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Abstract
Although CD8+ T cells are critical for controlling tumors, how they are recruited
and home to primary and metastatic lesions is incompletely understood. We
characterized the homing receptor (HR) ligands on tumor vasculature to
determine what drives HR ligand expression and the requirements for T cell
entry. The anatomic location of B16-OVA tumors affected the expression of Eselectin, Mucosal Addressin Cell Adhesion Molecule 1 (MAdCAM-1), and
Vascular Cell Adhesion Molecule 1 (VCAM-1), whereas the HR ligands C-X-C
motif chemokine ligand 9 (CXCL9) and Intracellular Adhesion Molecule 1 (ICAM1) were expressed on the vasculature regardless of location. Expression of these
molecules differed based on anatomic location in other implantable tumors as
well, indicating that differences in expression were not tumor intrinsic. CXCL9
and VCAM-1 expression was significantly reduced in B16F1 tumors that did not
express the strong antigen Ovalbumin and when B16-OVA tumors were grown in
Rag1-/- mice indicating that expression was driven by adaptive immune cells.
Repletion of Rag1-/- mice with CD8 T-cells from WT and IFN-/- animals revealed
that IFN-secreting CD8 T-cells were sufficient to drive VCAM-1 and CXCL9
expression on B16-OVA tumor vasculature. VCAM-1 and CXCL9/10 enabled
CD8+ T-cell effectors expressing 41 integrin and CXCR3 to enter both
subcutaneous and peritoneal tumors, whereas E-Selectin enabled E-Selectin
Ligand+ effectors to enter subcutaneous tumors. However, MAdCAM-1 did not
mediate 47+ effector entry into peritoneal tumors. These data establish the
relative importance of certain HRs expressed on activated effectors and certain
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HR ligands expressed on tumor vasculature in the effective immune control of
tumors.
We also addressed whether the melanoma therapy, anti-CTLA-4,
impacted HR ligand expression on tumor-associated vasculature and CD8 T-cell
accumulation in tumors. Treating tumors with the checkpoint blockade inhibitor
anti-CTLA4 led to a significant increase in both the number of CD8 T-cells in the
tumor and the expression of the HR ligands VCAM-1 and ICAM-1 on the tumor
vasculature. Addition of peptide vaccine in Incomplete Freund’s Adjuvant (IFA) to
the checkpoint blockade treatment sequestered CD8 T-cells at the vaccination
site and did not result in increased CD8 T-cell accumulation or HR ligand
expression on the tumor vasculature. These data suggest that current first-line
therapies have the potential to improve CD8 T-cell trafficking to tumors, but
combinatorial therapies need to be evaluated and therapies may be improved by
boosting ligand expression on the vasculature prior to treatment.
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Introduction
CD8 T-cells provide 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. Importantly, immunosuppressive mechanisms limit the
effectiveness of CD8 T-cells and they are rarely curative without manipulation.
Cancer immunotherapies aim to make anti-tumor immunity dominant through
antibody blockade of immunosuppressive signaling pathways, vaccination, or
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 Tcells present in the tumor prior to initiating therapy. Current adoptive cell therapy
approaches can be dramatically effective, but they require infusion of extremely
large numbers of T-cells, while 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. The factors that determine whether immune cells are
present in tumors, with a focus on the representation of cytotoxic CD8 T-cells will
be discussed in this introduction. Emphasis on the critically important role of
tumor-associated vasculature as a gateway that enables the active infiltration of
both effector and naïve CD8 T-cells that exert anti-tumor activity will pave the
way for understanding the research within. Additionally, strategies to enhance the
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gateway function and extend the effectiveness of immunotherapies to a broader
set of cancer patients will be discussed.
I. Prognostic significance of immune cell representation in tumors
In the late 19th century, William Coley observed that spontaneous
remission of tumors sometimes occurred in patients who contracted acute
bacterial infections and suggested a role for the immune system in cancer
regression. 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 (1). Still, his method was controversial, and fell
out of favor with the advent of chemo- and radiotherapy (2). It was not until the
late 20th century that the importance of the immune system in tumor control was
firmly established. Seminal studies examining the development of tumors in
immunodeficient mice (3–6) 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 (7–11). Nevertheless, early correlative studies of
patients with many tumor types, including melanoma (12) and neurological
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tumors (13,14), 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 (15) as well as a positive or negative
prognosis in late stage tumors (16). 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-,
[IFN] 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 tumorinfiltrating 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 (16). 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 (17,18). 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 (19,20).
Recognizing that multiple subsets of immune cells are often present in
tumors at the same time, their relative representations and function may be as
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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 (21–24). Furthermore, 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 (25). CD8 Tcells that expressed CD45RO, a marker of antigen experience, were associated
with both enhanced expression of cytotoxicity genes and positive prognosis in
colorectal cancer patients (26,27). Gene signatures associated with cytotoxicity
and IFN signaling as markers of effector CD8 T-cells have similarly been
associated with a positive prognosis in many other tumor types (28).
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
(26,29). 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
(27). The presence of CD8 T-cells was associated with improved survival if the
CD8 T-cells were localized to intraepithelial, but not stromal regions of ovarian
carcinoma tumors (24). In metastatic melanoma, three distinct ‘immunotypes’
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have been defined based on the presence and intratumoral distribution of
immune cells (30). 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. Finally, Immunotype C tumors
contained CD8 T-cells 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.
II. 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 (15).
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.
Nevertheless, only a fraction of patients with any of these cancers respond to
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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 (31,32). Gene
expression profiling of pre-treatment tumor biopsies has revealed that a preexisting immune related gene signature, indicating elevated representation of
CD4 and CD8 T-cells and elevated expression of T-cell derived cytokines and Tcell attracting chemokines, is associated with clinical responses to IL-2 (33–35).
A similar association has also been observed with clinical responses to other
immunotherapies, including therapeutic cancer vaccines (36,37), and treatment
with the checkpoint blockade antibodies anti-CTLA-4 (38), and anti-PD-1/antiPD-L1 (39,40). The pre-treatment presence of effector T-cells is also associated
with enhanced responsiveness to some chemotherapy and radiotherapy
treatments in colorectal cancer (41–44), breast cancer (45–47) head and neck
cancer (48), and non-small cell lung cancer (49).
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
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rescue it from an anergic phenotype (50,51). 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 (52). 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 (53,54). In
keeping with this, patients whose tumors or stroma express PD-L1 are more
likely to respond to anti-PD-1 (40,55). 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 (56). 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 (57,58). In mouse models,
anti-CTLA-4 can also deplete Treg (59,60). 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 (61). 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
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death of tumor cells acting as a natural vaccination to promote T-cell priming
against antigens from the killed cells (62–65). 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 Tcells, indicating it is immune-mediated (66–68).
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
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
(69). 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 (70). It would be expected that the presence of
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endogenous T-cells in the responding patients’ tumors is required, but this
remains to be investigated.
III. 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 in the draining LN by specific
antigen. 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 neo-antigen are infiltrated by larger numbers of effector CD8 T-cells
than the parental B16 line, which is poorly antigenic (71). Similar results have
been reported for other implantable murine tumors (72). Responses to antiCTLA-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 (73,74), 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 I IFN
signaling is required to generate DCs capable of inducing antigen-specific antitumor CD8 T-cell responses in B16 tumor-bearing mice (75). Type I IFN is
induced by tumor DNA that acts through the STING cytosolic DNA sensing
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pathway in DC (76,77). 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 (78). High STAT-3
signaling, another common pathway activated in melanoma and other tumors,
can also inhibit DC maturation, as measured by expression of MHC molecules
and CD86 on the surface of CD11c+ cells, thus limiting CD8 T-cell activation (79).
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 (80–82).
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 (IV) 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 (83). This will be discussed further in a later section. 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 (84–86). This was shown to be related to the ability of vaccine induced Tcells 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 (83,87–90). In this regard, limited infiltration of T-cells into
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tumors prevented rejection after Treg depletion in a B16 melanoma model (91).
Similarly, an exceedingly small number of adoptively transferred tumor-specific
effector T-cells get into tumors, in both human and mouse studies (92–99).
Finally, adoptively transferred T-cells also controlled SC tumors but not gastric
tumors in one murine study (100), 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 (101). An
initial transient adhesion, in which leukocytes engage and roll slowly on the
vascular surface, is followed by chemokine mediated activation of the highaffinity conformation of integrins, leading to firm adhesion and transmigration into
the underlying tissue (102,103). 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 (104).
The specific HR 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 (105–112). For example, T-
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cells activated in gut-associated LN, or by DCs from gut-associated lymphoid
tissues, upregulate the integrin 47 and the chemokine CCR9 (111,113).
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 (106,108,110,112) (Table 1).
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 47 integrin (114,115). SC immunization activates T-cells in
skin-draining LN, most of which upregulate ESL and PSL, while some express
41 integrin (114). IV immunization activates T-cells in the mediastinal LN and
spleen that express 41 integrin without co-expression of either ESL or 47
integrin (114–116). Finally, some HR are upregulated on murine CD8 T-cells
regardless of the site of activation. CXCR3, the receptor for CXCL9, 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) (114). 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
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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
(Table 2). 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 (117–121). E-selectin is homeostatically
expressed at low levels only on skin vasculature (122–124). E-selectin
expression is enhanced by numerous inflammatory stimuli, including IL-1, tumor
necrosis factor- (TNF), IFN, lipopolysaccharide (LPS), thrombin, and radiation
(125–130). TNF, IL-1, LPS, thrombin, histamine, and radiation also upregulate
P-selectin within minutes as it is released from pre-formed stores in WeibelPalade bodies on endothelial cells and alpha granules of platelets (129,131).
Inflammation induces transient expression of E- and P-selectin in a broad range
of tissues (132). 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 (124,133).
CCL17 binds CCR4 on skin homing CD4 T-cells to mediate integrin activation
and induce extravasation (134,135), while CCL27 binds to CCR10 and promotes
movement into the epidermis (112,133,136).
MAdCAM-1, a major ligand for 47 integrin, and CCL25, the ligand for
CCR9, are selectively expressed on the vasculature of gut-associated tissues
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(e.g. intestinal lamina propria) (107,137). CCL25 is constitutively expressed at
high levels on gut-associated vasculature and is not enhanced by inflammatory
stimuli (138), while MAdCAM-1 is expressed constitutively at low levels and
enhanced by TNF and IL-1 (139). Low affinity 47/MAdCAM-1 interactions
have been shown to initiate slow rolling of leukocytes (140). Subsequent
engagement of CCR9 with CCL25 induces the high affinity forms of 47 integrin
or LFA-1 which can mediate firm adhesion to gut vasculature (140–144).
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
TNF, IFNγ, IL-1, and LPS, thrombin, and radiation (114,145–150). 41/VCAM1 interactions contribute to T-cell trafficking into brain, lung, and interestingly,
also the skin and gut (137,151–153). In addition, α4β1/VCAM-1 interactions can
support both slow rolling and firm adhesion of effector T-cells without chemokinemediated activation, but possibly in cooperation with LFA-1 (154). Expression of
certain chemokines is also induced during inflammation in multiple different
tissues. CXCL9, 10 and 11, all ligands for CXCR3, are induced by IFN
(155,156). CCL3, 4 and 5, all ligands for CCR5, are broadly induced by viruses
and bacterial endotoxin (157,158) and promote T-cell infiltration into inflamed
tissues (159–161).
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Table 1: HR ligand induction site and route of vaccination
Homing
Receptor
E-Selectin Ligand
CCR10
α4β7
CCR9
α4β1
P-Selectin Ligand
CXCR3

Site/Route of Induction

DC Vaccination Route

Skin-associated LN
Skin-associated LN
Mediastinal and Gut-associated
LN, Peyer’s Patches
Gut-associated LN
Skin-associated LN, Gutassociated LN, and Spleen
Skin-associated LN, Gutassociated LN, and Spleen
Skin-associated LN, Gutassociated LN, and Spleen

SC
SC
IP
IP
SC, IV, IP
SC, IV, IP
SC, IV, IP
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Table 2: HR ligand expression on normal tissue vasculature and tumors

Homing
Receptor
Ligand
E-Selectin

Corresponding
Receptor

MAdCAM-1

α4β7

VCAM-1

α4β1

P-Selectin

P-Selectin
Ligand

Skin

CXCL9,10,11

CXCR3

Multiple
tissues

E-Selectin
Ligand

Expression
on Normal
Vasculature
Skin

Gutassociated
tissues
(intestinal
lamina
propria)
Multiple
tissues
(brain, lung,
skin, gut)

Induced
By:
Il-1,
TNFα,
IFNγ,
LPS,
thrombin,
radiation
Il-1, TNFα

Il-1,
TNFα,
IFNγ,
LPS,
thrombin,
radiation

Il-1,
TNFα,
LPS,
thrombin,
histamine,
radiation
IFNγ

Reported on
Tumor
Vasculature
Merkel cell
carcinoma of
skin

Gastric
adenocarcinoma

Melanoma,
colorectal
cancer,
colorectal
hepatic
metastasis,
pancreatic islet
cell carcinoma,
glioblastoma

Melanoma,
colorectal cancer
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B. Trafficking of effector T-cells into tumors
Although tumors are sites at which significant T-cell death and
inflammation may be occurring, the expression of many HR 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 (162,163). MAdCAM-1 is expressed at
low levels on gastric adenocarcinoma vasculature relative to normal mucosal
tissue (164). VCAM-1 and ICAM-1 expression are also low on vasculature of
melanoma, colorectal cancer, colorectal hepatic metastasis, and glioblastoma
(163,165–167). Chemokines commonly associated with T-cell trafficking,
including the CCR5 ligands CCL3, CCL4, and CCL5, or the CXCR3 ligands
CXCL9, CXCL10, and CXCL11 are low in poorly infiltrated melanomas and
colorectal carcinomas (168–170). 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 inflammationinduced ligand upregulation (166,171,172).
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 compared
to melanoma (163,173). In an assessment of several different implantable tumors
growing SC, only a subset of tumors, including B16 melanoma, expressed
vascular E-selectin (174). We have found that the vasculature of B16 melanoma
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and Lewis Lung carcinoma (LLC) 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. Conversely, MAdCAM-1 is
expressed on a significantly higher fraction of the vasculature in IP B16 tumors
compared to SC tumor vasculature. This indicates that HR 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 Eselectin, 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 HR 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 (91,96,175) while ICAM-1 expression correlates with T-cell entry
into melanoma, pancreatic islet carcinoma, and glioblastoma
(91,96,165,171,175,176). CD8 T-cell infiltration into SC B16 melanomas was
also significantly reduced in ICAM-1-/- mice even following an inflammatory
systemic hyperthermia therapy (176). We have shown that antibody blockade of
41/VCAM-1 and LFA-1/ICAM-1 interactions significantly reduces the number
of adoptively transferred 41+ effector CD8 T-cells that enter SC or IP B16
tumors. These molecular pairs are not redundant, suggesting that 41/VCAM-1
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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. CXCR3 has also been associated with CD8 T-cell entry in other tumor
models (169,177,178), and with increased survival in melanoma patients (178).
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
(162). Higher vascular E-selectin expression among Merkel cell carcinomas in
different patients was associated with larger numbers of CD8 T-cells, although it
is unclear if the infiltrating T-cells were ESL+ (173). Fucosyltransferase IV and
VII knockout CD8 T-cells cannot generate the carbohydrate structure to form
functional ESL (179–182) and their entry into SC B16-OVA tumors is reduced
compared to wild-type cells (183). 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-selectinneg vasculature. Entry
of ESL+ effector CD8 T-cells into SC tumors growing in E-selectin-/- mice was
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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. 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, 47, had no impact on
T-cell entry into SC melanomas (176). In human colorectal carcinoma patients,
high MAdCAM-1 gene expression in tumor lysates correlates with the presence
of CD8 T-cells (184), but direct evidence that it mediates CD8 T-cell entry is
lacking. The role of MAdCAM-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 TNF induced expression
of E-selectin on the vasculature and significantly increased the number of ESL+
CD8+ T-cells in the tumor (162). 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 blocking
antibodies (176). Additionally, treatment of pancreatic islet carcinomas with CpG
upregulated VCAM-1 and ICAM-1 on tumor vasculature and significantly
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increased T-cell infiltration, likely due to enhanced homing ligand expression
(96). These data highlight that upregulation of HR 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 TNFα and IFNγ increase HR ligand expression and
are 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 HR ligand expression,
enhancing the entry of additional effector CD8 T-cells. Indeed, exogenous
antigen-specific T-cells that enter EL-4 thymoma increase accumulation of host
T-cells as well (185). This increased accumulation was dependent on IFN
released by the transferred cells, and associated with increased expression of
several chemokines that are chemotactic for effector T-cells (186). We have
found that B16-OVA tumors grown in Rag1-/- mice, which lack B and T-cells,
express significantly lower levels of VCAM-1 and MAdCAM-1. The adaptive
immune effector activities that upregulate HR 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 IFN 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 (187).

22
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 (188). 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 Signaling 5 resulted in normalization of
this tumor vasculature and, intriguingly, also enhanced T-cell representation
within tumors (189). This study concluded that this was due to a reduction in
intratumoral pressure, which enabled more robust T-cell entry (189). 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 (190), 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
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may promote entry and enhance immunological tumor control alone or in
combination with other strategies (191,192).
VI. Altering the tumor vasculature to support enhanced entry of T-cells
A. Rationale for modifying tumor associated vasculature
As described, characteristics of the tumor vasculature determine whether
or not tumors are permissive to the entry of both effector and naïve 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 crosssection 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 Tcells in the previously T-cell poor tumor (193,194). As effector T-cells reach the
tumor in response to these interventions, they would secrete pro-inflammatory
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cytokines, and initiate the positive feedback loop to support recruitment of
additional effector CD8 T-cells into the tumor by maintaining an inflamed tumor
vasculature. A similar effect would be expected in response to interventions
designed to induce HEV-like blood vessels and promote naïve T-cell entry.
Indeed, several studies have shown that maneuvers to induce intratumoral naïve
T-cell priming, such as targeting of LT to the tumor, or intratumoral vaccination
with CCL21-secreting peptide-pulsed DCs are effective, even in the absence of
LN (195–197). Once naïve 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 naïve or effector T-cell entry. For example, the induction of HEVlike blood vessels appears to require LT-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 tissueselective preference for one site or another, such as E-selectin and MAdCAM-1.
Additionally, the HR ligands VCAM-1 and CXCL9 which are expressed
regardless of the site of tumor growth are potential molecules to induce. 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 enter the tumor.
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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 TNF, LT, LIGHT, and IFN, or agonistic
antibodies targeting their receptors to induce upregulation of ligands for naïve
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 (198)
or engineered adeno-associated viruses that localize to specific tumor targets
(199) are potential options.
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 (176). Inhibiting VEGF (192) or the Endothelin
B Receptor that indirectly decrease expression of homing receptor ligands is
another potential strategy (171). Tissue engineering approaches to implant
scaffolds to support development of TLS at the tumor site may also be feasible
(200). Furthermore, the matching of vaccination routes or in-vitro treatments of
adoptively transferred cells should be optimized to induce T-cell populations that
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express appropriate HR to bind to the ligands expressed on tumor vasculature,
which may vary with location of growth.
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 (201). Modifying the tumor
vasculature and microenvironment to support the entry of naïve and activated Tcells has the potential to further broaden the cohort of patients that will respond
to current immunotherapies.
This introduction was adapted from Peske, JD, Woods, AB, Engelhard, VH.
Advances in Cancer Research (2015). Control of CD8 T-cell Infiltration into
Tumors by Vasculature and Microenvironment.
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Thesis Rationale and Proposal
Immunologic tumor control and clinical response to adoptive T-cell therapy
are ultimately dependent on the number of CD8 T-cells that can infiltrate a tumor.
As described, interactions between homing receptors on the CD8 T-cell and
corresponding ligands on the tumor vasculature are essential for CD8 T-cell entry
into peripheral tissues, including tumors. While the HR/ligand interactions for
entry into many peripheral tissues have been described, currently, we lack a
comprehensive understanding of which HR expressed on T-cells are required for
infiltration into tumors as well as how the level of corresponding ligand
expression on tumors at various sites affects their ability to infiltrate. Therefore,
we felt several important and related questions needed to be considered. First,
what HR 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 were only starting to be
addressed.
This project fully characterized the HR ligands expressed on the
vasculature of tumors and how it differed based on site of tumor growth. Then
subsequently showed that the adaptive immune system is critical for enhancing
expression of HR ligands on tumor-associated vasculature. Finally, this work
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determined which HR/HR ligand interactions are sufficient for entry of CD8 Tcells into both subcutaneous and intraperitoneal melanomas. Current adoptive
cell transfer therapies and vaccination strategies do not take into account
expression of homing molecules induced on the cellular surface. Therefore,
understanding cellular trafficking based on HR expression represents a real
opportunity for improving adoptive cell transfer and vaccination immunotherapies.
In its final stages, this work addressed the impact of commonly used antiCTLA-4 checkpoint blockade on the representation of CD8 T-cells in the tumor
microenvironment and on expression of HR ligands on tumor associatedvasculature. Because checkpoint blockade is rarely given as a monotherapy, Tcell accumulation and HR ligand expression were analyzed in tumors treated with
anti-CTLA4 alone and then at the vaccination site and in the tumor of mice
treated with both anti-CTLA4 and the peptide vaccine gp100 in Incomplete
Freund’s Adjuvant (IFA). This work details the impact of vaccination on the
effectiveness of anti-CTLA4 in inducing ligand expression on tumor-associated
vasculature and CD8 T-cell accumulation in the tumor.
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Materials and Methods
Mice. C57Bl/6 (B6) mice were from Charles River/NCI. Rag1-/- (B6.129S7Rag1tm1Mom/J), IFN-/-, and E-Selectin-/- (B6.129S4-Sele^tm1Dmil/J) were from
Jackson Laboratories. OT-1 Rag1-/-, TNF-/- and Thy1.1 congenic were from
Taconic. CXCR3-/- mice were a gift from Eugene Butcher. AAD (202) and FH
TCR (203) transgenic mice were from our own facility. Animals were housed and
bred in pathogen-free facilities and used between 6 and 22 weeks of age. The
University of Virginia Animal Care and Use Committee approved all procedures.
Experiments were carried out in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health.
Tumor lines and injections. B16-F1 melanoma, B16-OVA (cytoplasmic
ovalbumin expressing) (204), B16-AAD (expression of the chimeric major
histocompatibility molecule HLA-A2) (205), MC38 cell line (gift of Steven
Rosenberg, National Institutes of Health) was transfected to express cytoplasmic
ovalbumin, or LLC-OVA (gift of E. Podack, University of Miami) were injected IV,
IP, intracranial, or SC in the scruff of the neck. Experiments were performed 1121 days post injection.
Immunofluorescence Microscopy. All tissues were flash frozen and cut into
0.7μm sections for staining. Frozen sections were fixed in a 1:1 acetone:ethanol
solution, blocked sequentially with anti-Fc (2.4G2) (BioXCell), Avidin/Biotin
Blocking Kit (Vector), H2O2 and NaN3, then stained with the following antibodies:
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CD31-FITC (E Bioscience) or CD31-AF647 (Biolegend), MAdCAM-1-Biotin (E
Bioscience), VCAM-1-Biotin (E Bioscience), and ICAM-1-Biotin (E Bioscience).
For biotinylated antibodies, Streptavidin DyLight 550 (ThermoFisher) was used
as secondary. Amplification was completed using the Perkin Elmer TSA Biotin
Kit. Slides were mounted in SlowFade Gold (Invitrogen) and images collected on
an AxioImager with Apotome (Zeiss). ImageJ software (NIH) was used to
quantify the percent of CD31+ pixels that were also VCAM-1+, MAdCAM-1+, HA+,
or ICAM-1+. Briefly, a threshold was set on the CD31+ single color image and on
the HR ligand+ single color images. The thresholded area was then selected and
the area fraction of the CD31 that was positive for HR ligand was calculated.
Effector Cell Generation and Transfer. Bone marrow was harvested from the
femur and tibia of B6 mice and cultured in the presence of IL-4 and GM-CSF for
7 days. Bone Marrow Dendritic Cells (BMDCs) were then activated overnight on
CD40L-expressing 3T3 cells. After 18hrs of activation, BMDCs were collected
and pulsed with SIINFEKL peptide in the presence of 2 microglobin. Bulk H2Kb+ovalbumin-specific OT-I Thy1.1+ T-cells were adoptively transferred into B6
mice, and immunized with SIINFEKL peptide-pulsed activated BMDC injected by
SC, IV, or IP routes. Alternatively, CD8 T-cells from FH or FHxCXCR3-/transgenic mice were adoptively transferred into AAD mice, and immunized with
YMDGTMSQV peptide-pulsed activated BMDC. FTY720 (Novartis) was
administered IP daily for 4 – 5 days until harvest to retain effector CD8 T-cells in
the activating LN. On day 5-6, the appropriate LN and/or spleen was harvested
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based on site of immunization. Tissue was homogenized, red blood cell lysed
using RBC lysis buffer (Sigma) for 3min at 37C, and CD8 T-cells were enriched
using anit-CD8 magnetic beads and an AutoMACS (Miltenyi). Cells were then
counted and at least 300,000 - 500,000 were transferred into tumor-bearing
animals IV.
Homing Receptor/Ligand Blocking. Effectors were generated as described,
then blocked with either 100g anti-Rat IgG (Jackson Immunoresearch), anti-4
clone PS/2 (ATCC), anti-CD44 clone IM7, anti-47 clone DATK32 or antiCD11a clone M17/4 (all from BioXcell) for 30min at 4C immediately prior to IV
transfer into tumor-bearing animals. Ligands were blocked by IP injection of
100g anti-VCAM-1 clone M/K-2.7 or anti-MAdCAM-1 clone MECA-367 (both
from BioXcell) 6hrs prior to effector transfer IV.
Endothelial Cell Isolation. Tissue was harvested and placed into DMEM
(Cellgro) medium containing 0.42U/mL Liberase TM (Roche), 60U/mL DNase I
(Sigma), 2%FCS, essential and non-essential amino acids, sodium pyruvate, and
HEPES for 15-45 minutes at 37°C. Tissue was homogenized and incubated with
anti-CD31 magnetic beads (Miltenyi) in AwesomeMACS (PBS with 0.5% BSA,
2mM EDTA, 2mM L-glutamine, 10mM sodium pyruvate, essential and nonessential amino acids, and dextrose). Separations were done using the Possel
AutoMACS protocol (Miltenyi).
Rag1-/- repletion. LN and spleen were harvested from WT B6, TNF-/- or IFN-/mice. Tissue was homogenized, RBC lysed, and CD8s were enriched using CD8
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microbeads and the AutoMACS (Miltenyi). Five million enriched CD8 T-cells were
adoptively transferred into Rag1-/- mice. Three days post-adoptive transfer,
400,000 B16-OVA cells were injected SC. Tumors were harvested and
processed as described 14 days after tumor injection.
Flow Cytometry. Cells were Fc blocked (2.4G2, BioXCell) and stained with
fluorescent antibodies in KASS MACS (PBS with 0.5% BSA, 2mM L-glutamine,
10mM sodium pyruvate, essential and non-essential amino acids, dextrose, and
1mM CaCl). CD31 enriched endothelial cells were resuspended in Dapi and run
live. Lymphocytes were fixed in 2% PFA. Antibodies to CD31, CD45, CD8,
Thy1.1 (all from eBioscience), CXCL9 (Biolegend), E-Selectin, P-Selectin (both
Becton Dickinson), E-Selectin Fusion Protein and P-Selectin Fusion Protein (both
R&D) were used. Fixation and permeabilization for CXCL9 analysis was done
using the BD Cytofix/Cytoperm Kit. All cells were resuspended in
AwesomeMACS and run on BD FACS Canto II or Becton Dickson Cytoflex flow
cytometers. FlowJo software was used for analysis.
Anti-CTLA-4 and gp100/IFA Vaccination Studies. Animal experiments
performed in this study were conducted after the approval of the Institiutional
Animal Care and Use Committee at the University of Texas MD Anderson
Cancer Center. In brief, 50,000 B16-BL6 cells were injected SC into the right
flank. Three days later, 1/10 of the spleen from Thy1.1+ pmel-1 mouse was
injected IV into tumor bearing animals. On days 3, 6, and 9 animals were either
left untreated, vaccinated with 100g hgp100 (H-2Db—restricted heteroclitic
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mouse gp10025—33 peptide, KVPRNQDWL) in saline or saline plus Incomplete
Freund’s Adjuvant (IFA) (1:1, vol/vol) SC, and/or treated with 100g anti-CTLA-4
IP. In some animals, IFN was blocked with IP injection of 200g anti-IFN on
days 3, 5, 7, 9, and 11. Tumors and vaccination sites were harvested on day 15
and frozen in OCT. Blocks of tissue from the vaccination site and the tumor were
sent to the Engelhard lab from the lab of Dr. Willem Overwijk at MD Anderson.
Tissue blocks were sectioned at the UVA Research Histology Core. Frozen
sections were then handled as described in Immunofluorescence Microscopy.
Statistical Analysis. All analyses were performed using unpaired student’s Ttest.
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Differential expression of homing receptor ligands on
tumor associated vasculature that control CD8 effector
T cell entry
Introduction
The importance of CD8 T-cells in immunologic control of solid tumors has been
well-established (24,26,30,206). Cytokines, checkpoint blockade inhibitors, and
vaccines have all been used to increase the representation and/or activity of
intratumoral CD8 T-cells, and the effectiveness of these immunotherapies has
been correlated with the presence of CD8 T-cells in tumors prior to treatment
(36–39). However, many human tumors of several histological types show poor
CD8 T-cell infiltration (24,26,30,206,207). This limits the effectiveness of many
new generation immunotherapeutics. A better understanding of the molecular
mechanisms underlying CD8 T-cell infiltration into tumors holds the promise of
improving clinical outcomes.
CD8 T-cell entry into peripheral tissues involves a series of sequential
interactions between homing receptors (HR) on the surface of activated CD8 Tcells and their corresponding ligands on vascular endothelial cells (208,101,103).
Initial engagement of circulating lymphocytes with the vessel wall leads to slow
rolling mediated by E- and/or P-selectins interacting with their corresponding
ligands, or by 41 or 47 integrins interacting with VCAM-1 or MAdCAM-1,
respectively (117,154,209). Subsequent chemokine receptor binding to
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chemokines presented by endothelial cells leads to firm adhesion by inducing a
high affinity conformation of these 4 integrins or LFA-1(103,140,144). Cells then
transmigrate into underlying tissue.
Expression of several different HR on activated CD8 T-cells is determined
by the secondary lymphoid organ in which priming occurs. E-Selectin Ligand
(ESL) is selectively upregulated on CD8 T-cells activated in skin-draining LN
(110,210,114). 47 integrin and the chemokine receptor CCR9 are selectively
upregulated on CD8 T-cells activated in gut-draining LN, while CD8 T-cells
activated in mediastinal LN and spleen express 41 in lieu of either ESL or
47 (110,114,111,211). Conversely, expression of LFA-1 and several
chemokine receptors, including CXCR3, does not depend on the priming site
(114). Expression of distinct HR by activated T-cells determines their ability to
enter certain inflamed peripheral tissues, particularly skin and gut.
This tropism of T-cells expressing distinct HR depends upon patterns of
expression of the corresponding HR ligands by tissue vasculature. E-Selectin,
which enables entry of ESL+ effectors, is selectively expressed on skin
vasculature (124). MAdCAM-1 and CCL25, which enable entry of 47+CCR9+
T-cells, are selectively expressed on gut vasculature (142,212). On the other
hand, VCAM-1, which enables entry of 41+ effectors, is expressed on the
inflamed vasculature of many tissues, including skin and gut (213). Similarly,
CXCL9, 10, and 11, which enable entry of CXCR3+ effectors, are upregulated in
many inflamed tissues (214,215). ICAM-1, the ligand for LFA-1, is also broadly
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expressed (216). These HR ligands are all expressed at low or negligible levels
on resting vasculature and increased by pro-inflammatory stimuli (103). Thus,
tissue-specific and inflammation-induced expression of HR ligands determines
which tissues are infiltrated by CD8 effectors primed in different secondary
lymphoid organs. Importantly however, vaccination routes used to elicit T-cell
responses rarely take into account which HR will be induced, nor which ligands
are expressed based on the anatomical location of the target tissue.
In contrast to inflamed peripheral tissues, relatively little is known about
the HR ligands expressed on tumor vasculature or the HR/ligand interactions that
lead to efficient entry of CD8 T-cells into tumors growing in distinct anatomic
locations. LFA-1/ICAM-1 interactions are common mediators of leukocyte
engagement with other cells and, not surprisingly, have been shown to play an
important role in CD8 T-cell entry into murine melanoma and human
glioblastoma (175,176,217). CXCR3 interactions with CXCL9 or CXCL10 have
been shown to mediate CD8 T-cell entry into subcutaneous (SC) and intracranial
murine melanomas (218–220) and correlated with infiltration into melanomas
growing in lungs (221). 41/VCAM-1 interactions were required for CD8 T-cell
accumulation in intracranial melanoma (222), and in SC melanoma following
kinase inhibitor-induced VCAM-1 upregulation (219). Expression of VCAM-1
correlates with increased T-cell representation in pancreatic islet-cell carcinoma,
glioblastoma, and melanoma (91,96,175), but a cause and effect relationship
was not established. E-selectin/ESL interactions were shown to be important for
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CD8 T-cell entry into B16-F10 melanomas following inflammatory stimuli, and in
human squamous cell carcinoma, TLR mediated upregulation of E-selectin was
correlated with increased representation of CLA+ CD8 T-cells (162,176).
However, the importance of E-selectin/ESL interactions in mediating CD8 T-cell
entry into SC B16 melanomas in the absence of inflammatory stimuli has not
been addressed. In human colorectal cancers high MAdCAM-1 gene expression
was associated with increased CD8 T-cell representation (184), but to date, the
role of 47 in CD8 T-cell entry into tumors in anatomically relevant sites has not
been evaluated. Thus, while a small number of studies have identified individual
HR that can contribute to T-cell infiltration into some tumors, and several
suggestive correlations have been identified, a comprehensive analysis of the
molecules that mediate entry of CD8 T-cells into any one kind of tumor, and how
this varies with anatomical location, has not yet been conducted.
In the present study, we systematically identified the sets of molecules
required for CD8 T-cell entry into B16 melanomas grown in SC and
intraperitoneal (IP) compartments. We directly compared HR ligand expression
on B16 melanoma vasculature to that of adjacent tissue vasculature and
determined what cells and cytokines drive expression of HR ligands on tumor
vasculature. Finally, we determined which HR/ligand interactions are required for
CD8 T-cell entry into B16 melanomas growing in SC or IP spaces. Understanding
the molecular requirements for CD8 T-cell entry into tumors growing in different
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locations and applying this knowledge clinically has the potential to enhance the
efficacy of multiple cancer immunotherapies.
Results
Expression of some but not all vascular HR ligands depends on tumor
anatomical location. It is well-established that skin-associated vascular
endothelial cells express E-selectin while gut-associated vascular endothelial
cells express MAdCAM-1. We were interested to know whether tumorassociated vasculature expressed either of these ligands, and whether this
differed based on site of tumor growth, or tissue origin of the tumor. Thus, we
evaluated CD31+ vascular endothelial cells isolated from SC or IP B16-F1
melanoma tumors expressing ovalbumin (B16-OVA) by flow cytometry, or
examined them by immunofluorescent microscopy of frozen sections. The
vascular endothelial cells of SC tumors expressed E-selectin, but few expressed
MAdCAM-1 even following tyramide signal amplification (Figure 1). In contrast,
the vascular endothelial cells of IP tumors expressed MAdCAM-1, while Eselectin expression was very low. We observed a similar pattern of expression
for MAdCAM-1 on endothelial cells from IP and SC tumors of ovalbuminexpressing Lewis Lung carcinoma (LLC-OVA) and E-selectin on endothelial cells
from SC and IP tumors of ovalbumin-expressing MC38 (Figure 2). These results
suggest that the same anatomic micro-environmental influences that drive
expression of E-selectin and MAdCAM-1 on normal tissue vasculature also
pattern tumor vasculature.
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We next evaluated the expression of HR ligands that are upregulated on
the endothelium of many inflamed tissues. While P-selectin is considered by
some to be a skin-associated molecule, it is more broadly expressed (223). In
keeping with the latter, P-selectin was expressed similarly on SC and IP tumor
vasculature (Figure 3). ICAM-1 and Hyaluronic Acid (HA), ligands for LFA-1 and
CD44 respectively, were also expressed comparably on the vasculature of both
SC and IP tumors (Figure 4). By intracellular staining, CXCL9, a ligand for
CXCR3, was expressed in CD31+ endothelial cells from both SC and IP tumors,
although the percent of positive cells was significantly higher in the latter (Figure
5). Conversely, by IF staining, VCAM-1, the ligand for 41 integrin, was
expressed on a higher percentage of CD31+ pixels from SC tumors, and was
detectable without tyramide amplification, while visualizing VCAM-1 on IP tumor
vessels required amplification (Figure 6). These results suggest that SC and IP
tumors have distinct microenvironment features that lead to differential
expression of VCAM-1 and CXCL9, respectively, although both are considered to
be induced by similar inflammatory stimuli (150,224).
We also assessed HR ligand expression on the vasculature of tumors
growing in lung and brain, common sites of melanoma metastasis. VCAM-1 was
expressed on tumor endothelial cells from both sites, but at a lower percentage
compared to SC and IP tumors (Figure 7). Interestingly, E-Selectin was
expressed on brain but not lung tumor endothelial cells, while MAdCAM-1 was
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not expressed on either. These findings validate VCAM-1 being broadly
expressed, while E-selectin and MAdCAM-1 are controlled by anatomical site.
HR ligand expression on tumor vasculature is higher than normal tissue
vasculature. Tumors are generally considered to be inflamed, but also
immunosuppressed. Because HR ligand expression on vascular endothelium is
upregulated by inflammatory cytokines, we evaluated how expression of HR
ligands on tumor vasculature compared with vasculature from normal tissue. The
percentage of CD31+ endothelial cells from SC tumors that were E-selectin+,
VCAM-1+, or CXCL9+ was significantly higher than that of endothelial cells
isolated from skin (Figure 8). Similarly, the percentage of CD31+ pixels from IP
tumor that were VCAM-1+ was significantly higher in IP tumors than CD31+ pixels
from the gut (Figure 9). Surprisingly however, the percentage of CD31+ pixels
that were MAdCAM-1+ was significantly lower in tumor than gut. The elevated
expression of most of these HR ligands on SC and IP tumor vasculature is
consistent with the idea that inflammatory stimuli in the tumor microenvironment
are responsible.
The level of HR ligand expression on tumor vasculature depends on
adaptive immunity. To determine whether the inflammatory stimuli driving HR
ligand expression on tumor vasculature were dependent on the adaptive immune
system, we evaluated B16-OVA tumors grown in normal B6 and Rag1-/- mice. By
IF and flow cytometry, the fraction of CD31+ cells expressing VCAM-1 was
reduced by 70-90% in tumors from Rag1-/- mice compared to those from B6 mice
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(Figure 10 & 11). Similarly, expression of CXCL9 by CD31+ cells was reduced to
negligible levels (Figure 11). Interestingly, while there was a trend to lower
expression of E-selectin, it was not statistically significant (Figure 11). We also
compared HR ligand expression on the vasculature of B16-OVA tumors with that
of parental B16-F1 tumors, which lack a strong antigen and are less wellinfiltrated by CD8 T-cell effectors (71,204,225) (Figure 12). In keeping with the
above, VCAM-1 and CXCL9 expression on B16-F1 associated vasculature was
significantly lower than on B16-OVA tumors, while E-selectin expression was
comparable (Figure 10 & 11). Collectively these results point to a role for
adaptive immune effectors, presumably located within the tumor, in upregulating
expression of VCAM-1 and CXCL9, but not E-selectin, on SC tumor vasculature.
We also analyzed patterns of co-expression of each of these HR ligands
by individual CD31+ cells. Using the total percentage of cells expressing each
marker as determined from flow cytometry data, we calculated expected levels of
co-expression based on random distribution of expression, and compared these
to what was actually observed (Figure 13). We found that the fraction of cells
expressing only E-selectin was consistent with independent control of expression
of this ligand. However, the fraction of cells expressing either VCAM-1 or CXCL9
alone was significantly lower than predicted, while populations expressing these
ligands together were significantly higher. These results point to a coordinated
control of VCAM-1 and CXCL9, consistent with the action of localized effector
cells releasing inflammatory mediators in proximity to individual endothelial cells.
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CXCL9 and VCAM-1 expression on tumor vasculature is driven by IFN but
not TNF. CXCL9 expression on inflamed tissue vasculature is upregulated by
IFN (224) while VCAM-1 expression has been reported to be upregulated by
either IFN or TNF (150,226). To determine the role of these cytokines in driving
CXCL9 and VCAM-1 expression on tumor vasculature, SC B16-OVA tumors
were grown in WT B6, TNF-/-, and IFN-/- mice. As expected, CXCL9
expression in CD31+ cells from tumors grown in IFN-/- mice was almost nonexistent, pointing to a non-redundant role for this cytokine (Figure 14).
Interestingly, VCAM-1 expression was also negligible in the vasculature of
tumors grown in IFN-/- mice, but was comparable in vasculature of tumors grown
in WT B6 or TNF-/- mice (Figure 14). Thus, despite reports of TNF mediated
control of VCAM-1 expression, it does not do so in B16 melanoma, and control of
both of these HR ligands is mediated only by IFN.
Because the immune infiltrate of B16-OVA tumors is dominated by CD8 Tcells, we asked whether they were the source of IFN controlling VCAM-1 and
CXCL9 expression. Thus, SC B16-OVA tumors were grown in Rag1-/- mice that
had previously been repleted with bulk CD8 T-cells from WT, IFN-/-, or TNF-/animals (71). Expression of CXCL9 and VCAM-1 in tumors grown in mice
repleted with WT CD8 T-cells was comparable to that observed in tumors grown
in WT B6 mice (Figure 15). Expression of these molecules was comparable in
tumors grown in mice repleted with TNF-/- CD8 T-cells, confirming a lack of
control of either VCAM-1 or CXCL9 by this cytokine. However, expression of
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these molecules was substantially lower in tumors grown in mice repleted with
IFN-/- CD8 T-cells (Figure 15). Interestingly, despite the significant differences in
ligand expression, infiltration of WT, IFN-/-, or TNF-/- CD8 T-cells was similar.
These results establish a non-redundant role for IFN in the upregulation of
CXCL9 and VCAM-1 on tumor-associated vasculature, and the sufficiency of
CD8 T-cells to be its source.
VCAM-1, HA, and ICAM-1 mediate 41+ effector CD8 T-cell entry into SC
and IP tumors. We next sought to determine which vascular HR ligands and
their corresponding HRs mediate effector CD8 T-cell entry into SC and IP
tumors. We generated effectors with different HR expression profiles by IV, SC,
or IP immunization with peptide-pulsed DC to activate OT-I T-cells in different
secondary lymphoid organs (114). Seven days later, these effectors were
isolated and adoptively transferred into Thy1.1 congenic mice bearing late-stage
SC or IP tumors, and those that had infiltrated tumors were quantitated 18 hours
later. We first evaluated IV primed effectors because they uniformly express
41, CD44 (Figure 16), CXCR3, and LFA-1 (114). After transfer of 300,000500,000 such effectors, 0.1-2% had infiltrated both SC and IP B16-OVA tumors
18 hours later. This is consistent with the low level of infiltration observed in other
murine and human studies of adoptively transferred T-cells (69). We found no
evidence for a consistent difference in the level of infiltration into either SC or IP
tumors.
To evaluate the importance of individual HR and ligands, we pretreated
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CD8 effectors with HR blocking antibodies prior to adoptive transfer, pretreated
recipient mice with HR ligand blocking antibodies, or used mice that carried
genetic deletions in either HR or HR ligands. 41 integrin, which recognizes
VCAM-1, has been shown to act at the initial slow rolling step of the adhesion
cascade, possibly in conjunction with CD44 (154), but also at the final integrinmediated step in lieu of LFA-1 (227,228). Antibody blockade of 41 on CD8 T
effectors almost completely eliminated their infiltration into both SC and IP
tumors (Figure 17). The representation of these effectors in the spleen was
unaffected by antibody pre-treatment, demonstrating that the lack of
accumulation in the tumor was not a consequence of antibody-mediated cell
killing. Antibody blockade of VCAM-1 on the tumor vasculature prior to
transferring 41+ CD8 effector T-cells also substantially inhibited entry into SC
tumors (Figure 18). This demonstrates that 41/VCAM-1 interactions are
essential for CD8 T-cell entry into both SC and IP tumors despite differences in
the level of VCAM-1 expression. Entry of effector CD8 T-cells into SC tumors
was also completely inhibited using antibodies to LFA-1 (Figure 19). The nonredundancy of 41 and LFA-1, along with the involvement of activated LFA-1 in
the terminal step of leukocyte adhesion (144), suggests that 41 acts in the
initial slow rolling step to enable CD8 T effector entry into tumors. Interestingly,
antibody blockade of CD44 on CD8 effectors also substantially inhibited their
entry into both SC and IP tumors (Figure 20). It is likely that LFA-1 and CD44 act
by binding to ICAM-1 and HA, respectively, as these well-established ligands are
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displayed on SC and IP tumor vasculature. The greater than 90% inhibition of
infiltration observed with individual blockade of 41, CD44, and LFA-1 indicates
that these three HRs act non-redundantly to mediate entry of IV primed CD8
effectors into both SC and IP tumors.
CXCR3, which interacts with CXCL9,10, and 11, mediates the transition
from slow rolling to firm adhesion by activating the high affinity conformation of
LFA-1 (220). To assess its importance, we used CXCR3-/- mice that had been
bred to a different TCR transgenic animal expressing a T-cell receptor specific for
Tyrosinase + HLA-A2 (203,229), and assessed infiltration of IV primed effectors
into B16 tumors expressing a recombinant form of HLA-A2, AAD (205).
Infiltration of both SC and IP B16-AAD tumors by CXCR3-/- effectors was reduced
by more than 80% (Figure 21). In addition, WT effectors transferred into mice
bearing 3-day old tumors effectively controlled tumor outgrowth for several
weeks, but transferred CXCR3-/- effectors had no discernable effect (Figure 22).
Collectively these results illustrate that CXCR3 plays an essential role in the
infiltration of CD8 effectors into tumors growing in multiple anatomical locations
and that this is essential for control of tumor outgrowth.
MAdCAM-1 does not mediate 47+ effector CD8 T-cell entry into IP tumors.
Because VCAM-1 is expressed at low levels on IP tumor vasculature, we sought
to determine whether MAdCAM-1 could provide an alternate route for entry of
CD8 T-cells expressing 47 integrin. CD8 T-cell effectors primed by IP
immunization are over 70% 47+ (ref. (114)) (Figure 16). An additional 10%
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express 4 in the absence of 47, and are thus 41+. However, the level of
41 on the 47+ cells cannot be determined. Somewhat to our surprise,
antibody blockade of MAdCAM-1 on IP tumor vasculature had no effect on
infiltration of adoptively transferred IP primed effectors (Figure 23). On the other
hand, antibody blockade of VCAM-1 inhibited infiltration of these effectors by
about 80%, and no additional effect was seen when VCAM-1 and MAdCAM1
were blocked simultaneously (Figure 24). In addition, treatment of effectors with
either anti-4, which would block both 47 and 41, or anti-47, also
inhibited IP primed effector infiltration into IP tumors (Figure 24). It has been
reported that 47 can bind to VCAM-1 as well as MAdCAM-1 (142).
Collectively, this suggests that IP primed effectors enter IP tumors through
interactions between 47 and possibly 41 with VCAM-1 on IP tumor
vasculature, and that MAdCAM-1 is uninvolved.
Because MAdCAM-1 was expressed on a higher fraction of IP tumor
vasculature than VCAM-1, and MAdCAM-1 visualization did not require
amplification, its lack of involvement in effector cell infiltration led us to question
whether it was expressed on the luminal surface. To address this, we injected a
mixture of fluorescent CD31 and MAdCAM-1 specific antibodies into the tail vein
of IP tumor-bearing mice 30 minutes before harvesting tissue. The CD31
antibody decorated the vasculature of Peyer’s Patches, axillary/brachial LN, and
tumors, demonstrating that all were accessible to the injected antibodies. As
expected, the MAdCAM-1 antibody decorated vasculature of Peyer’s Patches but

47
not that of axillary/brachial LNs. Importantly, it also did not stain the vasculature
of IP tumors even following signal amplification (Figure 25). However, using the
same in vivo injection approach, anti-VCAM-1 did stain the luminal surface of
tumor vasculature (Figure 26). We conclude that 47 does not mediate IP
primed effector entry into IP tumors through interaction with MAdCAM-1 because
this HR ligand is not available on the luminal surface for interaction.
E-Selectin is required for ESL+ effector CD8 T-cell entry into SC tumors.
Cancer vaccines in humans are most commonly introduced by the intradermal
route. In mice, activation of cells in the skin-draining LN generates effectors that
express ESL. Over 50% of these cells express ESL in the absence of 41
(Figure 16). Since none of the available E-selectin antibodies completely
abrogate interaction with ESL+ cells (230), we used two alternate approaches to
determine if ESL/E-selectin interactions mediated CD8 T-cell entry into SC
tumors with E-selectin+ vasculature. First, we transferred a 50/50 mix of SC and
IP primed effectors into WT mice bearing SC or IP tumors. Infiltration of IP
tumors by both SC and IP primed effectors was comparable, and also
comparable to the infiltration of SC tumors by IP primed effectors. However, SC
effectors infiltrated SC tumors to a substantially greater extent than did IP
effectors (Figure 27). This is consistent with the idea that ESL/E-selectin
interactions augment SC effector entry into SC tumors. To establish this
definitively, we evaluated entry of SC primed CD8 T-cell effectors transferred into
SC tumors grown in WT and E-selectin-/- mice. The numbers of effectors
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infiltrating tumors grown in E-selectin-/- mice were reduced by about half relative
to the numbers in tumors growing in WT mice (Figure 28). Collectively, these
results indicate that ESL/E-selectin interactions facilitate ESL+ CD8 T-cell entry
into SC tumors with E-selectin+ vasculature, but are ineffective in facilitating entry
of these effectors into tumors whose vasculature does not express this HR
ligand.
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Figure 1
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Figure 1: B16-OVA tumors were harvested 14 days after SC injection or 11 days
after IP injection. Samples were either digested, enriched for CD31+ endothelial
cells, and analyzed by flow cytometry, or frozen and processed for
immunofluorescence microscopy. Representative flow cytometry and summary
data for CD31+CD45neg endothelial cells from SC or IP B16-OVA tumors stained
for E-selectin (n=3 tumors per group). Representative images and summary data
for CD31+ cells from SC or IP B16-OVA tumors stained for: MAdCAM-1
(Interrogated 5-10 random fields from 1 section of 3 tumors). Percentages were
calculated using ImageJ to define CD31+ pixels and quantitating those positive
for MAdCAM-1. All statistical analyses were performed using unpaired student’s
T-test.
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Figure 2: LLC-OVA or MC-38-OVA tumors were harvested on day 14 (SC) or
day 11 (IP). LLC-OVA tumors were flash frozen and stained for MAdCAM-1
expression. Representative and summary data interrogating 8-10 random fields
from single sections of 3 tumors each for the percent of CD31+ pixels that were
MAdCAM-1+. Percentages were calculated using ImageJ to define CD31+ pixels
and quantitating those positive for MAdCAM-1. MC-38-OVA tumors were
digested and stained for flow cytometry. Summary data (n=2 tumors per group)
for the percent of CD31+CD45+ cells that expressed E-Selectin. Statistical
analysis performed using unpaired student’s T-test.
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Figure 3
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Figure 3: B16-OVA tumors were harvested 14 days after SC injection or 11 days
after IP injection. Samples were digested, enriched for CD31+ endothelial cells,
and analyzed by flow cytometry. Representative flow cytometry and summary
data for CD31+CD45neg endothelial cells from SC or IP B16-OVA tumors stained
for P-selectin (n=3 tumors per group). All statistical analyses were performed
using unpaired student’s T-test.
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Figure 4: B16-OVA tumors were harvested 14 days after SC injection or 11 days
after IP injection. Samples were frozen and stained for immunofluorescence
microscopy. Representative images and summary data for CD31+ cells from SC
or IP B16-OVA tumors stained for: ICAM-1 (Interrogated 5-10 random fields from
1 section of 3 tumors), and HA (Interrogated 5-10 random fields from 1 section of
3 tumors). Percentages were calculated using ImageJ to define CD31+ pixels and
quantitating those positive for ICAM-1 or HA. All statistical analyses were
performed using unpaired student’s T-test.
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Figure 5: B16-OVA tumors were harvested 14 days after SC injection or 11 days
after IP injection. Samples were digested, enriched for CD31+ endothelial cells,
and analyzed by flow cytometry. Representative flow cytometry and summary
data for CD31+CD45neg endothelial cells from SC or IP B16-OVA tumors stained
for intracellular CXCL9 (n=7 tumors per group). All statistical analyses were
performed using unpaired student’s T-test.
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Figure 6: B16-OVA tumors were harvested 14 days after SC injection or 11 days
after IP injection. Samples were frozen and processed for immunofluorescence
microscopy. Representative images and summary data for CD31+ cells from SC
or IP B16-OVA tumors stained for VCAM-1 (Interrogated 5-10 random fields from
1 section of 3 tumors). VCAM-1 expression on SC and IP B16-OVA tumors was
determined either with or without tyramide amplification of the anti-VCAM-1
staining. Percentages were calculated using ImageJ to define CD31+ pixels and
quantitating those positive for VCAM-1 on amplified sections. All statistical
analyses were performed using unpaired student’s T-test.
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Figure 7:
B16-OVA tumors were harvested on day 21 (Lung) or day 13 (Brain) and dissociated
and stained for flow cytometric analysis. Representative and summary data for
expression of VCAM-1, E-Selectin, and MAdCAM-1 endothelial cells isolated from lung
and brain tumors (n=4). Plots are gated on CD31+CD45- cells.
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Figure 8: B16-OVA tumors were harvested 14 days after SC injection. Ears were
harvested from non-tumor bearing mice. Samples were either digested, enriched
for CD31+ endothelial cells, and analyzed by flow cytometry, or frozen and
processed for immunofluorescence microscopy. E-selectin and CXCL9
expression on CD31+CD45neg endothelial cells from skin and SC tumor was
determined by flow cytometry (n=3 samples per group). VCAM-1 expression on
CD31+ pixels from skin and SC tumor was determined by immunofluorescence
(n=3). All statistical analyses were performed using unpaired student’s T-test.
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Figure 9: B16-OVA tumors were harvested 11 days after IP injection. Intestine
was harvested from non-tumor bearing mice. Samples were frozen and
processed for immunofluorescence microscopy. MAdCAM-1 and VCAM-1
expression on CD31+ cells from colon was determined by immunofluorescence
(Interrogated 5 random fields from one section of 2 colons). Percentages were
calculated using ImageJ to define CD31+ pixels and quantitating those positive
for MAdCAM-1 or VCAM-1. All statistical analyses were performed using
unpaired student’s T-test.

67

Rag1-/- SC

B16-F1 SC

CD31 VCAM-1 Dapi

B16-OVA SC

% VCAM-1+ CD31+ Pixels
6O
VA
SC
B1
6F1
SC
R
ag
1 -/SC

Figure 10

****

50
40
30

B16-OVA SC
B16-F1 SC
Rag1-/- SC

20
10

B1

0

Rag1-/- SC

B16-F1 SC

17.5

16.7

17.8

E-Selectin

60

Projected
Actual

40
**
20

***

**
*

*

0

E- Tr
Se ipl
le eVC cti
C
AM n+
VC XC
AM L9 CX 1+
C
/
C -1 VC L9
XC /E A +
L9 -Se M-1
/E le +
-S cti
el n+
ec
t
Tr in+
ip
le
+

% Ligand+ CD31+ Cells

CD45

**

NS

20
10

ec
t

in

0

ESe
l

VCAM-1

30

-1

4.7

5.3

B16-OVA SC
B16-F1 SC
Rag1-/-SC

***

AM

20.6

40

VC

CXCL9

XC
L9

3.5

C

28.3

0.5

% HR Ligan d+ CD31+ Cells

B16-OVA SC

68
Figure 10: B16-OVA tumors were grown SC in WT B6 or Rag1-/- mice and B16F1 tumors were grown SC in WT B6 mice. Representative and summary data
(Interrogated 10 random fields from one section of 3 tumors) showing VCAM-1
expression on CD31+ endothelial cells determined by immunofluorescence.
Percentages were calculated using ImageJ to define CD31+ pixels and
quantitating those positive for VCAM-1. All statistical analyses were performed
using unpaired student’s T-test.
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Figure 11: B16-OVA tumors were grown SC in WT B6 or Rag1-/- mice and B16F1 tumors were grown SC in WT B6 mice. Representative and summary data
(n=3-4 tumors per group) showing expression of CXCL9, VCAM-1, and Eselectin on gated CD31+CD45neg endothelial cells determined by flow cytometry.
All statistical analyses were performed using unpaired student’s T-test.
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Figure 12: B16-OVA and B16-F1 tumors were harvested on day 14 (SC) or day
11 (IP) and flash frozen for immunofluorescence staining with anti-CD8.
Summary data interrogating 5 random 200X fields from single sections of 2
tumors to assess the number of CD8 T-cells. Statistical analysis performed using
unpaired student’s T-test.
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Figure 13: Expression of CXCL9, VCAM-1, and E-selectin on SC B16-OVA
tumors was analyzed by flow cytometry. Summary data (n=4 tumors) for the
percent of positive CD31+ cells that are triple negative, single positive, double
positive, or triple positive for CXCL9, VCAM-1, and E-selectin as projected by
random chance and the actual percentages after FACS analysis. All statistical
analysis performed using unpaired student’s T-test.
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Figure 14
Figure 3
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Figure 14: Tumors were grown SC in WT B6, IFN-/-, or TNF-/- animals for 14 d.
upper, Representative and summary data (n=3 tumors per group) for CXCL9
expression in permeabilized CD31+CD45neg endothelial cells determined by flow
cytometry). lower. Representative and summary data (Interrogated 10 random
fields from one section of 3 tumors) for VCAM-1 expression on CD31+
vasculature determined by immunofluorescence. Percentages were calculated
using ImageJ to define CD31+ pixels and quantitating those positive for VCAM-1.
All statistical analyses were performed using unpaired student’s T-test.
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Figure 15: Rag1-/- mice were repleted with CD8 T-cells from WT, IFN-/-, or
TNF-/- animals 3 days prior to SC B16-OVA injection. Tumors were harvested
on day 14. CXCL9 and VCAM-1 expression on gated CD31+CD45neg endothelial
cells were assessed by flow cytometry Representative and summary data (n=3
tumors per group) are shown. All statistical analysis performed using unpaired
student’s T-test.
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Figure 16

Supplementary Figure 3
IV Primed Effectors
83.9

0.7

13.1

CD44

2.3

α4
IP Primed Effectors
72.7

9.4

10.2

α4β7

7.7

α4
SC Primed Effectors
27.9

11.1

6.1

ESL

55.0

α4

80
Figure 16: CD8 effector T-cells were generated using SIINFEKL pulsed BMDCs
administered IV, IP, or SC as described in the legends to Figures 4 and 5.
Freshly isolated ex vivo effectors were stained with the indicated antibodies and
analyzed by flow cytometry. Plots are gated on CD45+CD8+Thy1.1+ cells.
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Figure 17: IV primed OT-1 Thy1.1 CD8 T-cell effectors were generated in WT B6
mice after adoptive transfer of H-2Kb+ovalbumin specific OT-I cells and
immunization with peptide-pulsed BMDCs. After 4 days, cells were isolated and
transferred into mice bearing 14 day old SC or 11 day old IP B16-OVA tumors.
CD8 T-cells were incubated with anti-4 blocking antibody for 30 min
immediately prior to T-cell transfer. Tumors and spleens were harvested 18
hours later and infiltrating CD8 Thy1.1+ T-cells quantitated by flow cytometry.
Infiltration data collected for entire tumor and 1/10th of the spleen. All data shown
are summary data (n=3 tumors per group).

Percent tumor-free mice

7

CD8 Thy1.1+ Cells
R
a
a n t Ig
t i- G
C
R D4 4
a
a n g Ig
t i- G
C
D
44

R

T

CD8 Thy1.2+ Cells

XC

W

3000
2500
2000
1500
1000
500
0

8000

SC Tumor
Spleen

NS

100

0

**

2000

100

80

60

14 21 28

SC Tumor
Spleen

NS

****

6000

SC Tumor
Spleen

4000

***

0

40

20

0

35 42 49 56

63 70

Days Following Tumor Induction

XC T
R
3 -/
C WT
XC
R
3 -/
-

*

a n Ig
ti - G
LF
A
R -1
at
a n Ig
ti- G
LF
A1

at
I
an gG
ti R α4
at
I
an gG
ti α4

R

0

CD8 Thy1.1+ Cells

NS

W

400

C

200

SC Tumor
Spleen

at

500

R

at

Figure 18

Ig
an G
ti
R -α 4
at
Ig
an G
ti α4

R

1000

CD8 Thy1.1+ Cells

***

CD8 Thy1.1+ Cells

an R a
ti - t Ig
VC G
AM
R
an at 1
ti- Ig
VC G
AM
-1

CD8 Thy1.1+ Cells
300

3 -/
C W
XC T
R
3 -/
-

C

CD8 Thy1.1+ Cells
R
a
a n t Ig
t i- G
C
D
R 44
a
a n t Ig
t i- G
C
D
44

CD8 Thy1.2+ Cells

1500

3000

*

2000

1000

3000
2500
2000
1500
1000
500
0

1000
800
600
400
200
0

5000

No Transfer
No Transfer + IL-2
FH CD8 + IL-2
FH CD8 CXCR3KO + IL-2

IP Tumor
Spleen

NS

0

83

*
SC Tumor
Spleen

NS

***

IP Tumor
Spleen

NS

15000

*
IP Tumor
Spleen

10000

0
NS

84
Figure 18: IV primed OT-1 Thy1.1 CD8 T-cell effectors were generated in WT B6
mice after adoptive transfer of H-2Kb+ovalbumin specific OT-I cells and
immunization with peptide-pulsed BMDCs. After 4 days, cells were isolated and
transferred into mice bearing 14 day old SC B16-OVA tumors. VCAM-1 blocking
antibody was injected IP into tumor-bearing animals 6 hours prior to T-cell
transfer. Tumors and spleens were harvested 18 hours later and infiltrating CD8
Thy1.1+ T-cells quantitated by flow cytometry. Infiltration data collected for entire
tumor and 1/10th of the spleen. All data shown are summary data (n=3 tumors
per group).
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Figure 19: IV primed OT-1 Thy1.1 CD8 T-cell effectors were generated in WT B6
mice after adoptive transfer of H-2Kb+ovalbumin specific OT-I cells and
immunization with peptide-pulsed BMDCs. After 4 days, cells were isolated and
transferred into mice bearing 14 day old SC B16-OVA tumors. CD8 T-cells were
incubated with anti-LFA-1 blocking antibody for 30 min immediately prior to T-cell
transfer. Tumors and spleens were harvested 18 hours later and infiltrating CD8
Thy1.1+ T-cells quantitated by flow cytometry. Infiltration data collected for entire
tumor and 1/10th of the spleen. All data shown are summary data (n=3 tumors
per group).
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Figure 20: IV primed OT-1 Thy1.1 CD8 T-cell effectors were generated in WT B6
mice after adoptive transfer of H-2Kb+ovalbumin specific OT-I cells and
immunization with peptide-pulsed BMDCs. After 4 days, cells were isolated and
transferred into mice bearing 14 day old SC or 11 day old IP B16-OVA tumors.
CD8 T-cells were incubated with anti-CD44 blocking antibody for 30 min
immediately prior to T-cell transfer. Tumors and spleens were harvested 18
hours later and infiltrating CD8 Thy1.1+ T-cells quantitated by flow cytometry.
Infiltration data collected for entire tumor and 1/10th of the spleen. All data shown
are summary data (n=3 tumors per group).
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Figure 21: IV primed effector cells were generated in WT B6-AAD mice after
adoptive transfer of AAD + tyrosinase specific FH TCR transgenic T-cells from
either WT or CXCR3-/- mice, by immunization with peptide-pulsed BMDC. After 4
days, FH T-cells were isolated and transferred into mice bearing 14d old B16AAD tumors. Tumors and spleens were harvested 18h later and infiltrating FH
Thy1.2 CD8 T-cells quantitated by flow cytometry. Infiltration data collected for
entire tumor and 1/10th of the spleen. All data shown are summary data (n=5
tumors per group). All statistics were performed using unpaired student’s T-test.
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Figure 22: Adoptive transfer of 3 million purified TFH CD8 T-cells IV into AAD
mice 3 days following SC B16-AAD tumor challenge. Animals receiving IL-2
support were injected IP with 1500CU every other day for 10 days. Mice that did
not receive T-cells were either injected with IL-2 (No transfer + IL-2) or not (No
transfer) and served as controls. Tumor measured by electronic caliper every
other day. Mice without palpable tumors considered tumor free (n=10 per group).
All statistics were performed using unpaired student’s T-test.
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Figure 23: IP primed OT-1 Thy1.1+ CD8 T-cell effectors were generated in WT
B6 mice after adoptive transfer of H-2Kb+ovalbumin specific OT-I cells and
immunization with peptide-pulsed BMDCs. After 4 days, cells were isolated and
transferred into mice bearing 11 day old IP B16-OVA tumors. MAdCAM-1
blocking antibody was injected IP into tumor-bearing animals 6 hours prior to Tcell transfer. Tumors were harvested 18 hours later and infiltrating CD8 Thy1.1+
T-cells quantitated by flow cytometry. All data shown are summary data (n=3-4
tumors per group). All statistics were performed using unpaired student’s T-test.
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Figure 24: IP primed OT-1 Thy1.1+ CD8 T-cell effectors were generated in WT
B6 mice after adoptive transfer of H-2Kb+ovalbumin specific OT-I cells and
immunization with peptide-pulsed BMDCs. After 4 days, cells were isolated and
transferred into mice bearing 11 day old IP B16-OVA tumors. The indicated
blocking antibodies were incubated with CD8 T-cells for 30 min immediately prior
to transfer (anti-4, anti-47), or injected IP into tumor-bearing animals 6 hours
prior to T-cell transfer (anti-VCAM-1, anti-MAdCAM-1). Tumors were harvested
18 hours later and infiltrating CD8 Thy1.1+ T-cells quantitated by flow cytometry.
All data shown are summary data (n=3-4 tumors per group). All statistics were
performed using unpaired student’s T-test.
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Figure 25: Animals bearing 11 day old IP tumors were injected IV with 100g of
anti-CD31 and 100g of anti-MAdCAM-1 (Interrogating 10 random fields from
one section each of 3 tumors). Antibodies were fluorescently labeled. Tumors
and the indicated tissues were harvested after 30 min and vascular luminal
expression was analyzed by immunofluorescence microscopy. All statistics were
performed using unpaired student’s T-test.
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Figure 26: Animals bearing 11 day old IP tumors were injected IV with 100g of
anti-CD31 and 100g of anti-VCAM-1 (Interrogating 5-10 random fields from one
section each of 2 tumors). Antibodies were fluorescently labeled. Tumors and the
indicated tissues were harvested after 30 min and vascular luminal expression
was analyzed by immunofluorescence microscopy. All statistics were performed
using unpaired student’s T-test.
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Figure 27: SC and IP primed OT-I CD8 T-cell effectors were generated as
described in the legends to Figures 4 and 5. A 50:50 mix of SC and IP primed
effectors were transferred into B6 mice bearing day 14 SC or day 11 IP tumors.
Tumors and spleens were harvested 18hrs later and infiltration of Thy1.1+CD8
effector T-cells was analyzed by flow cytometry. Infiltration data collected for
entire tumor and 1/10th of the spleen. All data shown are summary data (n=3
tumors per group).
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Figure 28
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Figure 28: SC primed effectors were transferred into WT B6 WT B6 or Eselectin-/- mice bearing 14 day SC B16-OVA tumors (n=3 tumors per group). The
number of Thy1.1+ CD8 T-cells that entered tumors and spleens was
enumerated 18 h later. Infiltration data collected for entire tumor and 1/10th of the
spleen. All statistics were done using unpaired student’s T-test.
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Figure 29:
Summary of major conclusions regarding mechanisms of entry of CD8 effectors
into tumors. top, IV primed effectors expressing 41, CD44, CXCR3, and LFA-1
enter through vasculature of SC and IP tumors expressing VCAM-1, HA, CXCL9,
and ICAM-1. Expression of VCAM-1 and CXCL9 is controlled by IFN released
by previously infiltrated CD8 effectors. middle, IP primed effectors expressing
47, in addition to molecules expressed on IV primed effectors, utilize the same
HR ligands to enter SC and IP tumors, but are unable to utilize MAdCAM-1 that
is selectively expressed on IP tumor vasculature due to its lack of lumenal
expression. bottom, SC primed effectors expressing ESL in the presence or
absence of 41, in addition to CXCR3 and LFA-1, show augmented entry into
SC tumors that selectively express E-selectin on vasculature.
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Discussion
While some tumors are well-infiltrated by CD8 T-cells others are very poorly
infiltrated (24,26,30,36,206,207). One possible explanation for this distinction is
differences in the expression of HR ligands on tumor-associated vasculature, in
conjunction with the cohort of HR expressed on T-cells. This study characterized
vascular HR ligand expression in murine tumors growing in distinct anatomic
locations, the factors controlling ligand expression, and the molecular
requirements for CD8 T-cell entry (Figure 29). These results identify both tumor
anatomical location and immune microenvironment as important elements
controlling expression of these molecules. While E-selectin augmented CD8 Tcell entry selectively into SC tumors, MAdCAM-1 was irrelevant because it was
not expressed on the vascular luminal surface. Importantly, VCAM-1 through its
interaction with 41 and likely 47, and one or more ligands for CXCR3
supported broad-based infiltration of CD8 T-cells into both anatomic locations.
Overall our results identify mechanisms that control CD8 T-cell infiltration into
tumors growing in different anatomic locations, and point towards strategies to
enhance infiltration for therapeutic purposes.
Several previous studies have evaluated the expression of individual HR
ligands on tumor-associated vasculature. Human skin-associated tumors have
been shown to express a low level of E-selectin (162), murine SC B16-F10
tumors express low levels of E-selectin (176), ICAM-1 (176), and CXCL9
(220,221), and intracranial B16-OVA tumors express a low level of VCAM-1
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(219). Expression of VCAM-1 correlates with increased T-cell representation in
pancreatic islet cell carcinoma, glioblastoma, and melanoma (91,96,175).
Genetic expression of VCAM-1, ICAM-1, and MAdCAM-1 in human colorectal
cancers is variable and correlates with the extent of T-cell infiltration and patient
survival (184). In this study, we showed that patterns of E-selectin and MAdCAM1 expression on the vasculature of multiple different murine SC and IP tumors
mimicked those on skin and gut vasculature, respectively (121,123,137,231).
VCAM-1, CXCL9, and ICAM-1 were expressed on tumor vasculature in both
locations, in keeping with their broad expression on inflamed tissues. Our
observation that expression of E-selectin and MAdCAM-1 on tumor vasculature
is dependent on anatomic location is consistent with the sprouting model of
angiogenesis (232), in which vasculature branches from healthy normal tissue
vasculature toward areas of hypoxia. Signaling differences in skin and gut
vascular endothelial cells that lead to differences in HR ligand expression are not
understood (190). In addition, the observation that MAdCAM-1 expression is
confined to the abluminal surface has not been previously reported and indicates
that there are factors controlling its polarity that remain to be identified. Thus,
although tumor-associated vasculature is generally considered to be aberrant,
our work reveals that it retains tissue-associated characteristics.
Previous studies have pointed to a low level of HR ligand expression on
poorly immunogenic tumors (162,176,219). When expression is augmented
using pro-inflammatory stimuli, these molecules facilitate, or are at least
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associated with, enhanced entry of CD8 T-cells into tumors. In this study, we
showed that expression of VCAM-1 and CXCL9 on the vasculature of B16-F1
tumors grown in WT mice and B16-OVA tumors grown in Rag-/- mice was very
low, and that the immune response to tumor-associated OVA in WT mice was
sufficient to drive increased expression of these ligands without therapeutic
intervention. The expression of VCAM-1 and CXCL9 on tumor endothelial cells
was coordinately controlled by IFN released from CD8 T-cells, and was
significantly higher than that of normal tissue vasculature. However, expression
of E-selectin, although higher than that of normal tissue, was not significantly
influenced by adaptive immunity. MAdCAM-1 expression was actually lower on
tumor vasculature compared to gut. We and others have established that HR
ligand expression can also be upregulated in response to checkpoint blockade
inhibitors (Hailemichael, et al unpublished; Wilson, et al unpublished). Increased
HR ligand expression is associated with increased T-cell representation in the
tumor microenvironment and improved tumor control (233). We have established
that expression of HR ligands, including VCAM-1 and ICAM-1, is also
upregulated in response to the checkpoint blockade inhibitor anti-CTLA-4 which
increased CD8 T-cell representation in the tumor (Hailemichael, et al
unpublished; Wilson, et al unpublished). Collectively these studies suggest that
the level of HR ligand expression on most tumors will limit CD8 effector T-cell
entry, but can be enhanced by augmenting the endogenous immune response,
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directly activating tumor vascular endothelial cells, or manipulating the
immunosuppressive tumor microenvironment.
A somewhat surprising observation was that infiltration of WT and IFN-/CD8 T-cells into tumors grown in Rag1-/- animals was similar, despite the lack of
HR ligand expression on tumors infiltrated by IFN-/- CD8 T-cells. This suggests
that initial infiltration of these cells, presumably involving these same HR ligands,
is driven by another mechanism, and in Rag1-/- mice this is most likely an innate
immune cell. These results suggest HR ligand expression on tumor vasculature
must be sustained through continual restimulation by IFN from intratumoral CD8
effectors. In turn suggesting the existence of a positive feedback loop in which
newly infiltrating T-cells that release IFN maintain or increase expression of HR
ligands, leading to recruitment of additional CD8 effectors that perpetuate the
process. This positive feedback loop may be down-modulated by the
immunosuppressive microenvironment of tumors that inhibits the activity of CD8
effectors, and upregulated by therapeutic interventions that maintain or increase
intratumoral effector activity, or augment the magnitude of the immune response.
In the same way, directly increasing HR ligand expression on tumor vasculature
has the potential to amplify this positive feedback loop by supporting increased
infiltration of active CD8 effectors, further increasing HR ligand expression, and
augmenting intratumoral immunity and tumor control.
In this study, we also established that 41, CD44, CXCR3, and LFA-1
played non-redundant roles in enabling effector CD8 T-cell entry into both SC
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and IP tumors. Given that LFA-1 interaction with ICAM-1 is the most common
mediator of firm adhesion, and it had been previously shown to mediate CD8 Tcell entry into therapeutically treated tumors (176), its importance in mediating
entry in the present study was not unexpected. An earlier clinical study pointed to
CXCR3 as a positive prognostic indicator in melanoma patients, and its ligands
CXCL9,10, and 11 have been identified as part of a 12 chemokine gene
signature associated with enhanced patient survival and response to
immunotherapy (170,178). Previous studies have shown either CXCL9 or
CXCL10 to be of central importance in CD8 T-cell entry into SC or intracranial
B16 tumors (218,220). Our results confirm and extend this earlier work by
showing that CXCR3 is the only chemokine receptor needed for CD8 T-cell entry
into B16 tumors growing in IP as well as SC locations, that it was necessary for
T-cell mediated tumor control, and that CXCL9 expression was dependent on
adaptive immunity.
While elevated expression of CD44 is a marker of T-cell activation and
memory, its role in T-cell entry into tissues has been evaluated in only a small
number of studies. It was found that CD44 acted cooperatively with 41 to
mediate T-cell entry into the peritoneum (227,228,234). Interestingly it was also
found that this pathway acted in lieu of LFA-1 to support the firm adhesion step
preceding extravasation (227). We found that either 41 or CD44 blockade
completely inhibited T-cell entry into both SC and IP tumors, but 41 and LFA-1
played essential independent roles in enabling entry. Based on this latter
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observation and this earlier work, we propose that 41 and CD44 coordinately
mediate initial slow rolling and CXCR3 activates the high affinity form of LFA-1 to
mediate the final firm adhesion step. Taken together, our work establishes that
this is a general mechanism supporting CD8 T-cell entry into a variety of tumors
growing in different anatomic locations. The importance of VCAM-1 is
emphasized by the fact that it supports entry of 41+ T-cells even when
expressed at relatively low levels on IP tumor vasculature, and that it may also
enable infiltration of T-cells expressing 47. In contrast, molecules such as Eselectin and MAdCAM-1, with their limited tissue distribution and lack of luminal
expression, are of much more limited value.
In keeping with this, we suggest intradermal vaccination, the most
common route of vaccine administration, may limit the effectiveness of cancer
vaccines for metastatic lesions in non-skin-associated sites. At least in mice, this
route of immunization leads to T-cells with predominant expression of ESL, and
only a minor cohort expressing 41 (114). Intravenous vaccination generates
effectors that uniformly express 41, and should be evaluated as a route for
administration of cancer vaccines. Similarly, the HR expressed on TIL or PBL
activated for use in CAR-T, Bi-specific antibody, or recombinant TCR based
adoptive cell therapy approaches are rarely examined. Given the massive
numbers of such cells that are administered for therapeutic effect, and the
generally higher success rates in treating liquid tumors where infiltration is not
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constrained by vasculature, we believe there are significant opportunities to
optimize HR expression to improve the success of this approach.
Effectors primed in a route consistent with infiltration into multiple
anatomic locations are only one side of a two-sided coin. HR ligand expression
on tumor vasculature must be high enough to support entry of primed effectors.
While the partially inflamed phenotype of tumor vasculature supports infiltration
of some lymphocytes into tumors, infiltration could be greatly increased if HR
ligand expression was enhanced on tumor vessels. Enhanced expression of
ligands on tumor vasculature may augment the success of current therapies by
creating tumor vasculature that supports the entry of a greater percentage of
transferred cells thereby increasing the number of patients that respond.
Adoptive cell therapies have shown efficacy in melanoma patients with preexisting CD8 T-cell infiltrate (69). Cytokines secreted by these pre-existing CD8
T-cells likely drive increased vascular HR ligand expression setting up a
microenvironment permissive to infiltration of newly transferred cells. Enhancing
ligand expression through a tumor vasculature-targeted approach, can jumpstart
a feedback loop whereby ligand expression enhances CD8 T-cell infiltration and
even patients without pre-existing CD8 T-cell infiltrate may respond to therapy.
Based on their ability to enable entry of cells into tumors in multiple sites, VCAM1 or CXCL9 would be logical ligands to enhance. In addition to Adoptive cell
therapy, many current first-line therapies, including radiotherapy and checkpoint
blockade inhibitors, are also most effective in patients with pre-existing CD8 T-
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cell infiltrate (66–68). Therefore, this detailed understanding of the requirements
for CD8 T-cell entry into tumors in multiple anatomic locations, combined with
targeted upregulation of ligand expression on tumor vasculature, could enhance
the efficacy of multiple melanoma therapies.
This chapter was adapted from Woods, A.N., Wilson, A.L., Srivinisan, N., Zeng,
J., Dutta, A.B., Peske, J.D., Tewalt, E.F., Gregg, R.K., Ferguson, A.R., and
Engelhard, V.H. Cancer Immunology Research (2017). Differential expression of
homing receptor ligands on tumor associated vasculature that control CD8
effector T cell entry.
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Appendix: Effect of anti-CTLA-4 +/- gp100/IFA
Vaccination on CD8 T-cell accumulation in tumors and
HR ligand expression on tumor vasculature
Introduction
Naïve T-cell differentiation and proliferation into antigen-specific activated
effectors requires two distinct signals (235). The first signal is the antigen-specific
interaction between the TCR and antigen presented on an MHC molecule by the
antigen presenting cell. The second signal, or co-stimulation, is the interaction
between CD28 on the T-cell and B7 molecules (CD80 and CD86) on the APC.
When a T-cell receives both signals it is considered activated and begins clonal
expansion. These activated cells can then traffic to the site of antigen exposure
and kill infected or transformed cells. Cytotoxic T lymphocyte associated antigen
4 (CTLA-4), a cell surface molecule closely resembling CD28, is found on T-cells
and acts as a strong negative regulator of T-cell activation when bound to B7
molecules on the surface of APCs (236).
Because CD8 T-cells are such a powerful tool for fighting cancer,
mechanisms of peripheral tolerance or inhibitory checkpoints have become
popular targets for immunotherapy. Checkpoint blockade therapies, including
blockade of CTLA-4 and programmed death protein 1 (PD-1), can be curative
therapies for cancer patients by releasing T-cell inhibition and enabling them to
fight (237–239). Ipilimumab, an injectable anti-CTLA-4 antibody, received FDA
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approval for the treatment of melanoma patients in 2011 (237). Unfortunately,
while successful in some patients, many patients receive little to no clinical
benefit from Ipilimumab and other checkpoint blockade therapies (240,241).
Resistance to anti-CTLA-4 therapy may be due to poor pre-existing antitumor immunity (74,242) or defects in IFN gene pathways (243). One approach
to increasing the clinical efficacy of anti-CTLA-4 and other checkpoint blockade
therapies is to combine with vaccination. Gp100 peptide is a melanocyte
differentiation antigen commonly used in clinical trials to vaccinate melanoma
patients in hopes of generating large numbers of gp100-specific T-cells (Pmel-1)
to mount an anti-tumor response (244,245). Conceptually, combining the vaccine
with the checkpoint blockade therapy will significantly enhance the immune
response and in turn clinical response rate. The vaccination increases the
number of tumor-specific CD8 T-cells in the patient and the checkpoint blockade
therapy allows for co-stimulation through CD28 signaling thereby creating a large
number of T-cells that are activated and able to fight the cancer cells.
Interestingly, in a study of 676 melanoma patients, vaccination with gp100
peptide in Incomplete Freund’s Adjuvant (IFA) combined with anti-CTLA-4
therapy showed no therapeutic benefit over anti-CTLA-4 monotherapy (237).
Instead, the addition of the gp100/IFA vaccine had a negative effect on the
efficacy of the CTLA-4 checkpoint blockade therapy, reducing both the overall
response rate and the disease control rate to Ipilimumab (237).
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Gp100 peptide vaccine along with many other trial cancer vaccines, is
generally formulated with IFA. IFA, water-in-oil emulsion of antigen, is used in
vaccine formulations to safely and effectively bolster the efficacy of vaccines.
Vaccination with gp100 in IFA has been shown to create a persistent antigen
depot at the vaccination site where CD8 T-cells are activated. This antigen depot
sequesters the cells thus rendering them unable to traffic to the site of tumor
growth (246). These cells eventually become exhausted and die lending minimal
efficacy to the gp100/IFA vaccine.
In this study, a collaboration with the lab of Dr. Willem Overwijk at MD
Anderson, we tested that hypothesis that the gp100/IFA vaccination site
sequesters both antigen-specific (Pmel-1) and non-antigen specific (non-Pmel-1)
CD8 T-cells thereby reducing the efficacy of anti-CTLA-4 checkpoint blockade
therapy. The number of Pmel-1 and non-Pmel-1 CD8 T-cells in the tumor and at
the vaccination site was quantified to determine if cells were trafficking to the
tumor or being sequestered. In addition to CD8 T cell counts, expression of
ICAM-1 and VCAM-1, two aforementioned mediators of CD8 T-cell homing to
tumors, was measured on CD31+ vasculature at the gp100/IFA vaccination site
and on tumor-associated vasculature in mice treated with gp100/IFA alone or in
combination with IP administered anti-CTLA-4 to determine the impact of
combined therapy on HR ligand induction. The data collected indicates that the
persisting antigen depot at the gp100/IFA vaccination site induced sequestration
of cells, both antigen specific and non-specific. This sequestration at the
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vaccination site subsequently resulted in lower infiltration into the tumor thus
preventing the initiation of a positive feedback loop whereby infiltrating CD8
effectors secreting inflammatory cytokines would increase the expression of
VCAM-1 and ICAM-1 on the tumor-associated vasculature thereby creating a
more permissive environment for increased CD8 T-cell accumulation.
Results
Expression of vascular ligands at the vaccination site is unchanged by CD8
T-cell accumulation.
In the work described above, we have established that the presence of
CD8 T-cells in the tumor microenvironment increases the expression of HR
ligand on tumor-associated vasculature. Previous work has demonstrated that
gp100/IFA vaccination leads to an accumulation of CD8 T-cells at the vaccination
site. Therefore, we sought to determine how HR ligand expression changed on
skin vasculature following vaccination with gp100 in IFA and CD8 T-cell
sequestration.
We found no significant change in the expression of ICAM-1 or VCAM-1
on vasculature at the vaccination site following SC injection of IFA alone or in
combination with gp100/IFA even following a significant increase in the number
of antigen-specific (Pmel-1) and non-specific (non-Pmel-1) CD8 T-cells in the
area (Figure 30 and 31). Concurrent gp100/IFA vaccination and anti-CTLA-4
treatment led to a greater increase in non-Pmel-1 specific T effectors at the
vaccination site compared to gp100/IFA alone but this did not subsequently
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increase ICAM-1 or VCAM-1 expression (Figure 30 and 31). P-mel-1+ T
effectors continued to accumulate at the vaccination site following the addition of
anti-IFN to the combined gp100/IFA anti-CTLA-4 treatment (Figure 31). ICAM-1
and VCAM-1 expression was not changed with the addition of anti-IFN to the
treatment regimen. These results indicate that expression of ICAM-1 and VCAM1 at the vaccination site is not sensitive to the increased presence of effector Tcells and therefore that these cells are likely accumulating due to the IFA at the
vaccine site and not due to increased HR ligand expression.
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Figure 30
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Figure 30: Pmel-1 T-effectors were adoptively transferred into mice immunized
SC with gp100/IFA. In addition to the gp100/IFA, a cohort of mice was treated IP
with anti-CTLA4 +/- anti-IFNγ. Expression of VCAM-1 and ICAM-1 on CD31+
vasculature from the gp100/IFA vaccination site was determined using
immunofluorescence microscopy. Representative and summary data shown for
all fields from n=3 mice per treatment group. All statistical analyses were
performed using unpaired student’s T-test.
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Figure 31
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Figure 31: Pmel-1 T effectors were adoptively transferred into mice immunized
SC with gp100/IFA. A cohort of mice was also treated IP with anti-CTLA4 +/- antiIFNγ. Number of Pmel-1 and non-Pmel-1 T-effectors at the gp100/IFA
vaccination site was enumerated by counting cells on immunofluorescence
images. Representative and summary data shown for all fields from n=3 mice per
treatment group. All statistical analyses were performed using unpaired student’s
T-test.
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Anti-CTLA-4 increases vascular HR ligand expression on tumor-associated
vasculature.
Because the expression of ICAM-1 and VCAM-1 on vasculature at the
vaccine site was unchanged in response to combined vaccination and checkpoint
blockade therapy, we asked how these therapies affected expression of HR
ligands on tumor-associated vasculature. Anti-CTLA-4 treatment significantly
increased the expression of both ICAM-1 and VCAM-1 on tumor-associated
vasculature compared to that of control (IFA only) treated mice or mice
vaccinated with gp100/IFA alone (Figure 32). This increased ligand expression
in treated tumors correlated with an increase in both antigen-specific (Pmel-1)
and non-antigen-specific (non-Pmel-1) CD8 T-cell accumulation (Figure 33).
ICAM-1 and VCAM-1 expression was highest in tumors treated with anti-CTLA-4
alone. This increase was negated by the addition of anti-IFN to the treatment
regimen indicating that the increase in ICAM-1 and VCAM-1 following anti-CTLA4 treatment was IFNγ driven (Figure 32). Effector T-cell representation was also
lower in tumors from mice that received anti-IFN (Figure 33). These results
support the positive feedback model whereby infiltrating effectors secrete IFNγ
thereby increasing HR ligand expression on the tumor-associated vasculature
and, in-turn, supporting increased effector infiltration into the tumor. The
decrease in ligand expression and lower numbers of effectors in tumors from the
anti-CTLA-4 + gp100/IFA treatment group compared to the anti-CTLA-4 alone
group supports the conclusion that gp100/IFA sequesters cells at the vaccination
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site thereby preventing them from making it to the tumor site and exerting their
effector function there.
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Figure 32
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Figure 32: Pmel-1 T-effectors were adoptively transferred into mice immunized
SC with gp100/IFA. A cohort of mice was also treated IP with anti-CTLA4 +/- antiIFNγ. Expression of VCAM-1 and ICAM-1 on CD31+ tumor was determined using
immunofluorescence microscopy. Representative and summary data shown for
n=10 random fields from n=3 mice per treatment group. All statistical analyses
were performed using unpaired student’s T-test.
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Figure 33
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Figure 33: Pmel-1 T-effectors were adoptively transferred into mice immunized
SC with gp100/IFA. A cohort of mice was also treated IP with anti-CTLA4 +/- antiIFNγ. Number of tumor-infiltrating Pmel-1 and non-Pmel-1 T-effectors was
enumerated by counting cells on immunofluorescence images. Representative
and summary data shown for all fields from n=3 mice per treatment group. All
statistical analyses were performed using unpaired student’s T-test.
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Discussion
CTLA-4 checkpoint blockade therapy is a milestone in the treatment of
cancer, but currently clinical benefit is limited to only a small subset of cancer
patients. CTLA-4 blockade therapy is most effective in the presence of
preexisting tumor-specific T-cells (242,247). Unfortunately, the poor
immunogenicity of many tumors leads to inadequate CD8+ T-cell mediated antitumor immunity. Cancer vaccination strategies could be used to induce
expansion of the tumor-specific T-cell pool. While progress has been made in
clinical cancer vaccine formulations, delivery, and ability to potentiate anti-cancer
immune responses (248–252) robust clinical evidence of increased efficacy to
checkpoint blockade therapy combined with vaccination is currently lacking. We
showed, based on T-cell infiltration and HR ligand induction, peptide vaccine in
IFA failed to synergize with anti-CTLA-4 checkpoint blockade therapy due to
sequestration of T-cells at the vaccination site.
We found that anti-CTLA-4 therapy alone induced the highest levels of HR
ligand expression on tumor-associated vasculature and CD8 T-cell accumulation
in the tumor in an IFNγ-dependent manner. When gp100/IFA was given
concurrently with anti-CTLA-4 therapy, HR ligand induction and CD8 T-cell
accumulation at the tumor site was greatly reduced. We believe this was due to
the observed increase in CD8 T-cells at the vaccination site. Interestingly, these
effector T-cells had antigen specificities other than the gp100 vaccine antigen,
yet became sequestered at the gp100 vaccination site. Neutralization of IFN-γ, a
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CD8+ T-cell effector cytokine able to induce expression of the ligands ICAM-1
and VCAM-1, reduced CD8+ T-cell accumulation at the tumor, shifting them to
the vaccination site. Together, our data are consistent with a scenario where
circulating effector T-cells infiltrate tumor tissue and encounter cognate antigen,
causing the release of IFN-γ, which increases expression of adhesion molecules
such as ICAM-1 and VCAM-1 by endothelial cells, thereby supporting infiltration
of additional effector T-cells. This supports a cycle of T-cell infiltration, target cell
lysis, cytokine secretion and local inflammation. When the vaccine is persistently
present, as in the case of gp100 peptide emulsified in non-biodegradable IFA,
this process results in sequestration of effector T-cells at the vaccination site
(246). Importantly, non-gp100 specific effector T-cells induced by anti-CTLA-4
checkpoint blockade also become sequestered. Mechanistically, preventing the
formation of a persistent, chronically inflamed vaccination site by altering vaccine
formulation offers a path towards the use of vaccines that synergize with antiCTLA-4 checkpoint blockade therapy and significantly improved clinical efficacy.
Overall, our results indicate that gp100/IFA vaccination induces persistent
inflammation at the vaccination site that recruits, functionally impairs and
eventually destroys tumor-specific effector T-cells induced by anti-CTLA-4
checkpoint blockade therapy. Non-persistent vaccine formulations can reverse
these undesirable effects and synergize with anti-CTLA-4 checkpoint blockade,
overcoming primary resistance to checkpoint blockade therapy and greatly
enhancing both response rates and complete cure rates. These results provide
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explanation for the lack of synergy between anti-CTLA-4 therapy and gp100/IFA
vaccination in patients with melanoma. They also highlight the importance of
vaccine formulation in future clinical trials of combination therapy with checkpoint
blockade and vaccination and point the way to increase the therapeutic efficacy
of checkpoint blockade for patients with cancer.
This chapter was an adapted excerpt from: Yared Hailemichael, Amber Woods,
Tihui Fu, Qiuming He, Michael C. Nielsen, Farah Hasan, Jason Roszik, Zhilan
Xiao, Christina Vianden, Hiep Khong, Manisha Singh, Meenu Sharma, Faisal
Faak, Derek Moore, Zhimin Dai, Scott M. Anthony, Kimberly S. Schluns,
Padmanee Sharma, Victor H. Engelhard, Willem W. Overwijk. JCI Insights (In
submission). Cancer vaccine formulation dictates synergy with CTLA-4 and PDL1 checkpoint blockade therapy.
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Conclusions and Future Directions
While a small number of studies had identified individual HR that could
contribute to T-cell infiltration into some tumors, and several suggestive
correlations had been identified, a comprehensive analysis of the molecules that
mediate entry of CD8 T-cells into any one kind of tumor, and how this varies with
anatomical location, had not yet been conducted. To determine which HR/HR
ligand interactions are required for CD8 T-cell entry into tumors we first
systematically identified which HR ligands are expressed on the vasculature of
tumors growing in different anatomic locations. Immunofluorescence and flow
cytometry were used to directly compare HR ligand expression on B16
melanoma vasculature to that of adjacent tissue vasculature. We found that
ligand expression varies depending on site of tumor growth but the HR ligands
VCAM-1, CXCL9, and ICAM-1 were expressed regardless of tumor location. Eselectin and MAdCAM-1 expression mimicked patterns of expression seen on
adjacent tissue vasculature. We then used blocking antibodies and knockout
mice to show that α4β1/VCAM-1, CD44/HA, CXCR3/CXCL9/10, and LFA1/ICAM-1 interactions are required for CD8 T-cell entry into tumors growing both
SC and IP. This is the first study to also begin to investigate the impact of
checkpoint blockade therapy on the expression of HR ligands on tumorassociated vasculature.
Our findings suggest the existence of a positive feedback loop that drives
expression of HR ligands on tumor associated vasculature, which depends upon
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cytokine-secreting immune cells in tumors (Figure 34). We hypothesize that the
loop is initiated by early infiltration of innate immune cells, which leads to
transient upregulation of HR ligands on tumor vasculature. We think it most likely
that NK cells are the relevant innate population, but this requires further
investigation. This initial HR ligand expression supports the infiltration of a small
number of CD8 T cells. These activated effector T-cells secrete IFNγ, thus
driving more sustained HR ligand expression on the tumor endothelium. This
supports the ongoing infiltration of additional effectors. However, we believe that
this feedback loop will ultimately be limited by one or more immunosuppressive
mechanisms operating within the tumor microenvironment (Figure 35). Without
continued infiltration and secretion of pro-inflammatory cytokines by activated
effectors, HR ligand expression returns to very low levels and no longer supports
CD8 T cell infiltration. Testable predictions of this model include: 1) NK cell
depletion should prevent both HR ligand upregulation and T-cell infiltration; 2)
Late stage tumors that are well infiltrated will nonetheless show only low levels of
HR ligand expression in association with an exhausted T-cell phenotype.
Reversal of immunosuppression should lead to re-expression of HR ligands and
resumption of T-cell infiltration.
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Figure 34: Positive Feedback Loop
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Figure 34: HR Ligand Induction on Tumor Vasculature
Early in tumor development innate immune cells, likely NK cells, infiltrate tumors
and secrete IFNγ. This IFNγ increases the level of HR ligand expression on
tumor vasculature. This increased HR ligand expression supports the entry of a
small number of activated effectors. Later, these activated effectors secrete
additional IFNγ which sustains the expression of HR ligands on the tumorassociated vasculature. This supports the entry of additional CD8 T-cells.
Blockade of CTLA-4 allows for increased CD8 T-cell activation and expansion in
the LN thereby increasing the number of cells available to traffic to the tumor.
Alternatively, CTLA-4 blockade results in the killing of Tregs in the tumor
microenvironment therefore decreasing immunosuppression within the tumor.
The continued infiltration and IFNγ secretion by CD8 T-cells is required to
maintain elevated HR ligand expression on the tumor vasculature and to support
infiltration into tumors.
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Figure 35: Factors Limiting CD8 T-cell Trafficking
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Figure 35: Factors limiting CD8 T-cell trafficking
Many factors can negatively impact the expression of HR ligands on tumor
vasculature, thereby limiting CD8 T-cell infiltration into tumors. Poor T-cell
priming in the LN, due to low immunogenicity of the tumor, results in fewer
activated effectors. Priming in the incorrect LN can generate effectors that do not
express the proper HR for trafficking to tumors growing in specific anatomic
locations. At the tumor, low HR ligand expression or mismatched HR/HR ligands
can inhibit T-cell entry. CD8 T-cell secretion of pro-inflammatory cytokines can be
inhibited by regulatory T-cells, Myeloid Derived Suppressor Cells, and PD-1/PDL1 interactions between tumor cells and CD8 T-cells (263). Endothelin-1
(171,263) interactions with its receptors on endothelial cells can inhibit cytokineinduced upregulation of the HR ligands ICAM-1 and VCAM-1 on tumorassociated vasculature. Additionally, tumor associated macrophages (264),
VEGF, and the metastatic nature of the tumor (265) can significantly impact
angiogenesis thus disrupting the mechanical properties of the vasculature and
disrupting lymphocyte adhesion.
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In addition to the HR/ligand interactions that mediated CD8 T-cell entry
into tumors growing in both SC and IP sites, we found that there was an
additional interaction that could mediate CD8 T-cell entry into SC tumors. Using
two different experimental approaches, this work has shown that E-selectin is
capable of mediating CD8 T-cell entry into SC tumors. The first was the use of Eselectin-/- mice and the second was a comparison of the trafficking of SC and IP
primed effectors into tumors growing in SC and IP sites. The conclusions drawn
from these experiments could be strengthened by analyzing the profile of
effectors capable of entering SC tumors and showing that ESL single positive
cells were unable to enter SC tumors grown in E-selectin-/- mice and that the SC
effectors found in SC tumor bearing animals were ESL+. While our work has
attributed ESL/E-selectin interactions to specifically mediating entry into SC
tumors, E-selectin was also expressed at a low level on the vasculature of brain
tumors. Localized E-selectin expression on only SC tumor vasculature suggests
this interaction has limited capacity to improve CD8 T-cell entry into tumors, but
expression at additional tumor sites could enhance this capacity.
The cells and cytokines required to drive expression of HR ligands on
tumor vasculature were also investigated as a part of this study. Using knockout
mice and adoptive transfers, we found that IFNγ, and not TNFα, secreted by CD8
T-cells in the tumor microenvironment was required to drive expression of
VCAM-1 and CXCL9 on the vasculature of SC B16 melanomas. We have shown
that without CD8 T-cells or IFNγ, VCAM-1 and CXCL9 expression decreases
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significantly. The next step is to use in-vitro assays to determine if IFNγ
stimulation is sufficient upregulate VCAM-1 and CXCL9 expression on tumorderived endothelial cells. These in-vitro experiments would provide insight into
how tumor vasculature would respond if treated with intra-tumoral injections of
IFNγ. For these experiments, endothelial cells would be isolated from B16-F1
tumors using enzyme-mediated digestion and magnetic bead separation.
Isolated endothelial cells would then be cultured in the presence of IFNγ or
TNFα, collected after 4, 8,12, 18, or 24hrs, stained for VCAM-1 and CXCL9, and
analyzed by flow cytometry. We have shown B16-F1 tumors have very low HR
ligand expression and therefore, presumably, an increased capacity for HR
ligand upregulation. Assessing expression at multiple time-points will allow
determination of the optimal time for VCAM-1 and CXCL9 upregulation on tumorderived endothelium (215,226,253,254). Based on the results from the Rag1-/experiments, IFNγ should be sufficient to drive increased VCAM-1 and CXCL9
expression on the tumor endothelial cells while TNFα alone should have no effect
on the expression of these molecules. This is in contrast to what is found in the
literature suggesting that TNFα and IFNγ are both capable of inducing VCAM-1
expression on endothelial cells (150,226). Culturing these cells in the presence of
both TNFα and IFNγ would enable us to determine whether TNFα can enhance
CXCL9 or VCAM-1 expression induced by IFNγ (215,253,254). Next, it would be
interesting to determine if IFNγ stimulation can increase the level of VCAM-1 and
CXCL9 expressed on endothelial cells from B16-OVA tumors. These molecules
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are expressed on 20-30% of vascular endothelial cells from B16-OVA tumors at
baseline. Therefore, this in-vitro stimulation could provide insight into the
maximum possible expression of these molecules on tumor-associated
vasculature. We can also use this approach to determine if endothelial cells
isolated from other tissues, and tumors growing in different anatomic sites, have
the same responsiveness to stimulation with these cytokines. These in-vitro
cultures can also allow us to determine the ½ life of ligand expression on tumorderived endothelial cells which will help us to determine when HR ligand
expression is highest following treatments such as anti-CTLA-4. Additionally, we
can use these studies to analyze dose response to IFNγ stimulation for tumor
endothelial cell production of VCAM-1 and CXCL9. Collectively, this data will
provide a more detailed and complete understanding of how tumor endothelial
cells from different anatomic locations are capable of responding to stimulation
from CD8 T-cell-secreted cytokines.
While VCAM-1 and CXCL9 expression is dependent on adaptive immune
cells in the tumor microenvironment, E-selectin expression is seemingly
unaltered by adaptive immunity. E-selectin expression was not different in wellinfiltrated B16-OVA tumors compared to the poorly-infiltrated B16-F1 tumors.
There was a trend towards lower E-selectin expression when B16-OVA tumors
were grown in Rag1-/- mice, but it did not reach the level of significance.
Additional experiments are needed to determine first if E-selectin expression on
tumor vasculature is controlled by cells in the tumor microenvironment and, if so,
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what cells and cytokines drive this expression. One possibility is that E-selectin is
expressed on SC tumor vasculature because the vasculature of the skin
expresses E-selectin, not due to immune driven induction. In this scenario, the Eselectin expression seen in SC tumors is simply a product of tumor location. This
situation does not seem likely based on the differences in E-selectin expression
on skin and SC tumor vasculature seen in Figure 8. Alternatively, E-selectin
expression may be impacted or controlled by cytokines in the tumor
microenvironment, similar to VCAM-1 and CXCL9. Addition of cytokines to invitro cultures of endothelial cells isolated from SC B16 tumors would elucidate
which cytokines are sufficient to drive E-selectin expression on tumor-derived
vasculature. The literature suggests that E-selectin expression can be driven by
TNFα or Ltα3 through binding the TNFR (129,255). Previous work in the lab has
shown that PNAd expression on IP tumor vasculature is driven by Ltα3 signaling
through the TNFR (233). Because both Ltα3 and TNFα signal through the TNFR,
growing tumors in TNFR-/- mice would allow us to assess the impact of Ltα3 and
TNFα signaling on E-selectin expression. Growing tumors in TNFα-/- mice would
allow us to specifically assess the importance of TNFα in driving E-selectin
expression. In addition to which cytokines may be driving E-selectin expression
on SC tumor vasculature, which cells in the tumor microenvironment are
secreting these cytokines remains unknown. Our work indicates that adaptive
immune cells are not driving E-selectin expression on tumor-associated
vasculature, therefore innate immune cells would likely be the cytokine source.
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To test whether innate immune cells, such as NK cells, innate lymphoid cells
(iLC), or other myeloid cells in the tumor microenvironment are driving E-selectin
expression on the vasculature of SC B16-OVA tumors we can implant B16-OVA
tumors SC into NOD/SCID or NSG mice (256). These mice lack both B and Tcells as well as NK cells and the Il-2R γ chain-/- in NSG mice additionally
eliminates iLC (257) and will therefore enable assessment of E-selectin
expression on the vasculature of tumors in the absence of NK cells and iLC. If
NSG mice are found to have decreased ligand expression we can replete with
NK cells to determine if NK cells are sufficient to drive E-selectin expression on
SC tumor vasculature. E-selectin, though thought to only be expressed on skin
vasculature was also found on the vasculature of brain tumors. This suggests
that under the right conditions, with stimulation from the correct cells and
cytokines, E-selectin expression may be induced on the vasculature of tumors
growing in locations other than the skin. Induction of E-selectin in other sites may
increase efficacy of intradermally administered vaccines which likely induce a
significant number of ESL single positive effectors.
The next remaining question regarding HR ligand expression on tumorassociated vasculature is whether the drivers and patterns of HR ligand
expression on IP tumor vasculature are the same as those found in SC tumors.
We have shown that in SC tumors CXCL9 and VCAM-1 expression can be
driven by IFNγ secreted by CD8 T-cells. These molecules were co-localized on
CD31+ endothelial cells more frequently than would be predicted by random
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chance. This co-localization indicates coordinated control of VCAM-1 and CXCL9
expression. Meanwhile, E-selectin expression is independently controlled. A
similar analysis was not conducted for IP tumor vasculature, but could provide
additional insights into the differences in SC and IP tumor microenvironments.
While we would hypothesize that VCAM-1 and CXCL9 would continue to be
coordinately controlled. MAdCAM-1 could be independently controlled similar to
what is seen with E-selectin or it could be coordinately controlled, and if induced
on the luminal surface, MAdCAM-1 and VCAM-1 could work together to increase
infiltration into IP tumors. An analysis of the differences in the cytokine profiles for
SC and IP B16-OVA tumors using a Luminex panel would also increase our
understanding of the differences in these two tumors. We know from previous
work that NK cells are similarly represented in SC and IP tumors but these cells
secrete significantly more IFN and TNF in SC tumors compared to IP (233),
but a comprehensive analysis of the cytokine milieu from SC and IP tumors has
not been conducted. It would also be interesting to repeat the IFNγ-/-, TNFα-/-, and
Rag repletion experiments in IP tumors to determine if the same cytokines are
driving ligand expression regardless of tumor location or if tumor location impacts
vascular responsiveness to cytokine stimulation. This would also determine
whether the unexpected inability of TNFα to drive VCAM-1 expression is tumorspecific or anatomic site-specific.
A very surprising finding was the lack of luminal expression of MAdCAM-1
on IP B16-OVA tumor-associated vasculature. Whether this phenomenon is
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specific to B16-OVA or holds true for other tumor types, such as LLC-OVA or
MC38-OVA remains to be determined. IV injection of labeled CD31 and
MAdCAM-1 antibodies into LLC-OVA or MC38-OVA IP tumor-bearing mice
would determine if MAdCAM-1 expression is abluminal in multiple tumor types or
only B16-OVA. What cytokines drive MAdCAM-1 expression on the tumor
vasculature, what controls the polarity of expression, and whether the polarity
can be changed are additional questions that remain to be addressed. Studies
using IFNγ-/- and TNFα-/- mice could begin to determine what is driving MAdCAM1 expression on IP tumor vasculature. Determining what impacts the polarity of
HR ligand expression on tumor endothelium is a little more tricky. One possibility
is that the cytokine-secreting cells are inside the tumor not in the vessel lumen
and MAdCAM-1 expression is induced only in direct proximity to the cytokine.
Immunofluorescence staining of in-vitro cultures could determine if this
hypothesis is correct. While the abluminal expression of MAdCAM-1 is an
intriguing phenomenon with a potentially novel mechanism, this route of
investigation may not be as clinically relevant as other future directions described
herein.
To this point, all analysis of HR ligand expression has assessed HR ligand
expression on CD31+CD45- endothelial cells isolated from tumors. In this study,
the expression of CXCL9 was determined by intracellular staining of magnetic
bead enriched endothelial cells. Because CXCL9 is a secreted chemokine,
CD31+ cells are not necessarily the only cellular source of CXCL9 available to

146
mediate CD8 T-cell entry into tumors. In different inflammatory contexts
fibroblasts (258,259), macrophages, neutrophils (258,260), and even tumor cells
(261) have been found to produce CXCL9. Therefore, the CXCL9 measurements
in this study are quite possibly underestimates of the actual CXCL9 levels in SC
and IP B16 tumors. Therefore, isolating fibroblasts, DCs, neutrophils, and tumor
cells from B16-OVA tumors and assessing intracellular CXCL9 levels would be a
very interesting next step. It is extremely possible that the CD31+ endothelial
cells, of which approximately 30% express CXCL9, are only a minor source of
CXCL9 in the tumor microenvironment. Additionally, CXCL9 is only one CXCR3
ligand. Levels of CXCL10 expression in SC and IP tumors have not been
analyzed but would provide an even clearer picture of what is available for
CXCR3 binding.
While this work has comprehensively analyzed HR ligand expression on
SC and IP B16 melanomas, it has yet to determine if the differences in HR ligand
expression seen in implantable mouse tumors are also seen on human primary
and metastatic melanomas. Therefore, it would be very interesting to correlate
the results of this study to clinical specimens. To do this, tissue samples from
primary skin melanoma lesions, as well as tissue samples from bowel metastasis
would need to be stained for VCAM-1, CXCL9, E-selectin, and MAdCAM-1. We
would expect to see VCAM-1 and CXCL9 on samples isolated both from the skin
and bowel while E-selectin expression would be restricted to the skin lesions and
MAdCAM-1 to the bowel lesions. If E-selectin and MAdCAM-1 are found on
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tumors from both locations this may indicate that control of expression is different
in human melanomas and implantable mouse tumors. Importantly, this work
would confirm our finding that VCAM-1 and CXCL9 are widely expressed,
regardless of the site of tumor growth, and therefore important molecules for CD8
T-cell infiltration into human tumors.
Understanding which molecules are expressed on B16 melanoma
vasculature in different anatomic locations and which interactions are capable of
mediating CD8 T-cell entry into tumors, provides a foundation to work towards
increased CD8 T-cell infiltration into tumors. The representation of CD8 T-cells in
tumors is a strong prognostic factor and predictor of response to immunotherapy,
therefore this line of study is a very important future direction for the work
described in this thesis. Because VCAM-1 and CXCL9 are widely expressed and
required for entry into both SC and IP tumors increasing their expression has the
potential to significantly improve CD8 T-cell entry into tumors in multiple
anatomic locations. Two potential strategies for increasing HR ligand expression
on tumor-associated vasculature are concentrated administration of inflammatory
stimuli and tumor-endothelium targeted HR ligand induction. The first approach
would be to intra-tumorally inject IFNγ and show that this increases HR ligand
expression resulting in increased CD8 T-cell accumulation in the tumor. If it does
not, then the number of T-cells generated in response to the tumor may be the
limiting factor and therefore vaccination would be necessary to boost the T-cell
response. Based on our findings, intradermal, or SC vaccination, is not the best
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vaccination route to induce α4β1 expression on the effector CD8 T-cells and
therefore IV vaccination should be explored. Because injection of IFNγ could
have numerous off-target effects, targeted upregulation of HR ligands on the
tumor vasculature is likely a better approach. Tumor vasculature can be targeted
using many different approaches including use of tumor-endothelium targeted
microbubbles and engineered adeno-associated viruses that localize to specific
tumor targets (199). 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. TNF, IFN, LT).
Specific upregulation of one or more HR ligands on the tumor vasculature is a
promising approach to increasing CD8 T-cell infiltration. If the experiments
described above find CXCL9 levels in the tumor are significantly higher than
initially thought, this would indicate that VCAM-1 is the limiting factor for CD8 Tcell trafficking into tumors. Therefore, VCAM-1 should be the focus of studies
aimed at increasing ligand expression on tumor vasculature. Targeted
expression of VCAM-1 on the tumor-associated vasculature, in combination with
IV vaccination is likely a promising approach to improve CD8 T-cell
representation in tumors.
As discussed in the appendix, the next big step for this line of work is to
determine how current melanoma therapies impact HR ligand expression on
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tumor-associated vasculature. Our work with the Overwijk lab at MD Anderson
has scratched the surface of this, but much more work remains. In addition to the
collaborative work described in the appendix, I have worked closely with another
member of our lab to more extensively investigate the impact of anti-CTLA-4
treatment on CD8 T-cell representation in B16 melanomas and HR ligand
expression on tumor vasculature. This preliminary work indicates that only a
small percent of mice treated IP with anti-CTLA-4 respond to treatment, as
determined by an increase in CD8 T-cell numbers in the tumor
microenvironment. This response rate is similar to what is seen clinically (262).
There are two proposed mechanisms of action for anti-CTLA-4. The first is
increased T-cell priming in the LN and the second is through altering Treg
representation/function in the tumor (236). Therefore, we seek to determine
which of these two mechanisms is playing a role in the responses seen in our
mice. On day 13 post-tumor implant, anti-CTLA-4 treated tumors were found to
have increased numbers, but not frequencies, of effector CD8 T-cells and Tregs.
The functionality of the Tregs in these tumors was not assessed. Future
experiments using magnetic bead enrichment will enable us to determine if the
function of these Tregs has been altered by anti-CTLA-4 treatment. In addition to
the Tregs, the CD8 T-cell numbers were increased in response to anti-CTLA-4,
and this increase was associated with decreased tumor burden, but interestingly,
a higher proportion of those CD8 T-cells expressed PD-1. Therefore, we need to
determine if PD-1 is a marker of activation or exhaustion in this setting. The
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current data at day 13 shows no difference in PD-1 MFI, but a higher frequency
of PD-1 expressing CD8 T-cells in anti-CTLA-4 treated tumors. To better
understand what is happening here, we need to analyze PD-1 expression on
CD8 T-cells from tumors on day 10 instead of day 13. This earlier time-point
should help us to determine if these cells are becoming exhausted. In addition to
the T-cell analysis, we have assessed HR ligand expression on anti-CTLA-4
treated and control tumors. VCAM-1 expression is enhanced, CXCL9 expression
trends upward, and E-selectin expression is unchanged following treatment with
anti-CTLA-4. Our current hypothesis is that day 13 tumor harvest misses peak
CXCL9 expression. The earlier day 10 harvest will hopefully enable us to see a
statistically significant increase in CXCL9 expression induced by the anti-CTLA-4
treatment. Based on the completed experiments, we propose that anti-CTLA-4 is
functioning in the LN leading to sustained infiltration of cells into the tumor from
the LN which drives enhanced ligand expression and thereby supports increased
infiltration in a positive feedback loop. The impact of combining anti-CTLA-4 and
anti-PD-1 checkpoint blockade therapy on HR ligand expression has not been
tested but would also be a very exciting avenue to explore.
The thorough characterization of HR ligand expression on tumor
vasculature at a baseline state, paves the way for understanding these same
concepts in response to the many therapies being tested for improving clinical
efficacy of cancer treatment. In addition to the anti-CTLA-4 experiments, we are
interested in investigating the effect of priming the immune response or depleting
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negative regulators on CD8 T-cell trafficking into tumors. If mice are treated with
anti-CD40, or other agonists such as CpG, what HR are induced on the activated
CD8 T-cells? Does site of agonist injection impact HR induction on CD8 T-cells?
Does priming the immune response in tumor-bearing mice enhance HR ligand
expression on the tumor-associated vasculature? Do these treatments synergize
with checkpoint blockade to enhance CD8 T-cell entry into tumors? These
questions and many more can be explored by treating mice SC, IP, or IV with
molecules like anti-CD40 and assessing the phenotype of activated CD8 T-cells
and the HR ligands expressed on tumor vasculature. While priming the immune
response is one potential route for changing CD8 T-cell trafficking in tumor
bearing animals, removing immuno-suppressive cells and factors or improving
vascular structure is another approach that has the potential to significantly
change CD8 T-cell trafficking (Figure 35). What is the impact of Treg depletion
on HR ligand expression on tumor vasculature? Does Treg depletion synergize
with anti-CTLA-4 to improve response rate? Assessing both the priming and
depleting approaches to improving CD8 T-cell trafficking will determine if there
are specific advantages/disadvantages to using a priming approach versus a
depleting approach to change the tumor microenvironment. Does blockade of
VEGF or Endothelin-1 increase improve HR ligand expression and synergize
with adoptive cell therapies or checkpoint blockade? These experiments could
provide additional insights into which immune-based therapies or combinations of
therapies are likely to be most effective.
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The work in this thesis has demonstrated the importance of HR
expression on CD8 T-cells and HR ligand expression on tumor vasculature for
effective CD8 T-cell infiltration into tumors. It highlights the differences in HR
ligand expression based on site of tumor growth, the importance of CD8 T-cells
in setting up a positive feedback loop to drive increased HR ligand expression on
tumor vasculature, and the ability of anti-CTLA-4 therapy to drive increases in HR
ligand expression on tumor vasculature and CD8 T-cell representation in tumors.
CD8 T-cell trafficking serves as a critical barrier to the success of immune-based
therapies for cancer including cancer vaccines, checkpoint blockade, and
adoptive transfer therapies. This enhanced understanding of the molecular
requirements for CD8 T-cell entry into tumors growing in different anatomic
locations has the potential to be applied clinically to enhance the efficacy of
cancer immunotherapies and to one-day lead to a cure.
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