cell
entry into tumors. Rational combinations of immunotherapies are already showing increased
efficacy in murine models and human patients (Victor et al., 2015). Modifying the tumor
vasculature and microenvironment to support the entry of naive and activated T cells has the
potential to further broaden the cohort of patients that will respond to current
immunotherapies.
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Figure 1. Factorscontrolling CD8 T-cell presencein tumors
The infiltration of CD8 T-cells into tumors is controlled by many factors. Initial naive T-cell

(TN) priming to tumor antigens may be limited by poor tumor antigenicity or poor dendritic
cell (DC) trafficking/maturation. If a large population of effector CD8 T-cells (TEff) is
generated by spontaneous priming to tumor antigens, vaccination, or adoptive transfer,
additional barriers may prevent the infiltration of these cells into the tumor. The tumor
vasculature can express low levels of cognate ligands for the homing receptors expressed on
the CD8 T-cell surface, or express ligands for homing receptors not expressed by the T-
cells. High levels of VEGF produced by tumor and stromal cells such as tumor-associated
macrophages (TAM) promote dysregulated angiogenesis, generating vasculature with
abnormal mechanical properties that poorly supports CD8 T-cell infiltration. Activated T-
cells that overcome these barriers and extravasate into the tumor can be suppressed by the
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tumor and other stromal populations, including regulatory T-cells (TReg) and myeloid-
derived suppressor cells (MDSC). This limits their expression of inflammatory cytokines
and inhibits further induction of ligand expression on the tumor vasculature.
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Figure 2. Strategiesto promote CD8 T-cell infiltration into tumors
Several strategies could be pursued alone or in rational combinations to enhance infiltration

of CD8 T-cells into tumors. To promote T-cell mediated induction of homing receptor
ligand expression (a), immunogenic cell death and treatment with anti-CTLA-4 can enhance
the priming of naive T cells (TN) to tumor antigens. Effector cells (TEff) expressing distinct
patterns of homing receptors required to infiltrate certain tumor locations can be induced by
distinct vaccination routes or generated for adoptive transfer by in vitro manipulation.
Relieving local immunosuppression in the tumor microenvironment will enable activated T
cells infiltrating the tumor to secrete higher levels of inflammatory cytokines that further
upregulate vascular ligands for T cell homing receptors, generating a positive feedback loop.
Expression of homing receptor ligands and T-cell infiltration can also be induced by
exogenous inflammatory stimuli (b) including: tumor-targeted delivery of inflammatory
cytokines or cytokine genes via antibody-cytokine conjugates, microbubbles (MB) or
engineered adeno-associated viruses (rAAV); systemic hyperthermia; or endothelin B
receptor blockade. Anti-VEGF treatments can normalize tumor vasculature to support T-cell
infiltration. Finally, tumor-targeted inflammatory stimuli that induce PNAd expression and
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tertiary lymphoid structure (TLS) formation can promote naive T cell infiltration into tumors
and the local generation of an anti-tumor immune response.
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