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Abstract
Mechanisms of immune suppression in peripheral tissues counteract protective immu-

nity to prevent immunopathology and are coopted by tumors for immune evasion. Blood

and lymphatic vessels contribute to the immune landscape within a tissue by providing

selective entry and exit routes, respectively. The work here investigates potential mecha-

nisms by which peripheral lymphatic and blood vessel expression of the T cell inhibitory

molecule PD-L1, regulate antitumor immunity. Here I test the hypothesis that PD-L1

expression by blood and lymphatic vasculature limits T cell accumulation in skin and tu-

mors. Initial studies demonstrated that both lymphatic and blood endothelial cells (LECs

and BECs, respectively) express PD-L1 in the tumor microenvironment and loss of non-

hematopoietic PD-L1 results in increased T cell accumulation in tumors. I show that

LECs express PD-L1 following cutaneous viral infection in response to IFNγ produced

by infiltrating CD8+ T cells and prevent immunopathology by limiting T cell accumula-

tion. Additionally, this feedback mechanism limiting T cell accumulation by lymphatic

vessels is coopted by melanoma tumors. The inability for LECs to respond to IFNγ in-

creases T cell-dependent tumor control and extends survival in mice. Therefore I identify

tumor associated lymphatic vessels as a component of adaptive immune resistance in tu-

mors that likely contributes to patient response to immune checkpoint blockade. Though

BECs express PD-L1 at sites of ongoing inflammation, I show that BECs also express

PD-L1 constitutively at steady state in the skin of mice. Here I test the hypothesis that

PD-L1 expression by BECs inhibits leukocyte transmigration across poorly or uninflamed

endothelial barriers. I demonstrate that this BEC PD-L1 expression is actively maintained

by STAT1 signals and marks a subset of capillary endothelial cells. Interestingly, I demon-

strate that blockade of PD-L1, but not PD-1, following viral infection increases monocyte

accumulation in uninfected skin, indicating that BEC PD-L1 may inhibit monocyte ac-

cumulation independent of PD-1. Moving forward I will test the hypothesis that PD-L1

signals internally within cutaneous BECs and stabilizes endothelial cell-cell junctions.
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Chapter 1:

Introduction

Melanoma

Epidemiology

Skin cancer is on the rise1 and it is estimated that 1 in 5 individuals over the age of 70

will have had skin cancer in their lifetime2. While melanoma makes up only 1% of all

skin cancer, it accounts for a majority of skin cancer related deaths. In the United States,

melanoma represents 5.5% of all cancer3 and the lifetime risk of melanoma is 1/56 for

women and 1/37 for men4, with an estimated 96,480 new cases and 7,230 deaths in the

United States in 20193. The rise of melanoma is likely due to the increase in ultravio-

let (UV) radiation exposure from breakdown of the ozone5 combined with popularity of

outdoor recreational activities and the perceived glamorous look of tanned skin. Early

detection and removal of localized melanoma, termed melanoma in situ, leads to cure

rates of 98.7%3. However, the presence of distant metastasis at time of diagnosis bears

only a 24.8% survival rate3. Unfortunately, melanoma is affecting younger people with

the median age of diagnosis at 574 while most other cancers are diagnosed after age 654.

There is a clear need for earlier detection and better treatments for patients diagnosed with

metastatic disease.

Melanocytes and Melanoma

Melanin produced by melanocytes in the epidermis provides the skin with its ability to

protect DNA from UV radiation induced damage. UV radiation induces modifications to

DNA (e.g. cyclobutane-pyrimidine dimers or 6-4 photoproducts) that, during replication,

causes mutations (e.g. C to T transistions)6. There are about 1,500 melanocytes per square

mm of human skin7 interspersed throughout the basal membrane of the epidermis. They
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Chapter 1 Introduction

are outnumbered 1:10 by basal keratinocytes8 and extend dendrites to between 30-40 dif-

ferent neighboring keratinocytes9. Their main function is to synthesize melanin, package

it into melanosomes and pass it through these dendrites to keratinocytes10 where it absorbs

and scatters UV light11 thereby protecting nuclei from UV damage. The amount and type

of melanin in the skin dictates the darkness of skin complexion, UV sensitivity, and can-

cer risk12–14. While the baseline level of melanin in the skin protects against UV from

the sun, it also increases during sun exposure. UV-induced production of α-melanocyte

stimulating hormone, by keratinocytes, signals to melanocytes through the melanocortin

receptor (MC1R) to increase melanin synthesis15 and breakdown of this pathway can

cause loss of protection. In fact, germline mutation in MC1R, confers increased risk for

melanoma formation16. Ultimately, failure to protect against UV radiation will lead to

DNA damage in cells in the skin, and if that damage results in mutation in an oncogenic

pathway in a melanocyte, it can cause melanoma.

The most common oncogenic driver pathway mutated in melanoma is the mitogen-

activated protein kinase (MAPK) pathway17, 18. 38-60% of MAPK pathway mutations

occur in the BRAF gene19–21, and most commonly results in a substitution of valine for a

glutamic acid at residue 600 (BRAFV600E) and accounts for 79% of all BRAF mutations20.

The BRAFV600E mutation results in 500-fold higher activation of the catalytic domain of

BRAF and subsequently hyperactivate MAPK signaling21, 22. The other common pathway

often disrupted in melanoma is the PI3K/AKT/mTOR pathway17, although this usually

occurs as the disease progresses20, 23. MAPK activation may lead to uncontrolled pro-

liferation of melanocytes, however 82% of benign nevi, or moles, also harbor the same

BRAFV600E mutation24, therefore it is not the only factor required for complete melanoma

formation. In fact, forced BRAFV660E expression in normal melanocytes eventually leads

to growth arrest and a senescence-like phenotype via expression of cyclin-dependent ki-

nase (CDK) inhibitors such as p16, leading to G1 phase arrest25, 26. In this regard, it is not

surprising that CDKN2A mutations, the gene encoding p16 are found exclusively in inva-

sive melanoma and rarely in precursor lesions27. These observations indicate that benign

nevi, can acquire additional mutations and turn into malignant disease, however this is

2



Chapter 1 Introduction

rarely the case as most melanomas arise de novo or as dysplastic precursor lesions7, 23, 27.

Thus, while MAPK pathway mutations may initiate melanoma formation, it is likely ad-

ditional UV-induced mutations are acquired to tip the scale to metastatic disease.

Targeted therapy

Targeted therapy to treat metastatic melanoma has been successful in the clinic, but tumors

often develop resistance and many patients relapse, warranting something better. Targeted

therapy utilizes small molecules or antibodies that specifically bind to and block the func-

tion of mutated, but not normal versions of proteins, and therefore are very specific and

often possess little off target effects. Vemurafenib, a selective inhibitor of BRAFV600E,

which up to 60% of patients possess19–21, was the first FDA approved targeted therapy for

patients with unresectable metastatic melanoma possessing this mutation28, 29. It causes

tumor regression in up to 90% of patients and improves progression free survival by 5-6

months compared to then standard-of-care dacarbazine chemotherapy29. Unfortunately,

this clinical benefit is short-lived and tumors quickly develop mechanisms to circumvent

BRAF inhibition28. Vemurafenib resistance can occur through MAPK pathway intrinsic

mechanisms, such as elevated cyclin D amplification30, alternative splicing of BRAF31, or

activating mutations in NRAS or MEK32. Resistance can also occur in MAPK pathway

extrinsic mechanisms such as increased PI3K/AKT/mTOR pathway activation through

its amplification by either increased IGF-1R31 or PDGFR-β expression28 or by loss of

PTEN expression31. Importantly, as these resistance mechanisms become identified, their

inhibition simultaneously with BRAF inhibition may be an answer to acquired resistance.

In fact, inhibitors targeting MEK33, CKIT32 and mTOR32 are already in clinical trials

in combination with vemurafenib32. The MEK inhibitor, cobimetinib, in combination

with vemurafenib was approved by the FDA for the treatment of unresectable melanoma

and improved progression-free survival by 3.7 months compared to vemurafenib alone33,

demonstrating that combination therapy can be beneficial. Unfortunately, only about half

of patients harbor the BRAFV600E mutation and therefore vemurafenib as a mono or com-

bination therapy is not an option for those that harbor NRAS or NF1 driver mutations17, 20.

There is a need for effective, long-lasting treatments both for patients who become resis-

3
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tant to BRAF/MEK inhibition and those that do not possess BRAFV600E.

Immunotherapy

Immunotherapy, unleashing the patients own immune system to fight the tumor, is the

future of treating metastatic melanoma. Though tumors were previously thought to be

poorly immunogenic and not capable of activating an immune response, we now know

that somatic mutations (created by DNA instability and environmental challenge) gen-

erate neoantigens that are sufficiently distinct from self, such that T cells are capable

of expanding and directing tumor-specific killing34, 35. Despite this, tumors still evolve

in ways that evade immune elimination, often by using naturally occurring immune in-

hibitory mechanisms. Such mechanisms are the targets of immunotherapy in melanoma.

The first immunotherapy drug to treat metastatic melanoma, ipilimumab, targets the T

cell inhibitory receptor CTLA4 and when compared to standard chemotherapy, extends

median survival to 10.1 months36, 37, with a ten year survival rate of 20%38. As the first

FDA-approved immunotherapy for metastatic melanoma, ipilimumab blazed the trail for

approval of other immunotherapies, such as those targeting another T cell inhibitory re-

ceptor PD-1 or its ligand, PD-L1. The PD-1 inhibitor, pembrolizumab, has a 33% re-

sponse rate and median survival of 23 months in patients with metastatic melanoma39,

and nivolumab, another PD-1 inhibitor, has a 52% overall survival rate at 36 months40.

Head to head clinical trials have demonstrated that both pembrolizumab and nivolumab

out perform ipilimumab in treating metastatic melanoma and have less high-grade toxi-

city40, 41, and pembrolizumab even has efficacy in ipilimumab refractory melanoma pa-

tients42. Combination of ipilimumab and pembrolizumab has an even greater effect, in-

creasing survival to nearly 60%40, however this comes at a cost – dramatically increased

toxicity40. Termed immune related adverse events (irAEs), these side affects are markedly

distinct from chemotherapy-related toxicities and manifest as autoimmunity and inflam-

matory pathologies of many different organs43. While most are mild (e.g. skin rash or

pruritis), more severe irAEs such as colitis and pneumanitis can be life threatening and

require discontinuation of treatment43. As these therapies become frontline and adjuvant

treatments for melanoma, and used more often to treat other cancer types, there is a need

4
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to know which patients will respond favorably, thereby protecting nonresponders from un-

necessary irAEs. However, despite this widespread use of immune checkpoint blockade

immunotherapy in the clinic, we, as a field, lack a complete understanding of the un-

derlying biological mechanisms that these therapies inhibit. Subsequently, we also lack

understanding needed to differentiate the mechanisms that contribute favorable clinical

response from those that contribute to irAEs. Thus, in order to improve immunotherapy,

extend it to other cancer types, and predict patient responses, we first need to understand

the biology of antitumor immuntiy.

Regulation of T cell Responses

Immunity vs. Immunopathology

T cell-mediated immunity is very potent and provides protection from pathogenic chal-

lenge. However, if directed towards self or not turned off following pathogen clearance,

the resulting autoimmunity or immunopathology, respectively, can be fatal. Therefore a

careful balance between T cell stimulatory and inhibitory processes maintains the hosts

ability to protect from pathogenic challenge, but not at the expense of self tissue de-

struction. The elimination of potentially harmful, self-reactive T cell clones is achieved

through (1) central tolerance, which occurs in the thymus during lymphocyte develop-

ment and negatively selects and deletes T cells whose T cell receptor (TCR) has either

very high or no affinity for self antigens44; and (2) peripheral tolerance, which occurs

after thymic development in secondary lymphoid organs and ensures self-reactive T cells

that escaped central tolerance do not generate autoimmunity45. During an ongoing im-

mune response, protective immunity is dependent upon sequential, rapid activation and

mobilization of leukocytes that undergo multiple intercellular interactions to mediate im-

mune control while simultaneously preventing self-tissue destruction. Therefore, rather

than being stochastic, the activation, recruitment, and local function of lymphocytes is

guided by stimulatory and inhibitory signals, termed immune checkpoints (e.g. the T cell

inhibitory receptor PD-1), provided by interacting hematopoietic and non-hematopoietic

cells throughout its lifetime which limit the size and functionality of the T cell response.
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Another way the host balances protective immunity and self tissue destruction is

through the spatial restriction of T cells within the host. Lymphatic and blood endothelial

cells (LECs and BECs, respectively) form selective barriers that spatially compartmental-

ize leukocytes during the immune response and determine where they can be within the

host. Importantly, both lymphatic and blood endothelium are in constant communication

with their local environments and modulate immune responses according to the cues they

receive. The mechanisms used by lymphatic and blood endothelium to instruct T cell re-

sponses are discussed in detail later (See Lymphatic Endothelium as a Selective Barrier of

Immunity & Vascular Endothelium as a Selective Barrier of Immunity). Importantly, this

global architecture within the host set up by endothelial barriers works in concert with

T cell-intrinsic mechanisms of regulation throughout the immune response to achieve

optimal immune function while limiting collateral damage. In cancer the balance shifts

towards self-tissue protection and the tumors do not get eliminated.

The cancer immunity cycle

The generation of an effective T cell response to a pathogen occurs in a stepwise man-

ner and, in the context of a tumor, it is referred to as the cancer immunity cycle (Fig-

ure 1.1)34. One of the hallmarks of cancer is avoiding this immunity46, and as such,

tumors coopt mechanisms of immune suppression throughout this cycle that normally

function to counteract protective immunity and avoid immune elimination. The accumu-

lation of neoantigens in tumors is likely a prerequisite to antitumor immunity across tumor

types, and consistently, those tumors that exhibit highest somatic mutational burden (e.g.

melanoma) exhibit good overall response to immune checkpoint blockade47. Even in the

presence of potent neoantigens, however, some tumors still fail to respond to therapy and

somatic mutational burden is not sufficient to predict T cell infiltration within and across

tumor types48. Thus, multiple overlapping mechanisms of immune suppression occurring

throughout the cancer immunity cycle (Figure 1.1) create a more complex immune land-

scape such that, processes of T cell activation, recruitment, retention, survival, and exit

from tumors may underscore intratumoral T cell presence and thus influence response to

therapy.

6
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Figure 1.1: The Cancer Immunity Cycle: The generation of immunity to cancer is a cyclic process that can be self propagating,
leading to an accumulation of immune-stimulatory factors that in principle should amplify and broaden T cell responses. The cycle
is also characterized by inhibitory factors that lead to immune regulatory feedback mechanisms, which can halt the development or
limit the immunity. This cycle can be divided into seven major steps, starting with the release of antigens from the cancer cell and
ending with the killing of cancer cells. Each step is described below, with the primary cell types involved and the anatomic location
of the activity listed. Green boxes highlight those steps regulated by peripheral lymphatic vessels and the red box highlights the step
regulated by peripheral blood vessels. Abbreviations are as follows: APCs, antigen presenting cells; CTLs, cytotoxic T lymphocytes.
Adapted from Chen & Mellman Immunity 2013

Lymphatic vessels are required for T cell priming during the onset of the cancer im-

munity cycle. Following antigen release from the tumor (step 1), lymph-borne antigen

is transported to lymph nodes (LNs) through afferent lymphatic vessels (step 2, green

box) that connect to the subcapsular sinus allowing delivery of large particulate antigens

(>70kDa) to interfollicular dendritic cells (DC) and subcapsular macrophages49, 50. Small

antigens (<70kDa) enter fibroblast reticular cell-lined (FRC) conduits and are sampled by

LN resident DCs51. Both the packing of collagen fibers within FRC-conduits and direct

filtration by LECs lining the lymphatic sinus floor determine LN size exclusion proper-

ties and thus dictate antigen delivery51, 52. While lymph flow is constitutive at steady state,

lymphatic fluid transport is rapidly reduced following cutaneous infection, indicating that

peripheral tissue context dictates lymphatic vessel function and antigen delivery53. In
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addition to soluble antigen delivery in lymph fluid, CD103+ cross-presenting DCs can

capture antigens and traffic them to draining LNs, and is a major mechanism of antitumor

T cell activation in melanoma54. Importantly, cutaneous infection and melanomas fail to

activate adaptive immunity in mice lacking dermal lymphatic vessels53, 55. As such, lym-

phatic vessels are fundamentally required for both soluble antigen delivery51, 56 and DC

migration53, 57, 58 (Figure 1.1, green box) to secondary lymphoid organs to prime T cells.

The next step, T cell priming, (step 3, Figure 1.1) occurs in the LN, where the signals

a T cell receives from an APC during activation shape the size and functionality of the

immune response. CD8+ T cell priming, also called activation, requires 2 signals from li-

censed DCs59: ligation of their TCR by their cognate antigen presented on MHCI (signal

1) and ligation of the costimulatory receptor CD28 by CD80 and CD86 on DCs (signal

2)60. Upon activation and clonal expansion, however, effector CD8+ T cells also upreg-

ulate many inhibitory receptors that interfere with TCR signaling and put boundaries on

the size and behavior of the effector T cell population61. One such inhibitory receptor,

CTLA-4, is expressed on the surface promptly after T cell activation and is crucial for

dampening immunity and preventing fatal multi-organ destruction in mice62. CTLA-4

has a higher affinity for the ligands (CD80/86) that bind CD28 than CD28 itself does and

therefore sequesters the costimulatory signal transmitted through CD2863. CTLA-4 is just

one of many inhibitory receptors (e.g. PD-1, TIM-3, LAG3)64 expressed by CD8+ T cells

during an ongoing immune response that altogether counterbalance activation and effector

function, resulting in a properly tuned T cell response – pathogen clearance and minimal

self tissue destruction. In antitumor immunity, however, the inhibitory pathways prevail

and T cells fail to eliminate the tumor. Importantly though, blocking these checkpoints

restores antitumor immunity65 and is efficacious in the clinic36, 37, 40, demonstrating that

if we can identify the pathways used and block them, immunity can be restored.

In addition to T cell intrinsic checkpoint molecules, the blood and lymphatic endothe-

lium provide selective barriers that determine the physical location where T cells can

operate (steps 5a & 5b Figure 1.1). Following activation, effector T cells enter circula-

tion in search of their target, and although they express the machinery required for tissue

8



Chapter 1 Introduction

entrance66, it is the vascular endothelium that marks sites of inflammation and grants tis-

sue access67. The mechanisms by which blood endothelial cells (BECs) maintain this

selectivity is discussed in detail later (see Vascular endothelium as a selective barrier of

immunity). The second endothelial cell barrier providing spatiotemporal regulation is the

lymphatic vasculature. Lymphatic vessels in peripheral tissues, and tumors, provide an

exit route for T cells68 and their impact on lymphocyte accumulation and behavior during

inflammation is also discussed in detail later (See Lymphatic endothelium as a selective

barrier of immunity). Similar to the other steps in the cancer immunity cycle, the lym-

phatic and blood vasculature can also become dysregulated, tip the scale to self-tissue

protection and prevent proper tumor elimination.

Once effector T cells get in, stay there, and home to their target, there is one last

regulated step to adaptive immunity – killing their target. While this may seem straight-

forward, in tumors it is a major hurdle of the T cell response as tumors acquire many

mechanisms to avoid this step. When antigen specific CD8+ T cells recognize their cog-

nate antigen presented on MHCI and start killing, they also produce the effector cytokine

IFNγ , which has a double-edged effect on the local environment. First, it signifies an

ongoing immune response, which in turn recruits more leukocytes to the site, increas-

ing protection from the pathogen. Second, IFNγ also initiates mechanisms of immune

resolution69 within the affected tissue to prevent unnecessary bystander damage and im-

munopathology70, essentially acting as a CD8+ T cell off switch once the pathogen is

cleared and T cells are no longer needed. When this occurs in tumors it is called adap-

tive immune resistance and T cells are inhibited prematurely before the tumor is com-

pletely eliminated71. While the inhibitory mechanisms of adaptive immune resistance are

multifaceted71, 72, one particular component is tumor cell expression of T cell inhibitory

molecule PD-L169, which prevents CD8+ T cell killing of tumor cells73. Tumor cell PD-

L1 is the source thought to be blocked with PD-1/PD-L1 checkpoint immunotherapy,

however PD-L1 expression by tumor cells does not completely predict response to PD-

1 checkpoint therapy74. For example, some patients whose tumor cells do not express

PD-L1 still respond to therapy74. This suggests that there may be other, non-tumor-cell,
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sources of PD-L1 that suppress antitumor CD8+ T cells and that these sources of PD-L1

may be located outside of the tumor microenvironment.

The PD-1/PD-L1 inhibitory axis

PD-1 is a T cell inhibitory checkpoint molecule that delivers a negative signal to the T cell

at many points throughout the cancer immunity cycle and models of chronic infection

demonstrate that the PD-1 inhibitory axis is crucial for limiting immunity and prevent-

ing fatal immunopathology75, 76. PD-1 was first described by Tasuku Honjo in 199677

and is an inhibitory receptor on CD8+ T cells that interferes with TCR signal propaga-

tion. PD-1 is expressed on the surface of CD8+ T cells upon activation77 and declines

over time as antigen encounter is resolved78. PD-1 engagement by its ligand, PD-L1,

inhibits lymphocyte activation79 by recruiting the phosphatase SHP-2 to the immuno-

logical synapse where it dephosphorylates the costimulatory receptor CD2880 thereby

dampening TCR stimulation. Additionally, PD-1 also signals through the Ras/MAPK and

PI3K/AKT/mTOR pathways to alter metabolic, nutrient sensing, survival, and cell growth

of lymphocytes81; induce basic leucine zipper ATF-like transcription factor (BATF)-mediated

inhibitory transcriptional changes82; and influence T cell motility83. Although the func-

tional significance of these alternative signaling mechanisms in disease are unclear, PD-1

blockade certainly has efficacy in the clinic to treat cancer.

PD-1 blockade reverses T cell exhaustion during chronic viral infection and in cancer.

T cell exhaustion was first described during chronic viral infection with LCMV clone 13

in mice84 and describes a dysfunctional state of CD8+ T cells due to persistent antigen ex-

posure and inflammation85. It is marked by a transcriptional profile distinct from effector

or memory T cells75, progressive loss of cytotoxicity, cytokine production, and prolifer-

ative potential86, and high expression of T cell inhibitory markers such as PD-184, 85. In

addition to being found during chronic viral infections, exhausted T cells are also found

in cancer87 and is one proposed way that T cells are unable to eliminate tumors88. Im-

portantly, in both chronic infection and cancer, a subset of exhausted CD8+ T cells can be

reinvigorated with PD-1 blockade, restoring their effector function75, 89.

PD-L1 is a ligand for PD-1 and is expressed by many cell types within the host and
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integral to PD-1-dependent control of immunopathology and autoimmunity85. PD-L1

was first identified on antigen presenting cells in peripheral blood79, but is also expressed

by other hematopoietic and non-hematopoietic cells within the host70, 90–92. Loss of the

hosts ability to signal through this axis potentiates the development of autoimmunity in

mice93. In models of experimental autoimmune encephalomyelitis (EAE), loss of host

PD-L1 greatly exacerbates onset and severity of disease94, 95, a phenotype largely due to

PD-L1 expression by CD11c+ DCs96. Consistently, hematopoieitc PD-L1 dampens CD8+

T cell activation and expansion during chronic viral infection76, 79, 94. Host PD-L1 is also

crucial for protection from immunopathology. PD-L1-/- mice infected with chronic clone

13 LCMV die due to immunopathology and fatal circulatory failure76, 84, a phenotype

attributed to the non-hematopoietic compartment of PD-L1 that prevents T cell mediated

killing of infected endothelial cells76, 92. Non-hematopoietic PD-L1 also contributes to

dampening chronic inflammatory responses in the small intestine97, limiting lymphocyte

infiltration into the cornea in chronic dry eye disease98, limiting infiltration in a model

of multiple sclerosis99, the pathology of stroke100–102, and in autoimmune diabetes103.

Altogether this indicates that both hematopoietic and non-hematopoietic sources of PD-

L1 contribute to inhibiting T cell behavior and therefore together cooperatively protect

the host from autoimmunity and immunopathology.

Immunotherapy targeting PD-L1 has seen unprecedented results in treating many

types of cancer in the clinic, however, it does not work in all patients. It was originally

hypothesized that α-PD-L1 blockade interferes with PD-L1 expression by tumor cells

during adaptive immune resistance preventing T cell mediated killing. As such, PD-L1

expression by tumor cells is one criteria for treatment of non-small cell lung cancer104, 105,

however, tumor cell PD-L1 expression does not perfectly stratify patient response to ther-

apy, and often PD-L1- patients do respond41, 74, 106. This indicates that other non-tumor

sources of PD-L1 must contribute to suppressing antitumor immunity. The field however,

is slow to acknowledge this, seemingly ignoring the fact that other sources of PD-L1 sup-

press immune responses that cause autoimmunity and prevent immunopathology. While

tumor cell PD-L1 can prevent direct killing by tumor specific CD8+ T cells73, mouse mod-
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els also demonstrate roles for host PD-L1 in dampening antitumor immunity73, 90, 107, in-

dicating that the role of host PD-L1 may be context dependent. A complete understanding

of the underlying biology of host PD-L1 on the antitumor immune responses is essential

to to improve α-PD-L1 therapy in the clinic and identify biomarkers of all patients that

will respond.

Hypothesis: PD-L1 expression by lymphatic and blood
endothelial barriers impacts immune cell infiltra-
tion and behavior in skin
Immune checkpoint therapy targetting PD-1 or PD-L1 often fails in the clinic, with the

best response rate of 60% when combined with α-CTLA4 therapy40. Patients who do not

respond to therapy have three types of immune landscapes within their tumors: nonfunc-

tional immune infiltrate, immune cell excluded, and immunological deserts108. With the

assumption that these tumors possess mutations sufficient to generate adaptive immune

responses34, then the cause of these immune landscapes is reduced to two basic princi-

ples: 1) that T cells are unable to get into the tumor and find their target; or 2) they get

to their target, but are dysfunctional or inhibited locally and unable to kill their target. As

discussed below, the endothelial cell barriers in tissues, and tumors, direct local T cell

recruitment to, and migration and retention within the local tissue or tumor microenviron-

ment (TME). Thus tumor infiltrating lymphocytes must come into physical contact with

BECs or lymphatic endothelial cells (LECs) as they enter or leave the TME, respectively.

This represents a required physical contact between T cells and endothelial cells, how-

ever, the ramifications of such an encounter on T cell behavior is unclear. Interestingly,

both LECs and BECs express PD-L1 in LNs70, 109, 110 and can upregulate and express it

in tumors70, 91, 111. This indicates as T cells cross endothelial barriers in tumors they may

simultaneously receive a PD-L1 inhibitory signal. However, PD-L1 expression by cells

other than tumor or myeloid cells is the TME is often disregarded as functionally relevant.

Here I hypothesize the contrary, that PD-L1 expression on LECs and BECs shapes the T

cell landscape within the TME and therefore represents a novel component of the TME

that inhibits T cell accumulation and behavior within tumors.
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Lymphatic Endothelium as a Selective Barrier in
Immunity
Lymphatic vessels can no longer be considered passive conduits through which stuff

drains, rather they respond to local environmental cues and are essential for immune re-

sponses. Historically, lymphatic vessels were considered passive conduits that continu-

ously drain tissues, much the same way a sewer system works, thus the more lymphatic

vessels there are the more drainage that occurs. In tumors, this was most commonly

associated with metastasis; tumors with higher lymphatic vessel density (LVD) have in-

creased LN metastasis, and therefore poorer prognosis112, 113. Recently however, it has

been appreciated that the level of LVD in a tumor also correlates with the level of im-

mune cell infiltration in tumors55, and therefore the presence of lymphatic vessels may

be beneficial. However, all of these studies relied on manipulation of lymphatic vessels

along their lymphangiogenic axis (i.e. eliminating LVs completely or over expressing

the growth factor VEGF-C). Whether preexisting lymphatic networks may change their

function independent of lymphangiogenesis to modulate peripheral immune responses is

incompletely understood and represents an exciting area to be explored.

Basic functions of lymphatic vessels

The lymphatic system is composed of a unidirectional vasculature that connects periph-

eral tissues to secondary lymphoid organs and is crucial for maintaining tissue fluid home-

ostasis114, initiating adaptive immune responses115, and lipid transport116 (Figure 1.2 A).

In the skin, initial lymphatic capillaries reside in the dermis as a plexus or network of

blind ended, highly permeable capillaries with a discontinuous basement membrane and

converge into precollecting, and eventually collecting lymphatic vessels in the hypoder-

mis115, 117. Collecting lymphatic vessels, unlike capillaries, are much less permeable,

possess a complete continuous basement membrane, and are surrounded by smooth mus-

cle cells that contract and, with help from unidirectional valves, propel afferent lymph

fluid towards LNs114, 117. Disruption of fluid transport properties of lymphatic vessels

results in accumulation of fluid in tissues, called lymphedemia, that leads to progressive

fibrosis, adipose deposition, and inflammation118. Traditionally, fluid transport by lym-
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phatic vessels was considered to be a passive process similar to a sewer system. However,

we now know that this is not the case. Active restructuring of lymphatic capillaries during

inflammatory challenge alters fluid53 and lipid119 transport properties (preventing partic-

ulate dissemination to LNs), but still facilitates DC migration to LNs to prime adaptive

immunity53. Whether peripheral lymphatic vessels respond to other environmental sig-

nals and have consequences on immune responses is unclear.

Lymphatic vessels connect peripheral tissues to LNs and provide a route for commu-

nication between the outside pathological environment and the internal adaptive immune

response (Figure 1.2 B). Typically they remain in an inactive or quiescent state, contin-

uously transporting self antigens and DCs to LNs during normal tissue turnover117, 120,

however upon inflammatory stimuli, lymphatic vessels readily change their fluid trans-

port properties53 and mobilize DC towards lymphatic capillaries53, 57, 58, 121. During in-

flammation, LECs increase production of CCL21 which directs CCR7+ DC migration54

towards lymphatic vessels122. LEC expression of LYVE1123 and ICAM124 are required

for DC docking and crawling within lymphatic capillaries, respectively. Subsequently,

LECs not only provide a route required for adaptive immune priming in LNs53, 55, but also

can impact DC migration by changing expression of molecules required for trafficking.

Altogether, the lymphatic vasculature is a selective barrier that regulates DC trafficking

thereby shaping the immune response.

Lymphatic vessels facilitate lymphocyte egress from tissue

In addition to providing the route for DC migration to LNs, lymphatic vessels also provide

an exit route for T cells from tissue. Following entry into and surveillance of tissue, at

least a subset of T cells continue on and egress out through lymphatic vessels (Figure 1.2

C). Parabiosis experiments demonstrate that most endogenous memory T cells in periph-

eral tissue reach equilibrium with migratory blood-borne donor T cells indicating rapid

turnover in peripheral tissue125 (with the notable exception of tissue resident memory

lymphocytes126). In sheep, where lymph can be readily sampled, afferent lymph contains

106 cells/ml127. Furthermore, the number of leukocytes in lymph increase by as much as

100-fold in response acute and chronic inflammatory signals128, indicating tissue egress
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Figure 1.2: Lymphatic vessels, inflammation, and immunity (A) homeostatic lymphatic capillaries support immune surveillance
through steady-state homing of resident immune cells, including DCs and some subsets of memory T cells. (B) Local inflamma-
tion and damage activate a series of danger signaling as well as increased IFPs that activate initial lymphatic capillaries, resulting
in remodeling (either proliferative or nonproliferative), upregulation of adhesion molecules, and enhanced expression of the homing
chemokines (e.g. CCL21) . Altered adhesions and CCL21 coordinate to facilitate entry of activated CCR7+ DCs into afferent lym-
phatic vessels and migration toward draining LNs where they interact with and activate naïve T cells. The decoy receptor D6 ensures
proper presentation of homeostatic chemokines by LECs by scavenging inflammatory chemokines to specifically facilitate mature
over immature DC migration. Changes in lymphatic flows that result from altered signaling in both initial capillaries and collecting
vessels may influence accumulation of inflammatory cytokines that help to perpetuate local inflammation leading to infiltration and
accumulation of leukocytes in tissue, which further drive lymphatic remodeling. (C) Although important for immune induction, evi-
dence also indicates that lymphatic capillaries importantly regulate resolution of local inflammation and immunity through leukocyte
egress and chemokine sequestration. Both macrophages and some T cells exit peripheral tissue through draining lymphatic capillaries
using CCL21 and sphingosine kinase (SPHK) conversion of sphingosine into sphingosine-1-phosphate (S1P) as signals for their exit,
all produced by initial lymphatic vessels. Cellular exit is required for resolution of disease. ICAM1, intracellular adhesion molecule
1; LFA1, lymphocyte function associated antigen 1. (D) Novel immunomodulatory roles of LECs have been described, largely in
the context of lymphoid organs. LECs inhibit both antigen-dependent and independent T-cell activation through production of nitric
oxide (NO) and nonspecific inhibition of DCT-cell interactions. Inflamed LECs inhibit maturation of DCs through ICAM1 and receive
peptide-loaded MHCII complexes from mature DCs. In addition, LECs promiscuously present endogenous and scavenge exogenous
antigen for cross-presentation on MHCI molecules and direct deletion of antigen-specific CD8+ T cells. Adapted from Lund et al.
Cancer Discovery 2016.

is influenced by context. Whether the cellular component of afferent lymph is simply a

reflection of the tissue it drains (e.g. passive, random transport) or rather represents a
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subset of tissue lymphocytes (e.g. active, selective transport) remains largely unknown.

To facilitate tissue exit, lymphatic vessels express an array of chemokines in a context-

dependent manner. LECs constitutively express CCL21122, 129 and further increase ex-

pression during chronic lung inflammation130 and acute inflammation in skin, but not

treatment with complete Freund’s adjuvent (CFA)131. TNFα stimulation of LECs causes

release of CCL21 stores132 and de novo production of CCL21132 as well as a host of other

chemokines including CCL20, CXCL5, CCL5, CXCL2, CX3CL1, and CCL2133. Addi-

tionally, in vitro analysis indicates that lipoteichoic acid, a component of gram-positive

bacterial cell walls, induces TLR2-dependent expression of CXCL1, CXCL3, CXCL6,

and CXCL8134. In vivo analysis of mRNA from LECs in inflamed skin confirms these in

vitro results, and also identified several other chemokines expressed by LECs, including

the CD8+ T cell-homing chemokines CXCL9 and CXCL10131, altogether indicating that

the chemokine repertoire produced by LECs in peripheral tissue is context dependent.

Consequently, how this diverse repertoire of chemokines produced by inflamed LECs

regulates lymphocyte egress from tissue remains a largely open question.

LECs also increase expression of the T cell adhesion molecules in response to local

inflammation and interstitial fluid flows. Intracellular adhesion molecule 1 (ICAM-1),

vascular cell adhesion protein 1 (VCAM-1), and E-selectin are expressed on the LEC sur-

face rapidly following peripheral challenge in vivo53, 131, 133 and following stimulation in

vitro135. LFA-1 is necessary for naïve T cell egress from inflamed skin124 and inhibition

of common lymphatic endothelial and vascular endothelial receptor-1 (CLEVER-1) and

macrophage mannose receptor prevent T cell migration through afferent lymphatic vessels

to draining LNs136, 137. The requirement for integrins in LEC transendothelial migration

in inflamed tissue may mirror the differential integrin requirement for DCs. While DCs in

skin squeeze through overlapping, button-like junctions in naïve lymphatic capillaries138,

transmigration across inflamed vessels requires integrin-mediated adhesion135. Interest-

ingly, cutaneous viral infection53 and tracheal bacterial infection139 induces lymphatic

capillary remodeling of naïve button-like junctions to tight, zipper-junctions, typically

found in deeper collecting vessels. Similarly, forced zippering, through VEGF-A sig-
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naling on intestinal lymphatic vessels called lacteals, prevented chylomicron uptake and

protected against diet-induced obesity119. These reversible changes may generate a less

permeable endothelium and thus determine the integrin dependence of cellular transport.

The functional relevance of lymphocyte egress at steady-state, during inflammation and

in tumors remains to be determined, and in particular whether lymphocytes exit tissue to

mediate immune resolution or rather enter LNs for re-stimulation by professional APCs

remains an open and interesting question.

Immunosuppressive functions of LN resident LECs

Although a main function of lymphatic vessels is to be conduit and selective barrier for

leukocyte trafficking during immune responses, LECs that comprise the LN are unique in

that they also possess tolerogenic properties (Figure 1.2 D). Similar to thymic epithelium

responsible for eliminating self-reactive T cells during lymphocyte development44, LECs

express peripheral tissue-restricted antigens (PTAs), albeit a different, AIRE-independent

mechanism110, 140, 141. For example, LN resident LECs, and to a much lesser extent

peripheral LECs in the diaphragm, express the mRNA for the melanocyte/melanoma-

specific protein, tyrosinase110. Transfer of naive transgenic FH CD8+ T cells, whose TCR

is specific for the Tyr369 peptide presented on a human/mouse hybrid MHCI molecule,

AAD (called Tyr+ mice)142, proliferate initially, express high levels of PD-1, and then

get deleted in LNs109, 110, 140. This promotes tolerance to tyrosinase antigen that is lost

with α-PD-L1 blockade or in chimeric mice lacking non-hematopoietic PD-L1109. Al-

though it was not directly demonstrated that LECs are the cell responsible for deletion

of tyr-specific T cells in vivo it is credited to them for a few reasons. First, LN resident

LECs express several PTAs and they are the only LN stromal cell that expresses tyrosi-

nase110, 140. Second, LN resident LECs lack expression of proper costimulatory molecules

(e.g. CD80 and CD86) and express high levels PD-L1109, though other LN stromal pop-

ulations also express PD-L1, but to a lesser extent109. Third, Tyr369-pulsed LECs were

the only LN stromal cell that induce FH CD8+ T cell proliferation ex vivo140. Lastly,

β -galactosidase (β -gal)-specific CD8+ T cells are deleted in a PD-L1-dependent manner

when transferred into mice who transgenically express β -gal under a lymphatic-specific
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Prox-1 promoter143. It is assumed that this function of LECs is restricted to LN resident

LECs, however, whether peripheral LECs have similar functions with effector T cells

remains an interesting idea to be explored.

In addition to inducing CD8+ T cell tolerance to PTAs110, 140, LECs also suppress

non-self T cells. LECs in LNs, through a process called scavenging, take up exogenous

antigens draining in LNs, and to a similar extent as cross-presenting DCs144. Presentation

of antigen this way, and probably in combination with lack of proper costimulation109,

induces dysfunctional T cell activation marked by increased expression of exhaustion

markers, decreased IFNγ and IL-2 production, and rapid apoptosis following prolifera-

tion144, 145. This may be important for tolerance to peripheral antigens that are continually

draining tissues during normal tissue turnover. However, LECs can cross present tumor-

derived antigens and induce dysfunctional antitumor CD8+ T cell responses145. While

this presumably occurs through direct presentation of MHCI-restricted antigens directly

to CD8+ T cells, LECs can also indirectly inhibit T cell activation, independent of direct

cell contact146. IFNγ and TNFα produced by recently activated T cells induces LEC

nitric oxide synthase 2 (NOS2) upregulation and subsequent production of nitric oxide

(NO) that feeds back and inhibits T cell proliferation in vitro146. Though LECs suppress

naive CD8+ T cells in LNs, whether they also scavenge and cross-present exogenous anti-

gens to effector CD8+ T cells and whether this has immunological consequences in the

periphery is unknown.

Similar to their contribution to maintaining CD8+ T cell tolerance, LN LECs are also

able to suppress CD4+ T cells too, albeit different mechanisms. LECs in LNs constitu-

tiviely express MHCII, the MHC that interacts with CD4+ T cells109, and when pulsed

with peptide, induce CD4+ T cell proliferation ex vivo143. Although they express MHCII

and upregulate it in response to IFNγ147, they lack the machinery to process antigens

and load them onto MHCII themselves143, indicating that their ability to induce CD4+ T

cell tolerance must occur independent of their own ability to express and present PTAs

on MHCII. Instead, they pass PTAs to DCs who present them to CD4+ T cells and in-

duce anergy143, perhaps because DC adhesion to LECs leads to decreased costimulatory
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molecule expression by DCs148. Interestingly, LECs can also acquire peptide-MHCII

complexes (pMHCII) from DCs147 and CD4+ T cells preexposed to LECs that have DC-

derived pMHCII complexes, fail to respond to restimulation after LEC coculture, indi-

cating that LECs inhibit CD4+ T cells147. Perhaps, LECs pass PTAs to DCs, who load

them onto MHCII molecules and then pass them back to LECs, and together, they main-

tain CD4 tolerance, although this is only speculative. It is assumed that these interactions

would occur in LNs of mice and thus are characteristics of LN resident, but not peripheral

LECs, however, it was recently reported that DCs interact with T cells in afferent lym-

phatic vessels during skin inflammation149, indicating the potential for all three cell types

to interact together outside of secondary lymphoid organs. Whether LECs in peripheral

tissues interact with DCs in these ways or posses any of these features to mediate local

CD8+ or CD4+ effector T cell function and how these may be altered in the TME are

interesting questions moving forward.

Vascular Endothelium as a Selective Barrier of Im-
munity

Inflamed endothelial cells provide signal two for tissue infiltration

Though activated effector and memory T cells acquire the machinery necessary for hom-

ing to inflamed tissue in response to TCR and inflammatory stimuli in circulation and lym-

phoid organs150, they do not enter tissues haphazardly, rather, activated ECs that line post

capillary venules in tissue provide the critical signal 2 necessary for infiltration. Lympho-

cytes home to sites of inflammation following a cascade of adhesive and signaling events

mediated by sequential ligation and activation of selectins, integrins, and chemokines on

ECs. EC activation and expression of these necessary adhesive molecules occurs only

at sites of inflammation, thus ensuring specific infiltration of inflamed tissue66 and spar-

ing normal, uninflamed tissues from unnecessary lymphocyte infiltration, such that ECs

act as key determinants for the anatomic tissue distribution of stimulated lymphocytes

(Figure 1.3).

At steady-state, low levels of lymphocyte adhesion molecule expression151, 152 is main-
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Figure 1.3: BECs control T cell entry into inflamed tissue (A) The vascular endothelium limits T cell infiltration at steady-state
by low expression of selectins and cell adhesion molecules (CAMs), and stabilized endothelial cell-cell junctions, due in part to
tonic nitric oxide (NO) signaling and laminin α5-mediated VE-cadherin stabilization. (B) In response to pathological challenge and
inflammatory stimulus (e.g. TNFα , IL-1β , LPS), BECs (BECs) become activated and increase expression of selectins, CAMs and
chemokines, which promote lymphocyte adhesion and migration to sites permissible for transmigration. In some cases, BECs form a
transmigratory cup that provides a perpendicular scaffold to direct T cell transmigration. Inflammatory remodeling of the basement
membrane contributes to lymphocyte access through destabilization of VE-cadherin at endothelial junctions and by generating low-
density sites permissive to lymphocyte migration. Lane and Lund, Frontiers in Immunology 2018

tained by tonic NO signaling153 and lack of inflammatory stimuli. In response to chal-

lenge, tissue-resident macrophages, mast cells, and damaged fibroblasts154 produce tumor

necrosis factor α (TNFα) and interleukin-1 (IL-1)155, 156, which are sufficient to activate

local but not systemic ECs157. Activation of nuclear factor-κB (NF-κB) in ECs by these

inflammatory stimuli upregulates P- and E-selectins, ICAM-1,VCAM-1, and chemokines,

and EC-specific loss of NF-κB is sufficient to prevent lymphocyte infiltration into tis-

sue156. Selectins bind to carbohydrate moieties on glycoproteins expressed by effector

and memory T cells150. Selectin binding initiates T cell rolling along the inflamed en-

dothelium158, allowing for subsequent chemokine detection. Chemokines produced by

ECs then direct actin-dependent spreading, polarization, and lateral migration of arrested

lymphocytes across the endothelial surface, presumably to identify sites permissive to

transmigration, marked by clustered cell adhesion molecule (CAM) expression. High-

affinity adhesive interactions between ICAM-1 and VCAM-1 and their respective inte-

grins (LFA-1/αLβ2 and VLA-4/α4β1 integrin) ultimately lead to lymphocyte arrest155.

While the endothelium rapidly responds to inflammatory cues to recruit circulating

lymphocytes, it may also inhibit T cell adhesion and migration under certain conditions. T
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cells have decreased adhesion to inflamed ECs co-cultured with dermal fibroblasts, but not

fibroblasts isolated from synovial joints of rheumatoid arthritis patients159, indicating that

fibroblasts help to maintain the endothelial barrier to lymphocyte infiltration in healthy

tissue while their dysfunction may promote disease. PEPITEM, a small peptide released

from adiponectin-stimulated B cells, binds to cadherin-15 on ECs and triggers production

and release of sphingosine 1 phosphate (S1P), which reduces T cell trafficking across

endothelium160, and low expression of adiponectin receptor on B cells is associated with

chronic lymphocyte infiltration in diseases such as type 1 diabetes, rheumatoid arthritis,

and aging160.

Upon adhesion to inflamed endothelium, lymphocytes next traverse through the en-

dothelial barrier. Endothelial cells actively support and guide lymphocytes to sites per-

missive to transmigration while still maintaining barrier integrity via integrin-dependent

mechanisms of actin remodeling161. At sites of transmigration, ICAM-1/LFA-1 and

VCAM-1/VLA-4 clustering forms an immunological synapse-like interaction between

ECs and T cells162, concentrating adhesion molecules into a ring structure163. ECs often

extend microvilli symmetrically around T cells to form a transmigratory cup164 which

further strengthens adhesion and provides a perpendicular scaffold to promote transmi-

gration162. Ultimately, T cells pass through the endothelium in one of two ways, either

between ECs at intercellular junctions (paracellular route), or directly through individual

ECs (transcellular route). Transcellular migration seems to be initiated by invadosome-

like protrusions on lymphocytes165. Paracellular migration, on the other hand, requires

EC-mediated destabilization of vascular endothelial cadherin (VE-cadherin) at endothe-

lial cell-cell junctions166 and is further mediated by integrins, CAMs, and other adhesion

molecules such as PECAM-1, JAM-1, and CD99155.

Destabilization of VE-cadherin at EC cell-cell junctions seems to be necessary for

lymphocyte transmigration167. ECs expressing a mutant form of VE-cadherin that is not

endocytosed and therefore retained at cell-cell junctions, prevents lymphocyte recruit-

ment to inflamed skin166. Blockade of VE-cadherin stabilizing integrins, β1 and β3167

or dephosphorylation of tyrosine 731 by SHP-2 targets VE-cadherin for endocytosis and
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subsequently increases neutrophil transmigration in vitro168. Interestingly, lymphocyte

binding to ECs induces SHP-2-mediated VE-cadherin destabilization168, indicating that

lymphocyte adhesion may prime ECs to be permissive of transmigration. VE-cadherin

is also cleaved by a disintegrin and metalloproteinase 10 (ADAM10) and tetrospanin 5

and 17, expressed by inflamed ECs, and EC-specific loss of ADAM-10 delays T cell, but

not neutrophil or B cell, transmigration in vitro169. Interestingly, proteolytically active

leukocytes, such as neutrophils, may mediate cleavage necessary for lymphocyte trans-

migration in the absence of EC proteolysis169. Thus, even if not intrinsically proteolytic,

leukocyte protease activity may positively promote lymphocyte transmigration across in-

flamed endothelium in vivo.

Antigen-dependence of T cell recruitment and extravasation

Peripheral effector66 and memory T cells170 are recruited to inflamed tissue in an antigen-

independent manner, indicating that local presentation of cognate antigen is not necessary

for tissue infiltration. The antigen-independence of T cell recruitment is exemplified by

recent studies that demonstrate abundant bystander, pathogen-specific T cells, in solid

tumors171. Interestingly, however, homing of insulin-specific CD8+ T cells to pancre-

atic islets, but not other tissues, is reduced with loss of major histocompatibility complex

class I (MHC-I) in vivo172 and antigen-loaded MHC-I presented on lumenal surfaces of

the blood-brain barrier was functionally required for antigen-specific T cell trafficking to

the brain173. These observations have led to the hypothesis that antigen presentation by

ECs may amplify antigen-specific T cell recruitment in certain tissues and disease states.

ECs dynamically express MHC-I and MHC-II during inflammatory processes and possess

antigen-processing machinery necessary for cross-presentation of exogenous antigens174.

Human ECs scavenge and cross-present the type I diabetes islet autoantigen GAD65 on

MHC-II and this enhances the transmigration of antigen-specific T cells in vitro175. Fur-

ther in vitro evidence supports both inhibitory176 and promotional177, 178 roles for EC

antigen presentation in lymphocyte trafficking, indicating that antigen presented by ECs

may provide context dependent go or stop signals that tune T cell infiltration.

Interestingly, ECs express a variety of T cell costimulatory and coinhibitory molecules162,
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and as such, may represent semi-professional APCs strategically placed to interact with

activated effector and memory T cell populations. In addition to tuning transmigration,

data from various tissues indicate that ECs may employ their repertoire of immune check-

points and APC-like function to mediate peripheral tolerance and modify T cell behavior

as they transmigrate or arrest at the vascular interface. For example, liver sinusoidal

endothelial cells scavenge and cross-present food-borne antigens and induce tolerance

through T cell adhesion and sequestration in the liver179, 180, and tumor-associated LECs

cross-present exogenous antigens144, 145 and maintain peripheral tolerance to self-antigens

in LNs109, 140 dependent on constitutive expression of PD-L1109. The relative significance

of EC antigen presentation in vivo, however, is likely both tissue and disease specific. Fur-

ther testing using EC-specific knockdown strategies is needed to determine the functional

relevance of EC antigen-processing and presentation in vivo.

Overcoming the basement membrane

The final, and rate-limiting step in lymphocyte extravasation is crossing the basement

membrane181. The basement membrane is a 20-200nm thick dense proteinaceous sub-

strate composed of laminins, collagen type IV, and sulfated proteoglycans182, that sepa-

rates the vascular endothelium from extracellular matrix (ECM) in the tissue parenchyma.

Laminins and collagen IV produced by ECs self-assemble into a dense sheet that is

crosslinked by perlecans and nidogen and contains 2-5 µm-in-diameter pore-like regions

of low protein density183, presumed sites of lymphocyte passage. Basement membrane

composition differs between developmental stage, vessel type, and activation state of the

endothelium182, with particular variability of laminin isoforms. Laminins are composed

of alpha, beta, and gamma chains (e.g. laminin α4, β1, γ1 is denoted as laminin 411), and

presence in basement membrane is context and location dependent. In the central nervous

system (CNS), laminin α4 is ubiquitous184, while laminin α5 expression is patchy and

irregular185, but both are increased upon inflammation182, 186. In murine EAE extrava-

sation occurs predominantly at sites of low laminin α5 density167, 186 and laminin α5 is

sufficient to inhibit T cell transmigration in a dose-dependent manner in vitro185. Addi-

tionally, laminin α4-deficient mice increase expression of laminin α5 in the CNS leading
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to decreased T cell migration across the blood brain barrier in EAE185, suggesting that

the composition of laminins in the basement membrane may selectively regulate T cell

transmigration.

The mechanisms by which different laminin isoforms regulate T cell transmigration

are unclear. Laminin α5 binds to integrin β1 and β3 on ECs and stabilizes VE-cadherin

at EC junctions167. However, activated lymphocytes also express integrin β1155, and it

is possible that laminin α5 may signal directly to infiltrating lymphocytes and instruct

transmigration, although this has not been investigated. Regardless of how T cells get

across the EC layer, the basement membrane is a dense, proteinaceous barrier that they

must penetrate to complete diapedesis. Neutrophils express elastase to remodel regions

of low basement membrane density allowing for their tissue infiltration187, however, the

specific mechanisms of lymphocyte migration through the basement membrane is un-

clear. The small size and pliability of lymphocytes and their nuclei may permit movement

through the 2-5 µm pore-like regions of the basement membrane. However, T cell intrin-

sic loss of granzyme B (GrzB), which degrades both collagenous and non-collagenous

ECMs188, 189, reduces extravasation in vivo189, indicating proteolysis may be required for

basement membrane penetration. Further studies are needed to evaluate the contribution

of the basement membrane to selective lymphocyte extravasation in acute and chronically

inflamed tissues, and in tumors.

Types of Immune landscapes in TME
Current efforts to define biomarkers that are predictive of response to immune checkpoint

blockade reveal an array of factors from myeloid cells to the microbiome, that affect

patient response. Multiple studies across tumor types now indicate that the presence of

T cells within tumor nests is predictive of response to therapy190. As a consequence,

non-responding tumors typically exhibit T cell infiltrates that are described by three main

patterns: (1) non-functional immune responses, possessing an intratumoral but seemingly

ineffective infiltrate; (2) tissue excluded T cell infiltrates, possessing a T cell infiltrate that

is restricted to the tumor periphery; and (3) immunological deserts, completely lacking T
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cell infiltrate both in the tumor nests and in adjacent stroma108. The underlying biology

that regulates these patterns of T cell infiltration is clearly multifactorial – some of the

contributing factors from the perspective of the blood and lymphatic endothelium are

discussed below (Figure 1.4).

Figure 1.4: Non-hematopoietic cell contribution to the tumor immune landscapes The geographic distribution of T cells within
intratumoral and peritumoral regions is both predictive of overall survival and response to immunotherapy. Patients that fail to respond
to immunotherapy often exhibit three patterns of T cell infiltrate that are governed by an array of mechanisms including contributions
from the tumor cells and infiltrating hematopoietic cells. Non-hematopoetic cells, however, additionally contribute to the infiltration,
retention, and function of T lymphocytes in TMEs. (1) Non-functional infiltrate: possessing an intratumoral but seemingly ineffective
infiltrate. Antigen-independent recruitment of both effector and memory T cells subsets by vascular endothelium generates a diverse
repertoire of T cells both relevant and irrelevant for tumor killing. Upon tissue entry, non-hematopoietic cells further exert multiple
mechanisms of immune suppression, including expression of immune checkpoints such as PD-L1 and FasL that limit local T cell
function. (2) Excluded infiltrate: possessing a T cell infiltrate that is restricted to the tumor periphery. Establishment of matrix
barriers, collapsed intratumoral vessels, poor expression of adhesion molecules, and collaborating chemoattractant and chemorepellant
gradients likely all contribute to the exclusion of T cells at the periphery of tumor nests such that inhibition of these features may
improve infiltration. (3) Immunological desert: Completely lacking a T cell infiltrate in both tumor nests and stroma. Impaired
lymphatic transport may result in poor antigen delivery to LNs and thus poor priming. However, even in the presence of an activated
systemic T cell pool, non-functional vessels driven by the angiogenic and desmoplastic TME may prevent local infiltration leading to
lesion-specific differences in immune infiltrates. Lane and Lund, Frontiers in Immunology 2018

Nonfunctional T cell infiltrate

Non-functional immune infiltrates108, refers to tumors containing intratumoral lympho-

cytes in both pre- and post-therapy biopsies that do not contribute to significant clinical

response. Importantly, methods to evaluate intratumoral T cell populations largely quan-

tify changes in bulk T cell populations (CD4 or CD8), and even when enriched for markers
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of previous antigen exposure (CD45RO) or effector function (GrzB) likely still quantify

a heterogenous pool of effector, central memory, and exhausted T cells that represent a

range of antigen specificities both relevant and irrelevant to the tumor. Rapid recruitment

of effector and memory T cells is antigen-independent66, 170, and bystander, viral-specific

T cells (e.g. HCMV or EBV-specific) are abundant in human tumor tissue171. Thus, ef-

forts to specifically quantify tumor-reactive T cell clones may be more predictive than

bulk T cell populations. Consistent with this hypothesis, CD39 was recently identified

as a marker to distinguish tumor antigen-specific CD8+ T cells from bystander T cells

across multiple tumor types171, 191 and stratification of patients based on frequency of

CD39+CD103+ double positive CD8+ T cells associated with increased overall survival

in head and neck cancer patients191. Thus, because of the promiscuity of T cell infiltration

across the vascular endothelium, the presence of bulk T cells in TMEs may be insufficient

to indicate response. Even when tumors are well infiltrated with antigen-specific T cells,

however, multiple additional mechanisms suppress their local effector function mediated

by tumor, hematopoietic192, and non-hematopoietic stromal cells.

Aberrant tumor angiogenesis and disrupted fluid flows in TMEs generate hypoxia and

increased interstitial fluid pressures in solid tumors46, 114 that influence T cell function.

Hypoxia induces Warburg effect by cancer cells, leading to increased acidification and

lactate production, both of which inhibit cytotoxic activity of lymphocytes in vivo193, 194.

Furthermore, increased interstitial fluid flow in the TME activates fibroblasts leading to

TGF-β production114 and ECM contraction. ECM contraction together with shear stress

activates stromal stores of latent TGF-β 195, which attenuates CD8+ T cell cytotoxicity196

making them nonresponsive to TCR signaling197. Thus the disrupted fluid mechanics

within tumor tissue may itself participate in the regulation of local T cell function.

Furthermore, non-hematopoietic cells likely exert direct effects on T cells within

TMEs. As discussed previously, LECs in LNs display specific immunological proper-

ties that function to maintain peripheral tolerance at steady state, and while we have

drawn parallels between the structural role of LN stromal cells and non-hematopoietic

cells in peripheral, non-lymphoid tissues, it remains less clear whether peripheral non-
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hematopoietic cells also acquire immunomodulatory properties characteristic of LN stroma.

In tumors LECs are also capable of scavenging tumor-associated antigens and cross-

presenting them on MHC-I145, however, whether LEC antigen presentation functionally

contributes to T cell responses in the periphery remains unknown. Thus, tumors may

coopt normal non-hematopoietic-based mechanisms of tissue protection for immune es-

cape.

Excluded T cell infiltrate

T cell exclusion, in which T cells are absent from tumor nests and rather retained in adja-

cent, surrounding stroma108, 198 is a significant barrier to response to therapy. One leading

hypothesis is that tissue desmoplasia, the aberrant synthesis, alignment, and crosslinking

of ECM proteins by fibroblasts in TMEs199, 200, creates a physical barrier that prevents

T cell invasion. Pancreatic ductal adenocarcinoma (PDAC) is particularly fibrotic and

breast carcinomas exhibit stiff collagen fibers in parallel alignment tangential to tumor

borders that correlate with poor prognosis201, 202. Furthermore, dynamic intravital imag-

ing reveals T cell migration along collagen fibers and vessels in tumors203, 204, consistent

with their preferred amoeboid-like mode of migration described in non-malignant matri-

ces. Thus it has been proposed that the orientation and density of matrix fibers prevents T

cell infiltration into tumor parenchyma203.

In addition to the effects of desmoplasia on T cell exclusion, angiogenic growth fac-

tors such as vascular endothelial growth factor A (VEGF-A), angiopoietin, basic fibrob-

last growth factor (bFGF), and endothelin-1205, 206 attenuate inflammatory-mediated en-

dothelial activation and thus intratumoral vessels exhibit reduced expression of adhesion

molecules that would mediate lymphocyte extravasation, such as ICAM, VCAM, and E-

selectin207, 208. For example, bFGF inhibits TNFα/IL-1α-mediated expression of ICAM,

VCAM, and E-selectin in vitro209, and VEGF-A disrupts their clustering, therefore de-

creasing T cell adhesion to ECs152. Endothelin signaling on ECs increases NO production

and subsequent downregulation of adhesion molecules, thus blockade of the receptor in-

creases T cell adhesion and infiltration into tumors208. Angiogenic signaling from tumor

cells also induces FasL expression on tumor associated ECs that limits tumor infiltrating
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CD8+ T cells, presumably through direct killing as demonstrated in vitro210, 211. Con-

sequently, factors that drive the angiogenic switch in tumors simultaneously establishes

immunological barriers to limit immune surveillance and facilitates immune escape.

While anti-angiogenic therapy focused on destruction of tumor-associated vessels

largely failed in most solid tumor types, adaptation of these strategies utilizing lower, nor-

malizing doses to restore perfusion and adhesion molecule expression has proved more

productive212. Dual angiopoietin and VEGF-A blockade leads to increased T cell ac-

cumulation and function in several tumor models and synergizes with anti-PD-1 ther-

apy91. Furthermore, combination of anti-VEGFR2 and anti-PD-L1 antibodies induced

lymphotoxin-dependent emergence of high endothelial venule-like vessels213, which were

necessary for response and are associated with better overall outcome in patients214, 215.

Interestingly, in mouse models, responders to immune checkpoint blockade exhibited

rapid reperfusion of intratumoral vessels indicating that intratumoral vascular function

may be required for T cell effector function and additionally that checkpoint blockade

may directly affect endothelial cells216. Thus, normalizing the angiogenic tumor vascu-

lature may improve local T cell recruitment generating microenvironments primed to be

responsive to immunotherapy. Interestingly, poorly adhesive, angiogenic vessels appear

to be largely restricted to intratumoral regions, where they exhibit reduced adhesive prop-

erties and elevated expression of immune checkpoints208. While this geographic vessel

heterogeneity may limit infiltration directly into the tumor proper, it still allows infiltra-

tion into adjacent stroma perhaps contributing to the dense rings of CD8+ T cells observed

around tumor nests.

Additionally, antitumor effector and memory T cells restricted to peritumoral stroma

may be unable to locate target tumor cells due to disrupted chemokine signals. High ex-

pression of the T cell attracting chemokines CXCL9, CXCL10, CXCL12, and CCL5 cor-

relates positively with CD8+ T cell infiltration across several tumor types217–219, indicat-

ing that if the tumors express the proper chemokines, T cells can get there. Chemokines,

however, can be post-translationally modified by proteolytic cleavage, glycosylation, ni-

tration, or deamination which results in dramatically altered activity198. For example,
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when CCL2 is nitrated by reactive nitrogen species in the TME T cell infiltration into

tumors is hindered and rather, remain excluded from the tumor mass220. In addition to

the absence of chemoattractants, secretion of chemokines that serve as chemorepellants

may protect tumor nests from T cell infiltration. In a mouse model of PDAC, fibrob-

last activating protein (FAP)-expressing CAFs produce CXCL12 that coats tumor cells

and prevents CXCR4+ CD8+ T cells from infiltrating tumor nests and controlling the

tumor221. Administration of AMD3100 (CXCR4 inhibitor) increased T cell infiltration

into tumor nests, and synergized with α-PD-L1 therapy to reduce tumor growth221. Thus

competing chemokine gradients, initiated and maintained by multiple cell types within

the TME, determine lymphocyte positioning and subsequent function.

Immunological desert

Finally, immunological deserts are defined as those TMEs completely lacking T cell in-

filtrates within tumor nests and in adjacent stroma. Low somatic mutational burden and

tumor immunogenicity is likely a significant driver of failed T cell responses in these

tumors. However, even in the presence of immunogenic epitopes, lymphatic transport

and poor DC migration may limit anti-tumor T cell priming in lymphoid organs and thus

prevent systemic T cell expansion. In fact, tumors induced or implanted in mice lacking

dermal lymphatic vessels fail to activate and accumulate anti-tumor T cell responses55, 222

and lymphatic vessel density correlates with T cell infiltration in colorectal cancer and

melanoma patients223, 224. Conversely, overexpression of lymphangiogenic growth factors

enhances intratumoral inflammation and response to various immunotherapies145, 225, in-

dicating that lymphatic transport plays an important role in both adaptive immune priming

and setting up an inflammatory TME. Thus, the non-hematopoietic stroma may dictate the

systemic expansion of anti-tumor immunity and thereby restrict the pool of T cells avail-

able for tumor recruitment. Still, downstream of T cell priming, analysis of T cells in

synchronous metastases reveals heterogeneous distribution of the existing systemic reper-

toire226 indicating additional mechanisms of control. Furthermore, even in the absence of

de novo, tumor-specific T cell priming, recruitment of pre-existing memory populations

should lead to intratumoral accumulation of T cells. Thus, additional factors must limit
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extravasation and tumor residence of bulk T cell populations. Tissue-specific vascular

heterogeneity or dysfunction (stromal and intratumoral) may limit T cell infiltration in a

lesion-specific manner and thus contribute to immunological deserts in some and not all

metastatic lesions.
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Introduction
Lymphatic vessels compose a hierarchical vasculature that facilitates the unidirectional

transport of fluid, and cells from peripheral, blind-ended capillaries through collecting

vessels to lymphatic sinuses in secondary lymphoid organs117. Lymphatic vessels trans-

port antigen and dendritic cells (DC) to lymph nodes (LN) to prime naïve T cells following

peripheral tissue viral infection53, 57, 58, and remain the main route of DC migration and de

novo immune priming in tumors54, 55. Consistent with the role for lymphatic vessels in de

novo adaptive immunity, lymphatic vessel density (LVD) in primary tumors of colorectal

patients positively correlates with intratumoral CD8+ T cell infiltrates223, 224, and similarly

work in mouse models demonstrates a causal relationship between tumor-associated lym-

phangiogenesis and intratumoral inflammation55, 145, 222, 225 leading to improved response

to immunotherapy225. Thus, lymphatic transport shapes inflammatory and immune mi-

croenvironments in solid tumors227.

Rather than acting as passive conduits, however, lymphatic capillaries are responsive

to their inflamed tissue microenvironment131 and remodeled in infected, inflamed, and

31



Chapter 2
IFNγ-Activated Dermal Lymphatic Vessels Inhibit

Cytotoxic T cells in Melanoma and Inflamed Skin

neoplastic tissue115. In infected skin, type I Interferon (IFN) remodels lymphatic capil-

laries and rapidly shuts down fluid transport leading to viral sequestration53; sustained in-

flammation following Yersinia pseudotuberculosis infection induces collecting lymphatic

vessel leakage leading to insufficient DC migration to LNs and poor immunity228; and

lymphatic transport is elevated from tumors early, prior to metastatic seeding229, but de-

creases with tumor progression230. Furthermore, lymphatic endothelial cells (LEC) are

activated by inflammatory cytokines and elevated interstitial fluid flows, increasing ex-

pression of chemokines and adhesion molecules necessary for DC trafficking133, 135. Con-

sequently, peripheral lymphatic capillaries tune their transport function (fluid and cellular)

in response to inflammatory cues with functional consequences for tissue inflammation

and immunity.

Interestingly, beyond their bulk transport properties, LECs that compose lymphatic

sinuses in LNs exhibit unique, intrinsic immunological activity that can both facilitate

and suppress adaptive immune responses. In vaccine models, LN LECs scavenge and

archive antigen to support future memory responses231, while in tumor draining LNs,

LECs, rather, cross-present scavenged tumor antigens leading to dysfunctional T cell

priming144, 145. Furthermore, at steady state, LECs constitutively express the co-inhibitory

molecule programmed death-ligand 1 (PD-L1) and maintain CD8+ T cell tolerance through

Aire-independent, promiscuous expression of peripheral tissue antigens109, 140, and inhibit

T cell proliferation through production of nitric oxide146. Thus, LN LECs are thought to

be critical players in the maintenance of peripheral tolerance to self-antigen specifically

within the unique microenvironment of LNs at steady state109, 110, 140, 143, 146. Whether

the LECs that compose lymphatic capillaries in peripheral, non-lymphoid tissues acquire

similar functionality, however, is unclear. Two reports indicate that tissue inflammation

induces PD-L1 expression on LECs in skin131 and orthotopic, implanted tumors111, sug-

gesting that peripheral LECs may acquire similar immunological function. The functional

relevance of peripheral LEC PD-L1 expression in vivo, however, remains unknown.

Tumors employ multiple mechanisms to evade host immunity including the expres-

sion of co-inhibitory molecules, such as PD-L1, that limit T cell effector function in tumor
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microenvironments. Melanoma exhibits robust responses to immune checkpoint blockade

as a result of significant CTL infiltrates that secrete IFNγ and activate expression of PD-

L1 in tumors232. This phenomenon, termed adaptive immune resistance71, protects tumor

cells from CTL-mediated killing through PD-L1-dependent inhibition of T cell receptor

(TCR) signaling73. In addition to PD-L1 expression by tumor cells, however, recent work

highlights the role of host hematopoietic cells in PD-L1-dependent T cell exhaustion in

mouse90, 107 and human studies108, indicating that tumor microenvironments contribute

to CTL exhaustion. Importantly, in non-malignant settings expression of PD-L1 by host

cells serves to protect tissue from excessive immune-mediated damage and mediate re-

turn to homeostasis76, 92 and non-hematopoietic cells play a key tissue-protective role in

chronic inflammation97 and chronic viral infection76, 92. The functional significance of a

non-hematopoietic PD-L1 source in tumors, however, has not been demonstrated.

Herein we demonstrate that peripheral lymphatic vessels are exquisite sensors of inter-

stitial IFNγ in tumor and inflamed microenvironments, and initiate immune suppressive

programs that functionally limit the further accumulation of CTLs. At least one compo-

nent of this response is expression of PD-L1 and we demonstrate that non-hematopoietic

cells contribute to local, PD-L1-dependent, effector CD8+ T cell control. Importantly,

we demonstrate that when lacking IFNγR, peripheral lymphatic vessels fail to express

PD-L1 in response to CTL infiltration and as a consequence CTL function in tumor mi-

croenvironments is improved. Thus, using both acute cutaneous viral models and multiple

tumor models, we demonstrate that lymphatic vessels balance protective CD8+ effector

T cell immunity and immunopathology and identify the tumor-associated lymphatic vas-

culature as a critical component of tumor microenvironment-mediated control of effector,

anti-tumor immunity.

Results
Non-hematopoietic PD-L1 limits the accumulation of cytotoxic CD8+ T
cells in melanoma

Immune checkpoint blockade, including antibodies targeted against PD-L1, is achiev-

ing unprecedented clinical responses108, 233, 234. The toxicity associated with treatments,
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however, necessitates the identification of predictive biomarkers that would target a pa-

tient population most likely to respond. Though patients with PD-L1pos tumor cells are

enriched for responders, PD-L1neg patients also respond41, 235, indicating that additional

cellular players and potentially other anatomical locations contribute to patient response

and should be explored further. Recent work highlights the role of host, and in particu-

lar hematopoietic, PD-L1 expression in tumor-associated T cell exhaustion in mice90, 107,

and stratification of patient response in humans108; however, whether non-hematopoietic,

non-tumor sources of PD-L1 additionally contribute to intratumoral mechanisms of T cell

control remains unexplored. Importantly, non-hematopoietic expression of PD-L1 con-

tributes to immunopathology during chronic viral infection76 and DSS-induced colitis97,

and PD-L1 expression by LN LECs maintains peripheral tolerance at steady state109. We

therefore asked whether PD-L1 expressed by non-tumor, non-hematopoietic stromal cells

functionally inhibits CD8+ T cell responses within tumor microenvironments. To ask this

question we generated PD-L1-/- bone marrow chimeras by lethal irradiation of WT or

PD-L1-/- mice and reconstitution with either WT or PD-L1-/- bon marrow (reconstitution

>80%, Figure 2.1A). B16F10 tumors were implanted in reconstituted mice and analyzed

at endpoint. While there was no significant change in tumor growth compared to controls

(Figure 2.1B), consistent with the poor sensitivity of B16F10 tumors to single agent PD-

L1 blockade236, both hematopoietic and non-hematopoietic chimeras accumulated more

activated CD44+ CD8+ T cells (Figure 2.1C), with increased expression of the effector

molecule PD-1 (Figure 2.1D) and the core-2 O-linked glycosylation motif required for

effector trafficking (1B11, Figure 2.1E)237, demonstrating that PD-L1 expressed by both

tumor-infiltrating leukocytes and, tumor-resident, non-hematopoietic stromal cells limits

effector CD8+ T cell-accumulation in tumor microenvironments.

Importantly, however, CD8+ T cells in tDLNs (Figure 2.2A & B) and spleens (Fig-

ure 2.1F & G) exhibited a more activated phenotype with elevated PD-1 and 1B11 in

hematopoietic, but not non-hematopoietic chimeras, indicating that some of the intratu-

moral effect observed in hematopoietic chimeras may result from recruitment of activated

systemic populations rather than release of intratumoral immune suppression. Consistent
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with these data and a role for hematopoietic PD-L1 in priming76, CD103+ migratory and

CD8α+ resident cross-presenting DCs expressed higher levels of PD-L1 in tDLNs as com-

pared to contralateral, non-draining controls (Figure 2.2C), while no change was observed

in constitutive expression by non-hematopoietic LN stromal cells (Figure 2.2D). Thus, to

specifically determine the relative contribution of non-hematopoietic and hematopoietic

PD-L1 within tumor microenvironments, independent of expanded systemic pools, we

transferred ex vivo activated (CD44+PD-1+), effector OT-I TCR-Tg CD8+ T cells whose

TCR is MHC class-I restricted to the immunodominant peptide (H2Kb-OVA257-264) of

ovalbumin (OVA), into tumor-bearing chimeras. Increased B16F10.OVA tumor control

was observed following adoptive transfer in both chimeras (Figure 2.1H & I), indicat-

ing that both hematopoietic and non-hematopoietic PD-L1 limits T cell-mediated tumor

control locally.

Given the poor responsiveness of the B16F10 model to single agent PD-L1 therapy,

we sought to confirm the role of non-hematopoietic cells in a PD-L1 sensitive murine

melanoma model. YUMM1.7 cells were generated from genetically engineered murine

melanomas (BrafV600E;Pten-/-;Cdkn2a-/-) and subsequently treated with three rounds of

UVB radiation to generate YUMMER1.7 cells that exhibit increased somatic mutation

burden, sensitivity to single agent immune checkpoint blockade238, 239, and regress in

PD-L1-/- mice (Figure 2.2E). We implanted YUMMER1.7 cells into wildtype and non-

hematopoietic PD-L1 chimeras to determine whether loss of stromal non-hematopoietic

PD-L1 was sufficient to increase tumor control. While YUMMER1.7 tumors grew out

in W-W mice, tumors entered stasis 10 days post implantation in mice lacking non-

hematopoietic PD-L1 (Figure 2.1J). Interestingly, since tumors regress in full PD-L1-/-

mice (Figure 2.2E), these are consistent with the hypothesis of synergistic, or at least ad-

ditive effects of hematopoietic and non-hematopoietic PD-L1 in mediating intratumoral

T cell exhaustion. As such, in addition to the known role for hematopoietic PD-L190, 107,

PD-L1 expression by non-hematopoietic stromal cells contributes to functional suppres-

sion of CD8+ T cell accumulation within tumor microenvironments and subsequent tumor

control. Furthermore, these data taken together indicate that the functional relevance of
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non-hematopoietic PD-L1 expression is revealed in the presence of potent, anti-tumor

immunity.

Figure 2.1: Non-hematopoietic expression of PD-L1 in peripheral tumors limits local cytotoxic T cell function. (A) Lethally
irradiated WT or PD-L1-/- mice were reconstituted with WT or PD-L1-/- bone marrow generating WT into WT (W-W, black, controls),
WT into PD-L1-/- (W-P, red, non-hematopoietic PD-L1-/-), and PD-L1-/- into WT (P-W, blue, hematopoietic PD-L1-/- ) chimeric mice.
(B) B16F10.OVA tumor growth in PD-L1-/- bone marrow chimeric mice. Average tumor volume ± SEM, n>8. (C-G) W-P (top) or
P-W (bottom) PD-L1-/- chimeras compared to W-W controls. (C) Intratumoral CD8+ T cells (%CD45). (D & E) PD-1 (D) and 1B11
(E) expression by intratumoral CD8+ T cells. (F & G) PD-1 (F) and 1B11 (G) expression by CD8+ T cells in spleens. (H & I) In
vivo generated effector OT-I TCR-tg CD8+ T cells were transferred into B16F10.OVA-tumor bearing PD-L1 chimeric mice. Tumor
growth (H) and final volume (I) of PD-L1-/- chimeric mice. Average tumor volume ± SEM, n≥ 5. (J) YUMMER1.7 tumor growth
in W-W and W-P PD-L1-/- chimeric mice. Average tumor volume ± SEM, n=5. Each point represents one mouse, bars indicate the
mean. One-way ANOVA corrected for multiple comparisons (C-I). One-way ANOVA corrected for multiple comparisons (B, H and
I) or students T test (J) performed on average slope and variance of individual tumor growth curves. ∗p<0.05, ∗∗∗p<0.001.
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Figure 2.2: Hematopoietic, but not non-hematopoietic PD-L1 mediates peripheral expansion of CD8+ T cells following tumor
implantation. (A & B) PD-1 (A) and 1B11 (B) expression by CD8+ T cells in B16F10.OVA tumor draining lymph nodes of PD-
L1-/- bone marrow chimeric mice. (C & D) Representative histograms (top) and quantification (bottom) of PD-L1 expression by
migratory and resident dendritic cells (C), CD11c+MHCIIhiCD11b+, CD11c+MHCIIhiCD11b-CD103+, CD11c+MHCIIintCD8α+;
and non-hematopoietic stromal cells (D), CD45-CD31+gp38+ LECs, CD45-CD31+gp38+ BECS, and CD45-CD31-gp38+ fibroblastic
reticular cells (FRC) cells in tumor draining (tDLN) and non-draining lymph nodes (nDLN). Each point represents one mouse, and
bars indicate the mean. (E) YUMMER 1.7 Tumor growth in WT (black) and PD-L1-/- (green) mice. Shaded histogram represents
isotype staining control. One-way ANOVA corrected for multiple comparisons (A & B). Students t-test (C-E) ∗p<0.05, ∗∗p<0.01

Lymphatic and blood endothelial cells express PD-L1 in primarymurine
melanomas and inflamed skin

Given the functional significance of the non-hematopoietic stroma in PD-L1-mediated

T cell suppression, we investigated non-hematopoietic PD-L1 expression in various tu-

mor microenvironments. We generated single cell suspensions from naïve skin, B16F10,

MC38, YUMM1.7, and YUMMER1.7 tumors and identified CD45-CD31+ tumor-associat-

ed LECs (gp38+), blood endothelial cells (BECs; gp38-), and a CD45-CD31-gp38+ stro-

mal population by flow cytometry (Figure 2.3A). Tumor-associated LECs (Figure 2.3B)

and BECs (Figure 2.3C) were the highest PD-L1 expressers across tumor models, while
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gp38+ stromal cells (Figure 2.3D) were largely negative with the exception of YUM-

MER1.7 tumors. Interestingly, BECs constitutively express PD-L1 in skin, while LEC

expression was dependent upon tumor context and demonstrated variable expression as

a function of their local microenvironment (Figure 2.3B & C). Notably, highest expres-

sion for all cell types was observed in PD-L1-sensitive YUMMER1.7 tumors. We next

asked whether PD-L1 expression by LECs was unique to tumors or rather a tissue-based

response to local inflammation. Using three different models of cutaneous inflammation,

cutaneous infection with Vaccinia Virus (VacV, scarification), delayed-type hypersensi-

tivity (DTH, DNFB sensitization), and imiquimod-induced psoriasis, we evaluated LEC

PD-L1 expression at sites local and distal to inflammatory challenge. In all models, in-

flammation enhanced expression of PD-L1 by LECs in affected (Figure 2.3E), but not

contralateral (Figure 2.4A) skin as compared to naïve, while BECs upregulate PD-L1 at

both sites of challenge and in contralateral, uninflamed skin (Figure 2.4B & C). Thus,

while PD-L1 was expressed by BECs under all conditions systemically, LECs demon-

strated the highest specificity to local microenvironments and exhibit significantly differ-

ent levels of PD-L1 expression in checkpoint sensitive and insensitive tumors.

Dermal LEC PD-L1 is induced by interstitial, antigen-sepcific CD8+ T
cell immunity

Given the observation that LEC PD-L1 expression was tuned in tumor microenvironments

correlating with increasing CD8+ T cell infiltration (Figure 2.4D), we hypothesized that

LECs may be directly responsive to infiltrating antigen-specific CD8+ T cells. Due to

the robust induction of PD-L1 on LECs in VacV infected skin 7 days post infection (Fig-

ure 2.3E), we used this model for kinetic analysis of EC PD-L1. Flow cytometric analysis

of dermal endothelial populations in infected ears at days 0, 3, 7, and 10 post infection

revealed peak LEC (100-fold) and BEC (2.5-fold) PD-L1 expression 7 days post infec-

tion (Figure 2.5A), concomitant with dermal infiltration of antiviral CD8+ T cells53, 240.

Depletion of both CD4+ and CD8+ T cells during the first 7 days of infection significantly

reduced, but did not eliminate PD-L1 expression by LECs (Figure 2.5B), indicating that T

cells are sufficient, but perhaps not necessary to induce LEC PD-L1 expression. This LEC
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Figure 2.3: Cutaneous lymphatic endothelial cells express PD-L1 in inflamed and malignant skin. (A) Gating scheme
for lymphatic endothelial cells (LEC; CD45-CD31+gp38+), blood endothelial cells (BEC; CD45-CD31+gp38-), and stromal cells
(CD45-CD31-gp38+) from tumors. (B-D) Representative histogram (B16F10; left) and quantification (right) of PD-L1 expression
by LECs (B), BECs (C), and stromal cells (D) in naïve skin, B16F10 melanoma, MC38 colorectal adenocarcinoma, YUMM1.7, and
YUMMER1.7 melanoma tumors implanted in the skin of mice. (E) Representative histograms (left) and quantification (right) of
PD-L1 expression by cutaneous LECs in inflamed skin challenged with Vaccinia virus (VacV), delayed-type hypersensitivity (DTH),
or imiquimod-induced psoriasis (Psor) compared to skin of naive mouse (ear or back skin). Each point represents one mouse, bars
indicate the mean. Gray histogram represents isotype staining control, dotted line indicates positive gate. One-way ANOVA corrected
for multiple comparisons. ∗p<0.05, ∗∗p<0.01, ∗∗∗p<0.001, ∗∗∗∗p<0.0001 (compared to naïve skin). †††† p<0.0001 (compared
to B16F10).

adaptation to infiltrating immunity is reminiscent of mechanisms of adaptive immune re-

sistance described in tumors71, therefore we hypothesized that boosted T cell infiltration

into tumor microenvironments with low PD-L1 expression would switch on analogous

programs of LEC-mediated immune resistance.
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Figure 2.4: LEC PD-L1 expression in contralateral skin. (A) PD-L1 expression by LECs at sites distal to cutaneous challenge with
Vaccinia virus (VV), delayed-type hypersensitivity (DTH), imiquimod-induced psoriasis (Psor), or B16F10 melanoma, compared to
skin of naive mouse. (B & C) PD-L1 expression by inflamed (B) or contralateral (C) skin of mice challenged with Vaccinia virus (VV),
delayed-type hypersensitivity (DTH), imiquimod-induced psoriasis (Psor), or B16F10 melanoma. (D) Correlation between CD8+ T
cell infiltration and tumor associated LEC PD-L1 expression across various tumor models indicated on graph. (E) Total CD8+ T cells
in B16F10.OVA tumors of mice vaccinated with LM, LM-OVA, or no vaccination. (F) PD-L1 expression by cutaneous LECs in skin
contralateral to B16F10.OVA tumors of mice vaccinated with LM, LM-OVA, or no vaccination. (G) IFNγ , measured by ELISA, in
tumor lysates from B16F10.OVA tumors of mice vaccinated with LM, LM-OVA, or no vaccination. Each dot represents one mouse,
bars represent mean. One-way ANOVA corrected for multiple comparisons (A-G). Pearson correlation (D). ∗p<0.05, ∗∗p<0.01,
∗∗∗p<0.001, ∗∗∗∗p<0.0001.

To boost a tumor-specific CD8+ T cell response and directly interrogate its effect on

LECs we utilized a vaccination strategy (attenuated Listeria monocytogenes; LM) that in-

duced either non-specific (LM) or specific (LM-OVA) CD8+ T cell immunity against the

model tumor antigen, OVA. As expected, vaccination with LM-OVA slowed B16F10.OVA

tumor growth compared to LM-infected or uninfected mice (Figure 2.5C) and boosted the

number of total tumor-infiltrating (Figure 2.4E) and H2-Kb-restricted, OVA257-264(SIINF-

EKL)-specific CD8+ T cells (Figure 2.5D). Specific upregulation of PD-L1 by LECs in
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tumor microenvironments (Figure 2.5E), and not contralateral skin (Figure 2.4F), and

when using LM expressing OVA and not without, is consistent with a requirement for

local antigen recognition. It is likely that antigen recognition is both required for the con-

tinued accumulation of these antigen-specific cells at the tumor site and elevated IFNγ .

To further test this hypothesis, we adoptively transferred in vitro activated effector OT-I

TCR-Tg CD8+ T cells into tumor-bearing mice. Analysis of tumor-associated LECs four

days later revealed elevated expression of PD-L1 with transfer relative to steady-state tu-

mors (Figure 2.5F), indicating local antigen-recognition by CD8+ T cells was sufficient

to activate regional LECs.

Accumulation of antigen-specific T cells and local TCR activation boosts IFNγ con-

centrations in tumors (Figure 2.4G), which activates PD-L1 expression through the JAK-

STAT pathway241. Neutralization of IFNγ either during the first 7 days of viral infection

(Figure 2.5G) or 2 weeks of tumor growth (Figure 2.5H) resulted in reduced levels of

LEC PD-L1. To investigate whether effector T cells directly activate LECs and induce

PD-L1 expression via secretion of IFNγ , naïve or in vitro activated CD8+ T cells were

cultured overnight with murine immortalized LECs (iLECs) in the presence or absence of

a semipermeable transwell membrane and IFNγ blocking antibody. In vitro activated, but

not naïve, CD8+ T cells induced PD-L1 expression on LECs dependent on IFNγ and in-

dependent of direct cell-cell contract (Figure 2.5I). Further, IFNγ was sufficient to induce

PD-L1 expression in ex vivo murine LECs in a STAT1 and IFNγR-dependent manner

(Figure 2.5J) and also in primary human LECs (Figure 2.5K). Consequently, LECs are

sensitive to cytotoxic immunity and express PD-L1 in response to IFNγ and local antigen

recognition by infiltrating T cells.

IFNγ-signaling in lymphatic vessels limits cutaneous anti-viral immu-
nity

We hypothesized that the IFNγ-responsiveness of cutaneous lymphatic vessels might rep-

resent a tissue-resident mechanism of immune control that functions to balance protec-

tive immunity with immunopathology such that the accumulation of cytotoxic T cells

switches on compensatory mechanisms of immune resolution. To disrupt this crosstalk,
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Figure 2.5: T cells induce IFNγ-dependent PD-L1 expression in cutaneous LECs. (A) Representative flow plots (left, gated on
CD31+CD45-) and quantification (right) of PD-L1 expression by lymphatic endothelial cells (LEC; CD45-CD31+gp38+) and blood en-
dothelial cells (BEC; CD45-CD31+gp38-) in skin following VacV infection. Mean ± SEM, n≥3. (B) PD-L1 expression by cutaneous
LECs 7 days post VacV infection in mice treated with αCD4/8 depleting antibodies or isotype control. (C-E) B16F10.OVA-tumor
bearing mice were vaccinated with attenuated (ActA deficient) Listeria monocytogenes, expressing OVA (LM-OVA) or not (LM), day
4 post tumor implantation. (C) B16F10.OVA growth curves. (D) Number of H2-Kb-restricted, OVA257-264(SIINFEKL)-specific CD8+

T cells in tumors. (E) PD-L1 expression by tumor-associated LECs. (F) Representative histograms (left) and quantification (right) of
PD-L1 expression by tumor-associated LECs in B16F10-OVA tumor-bearing mice receiving, or not, in vitro-activated OT-I TCR-Tg
CD8+ T cells adoptively transferred 10 days post implantation. (G) PD-L1 expression by cutaneous LECs on day 7 post VacV infec-
tion and (H) B16F10 tumor-associated LECs in mice receiving IFNγ-neutralizing antibody or isotype control. (I) PD-L1 expression
by immortalized LECs (iLECs) following culture with naïve (Tn) or in vitro-activated, effector CD8+ T cells (Te), treated with αIFNγ
or isotype control, and separated by semipermeable transwell membranes. Representative of 3 independent experiments. (J) PD-L1
expression by textitex vivo harvested LECs from WT, STAT1-/-, or IFNγR∆LYVE1 mice (textitIFNγRf/f) following 100ng/ml IFNγ
stimulation. (K) PD-L1 expression by primary human dermal LECs following IFNγ stimulation. Shaded histogram represents isotype
staining control, dotted line indicates positive gate. Each point represents one mouse, bars indicate mean. Students t-test (B, F, G, H,
& K), one-way ANOVA corrected for multiple comparisons (A, D, E, I, & J). One-way ANOVA corrected for multiple comparisons
performed on average slope and variance of individual tumor growth curves (C). ∗p<0.05, ∗∗p<0.01, ∗∗∗p<0.001, ∗∗∗∗p<0.0001.
(A) ∗∗∗∗(BECs) & ††††(LECs) p<0.0001 relative to time 0.
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Figure 2.6: LEC-specific loss of IFNγR. (A & B) Representative images (A) and quantification (B) of lymphatic vessel density in
naïve skin of IFNγR∆LYVE1 mice or littermate controls. (C) Representative histograms (top) and quantification (bottom) of STAT1
phosphorylation (pSTAT1) following IFNγ stimulation of ex vivo lymphatic endothelial cells (LEC; CD45-CD31+gp38+) harvested
from IFNγR∆LYVE1 mice or littermate controls. (D) Quantification of STAT1 phosphorylation (pSTAT1) following IFNγ stimula-
tion of ex vivo dendritic cells (DC; CD11c+MHCII+), macrophages (Mac; CD11c-CD11b+F4/80+), blood endothelial cells (BEC;
CD45-CD31+gp38-), and fibroblastic reticular cells (FRC; CD45-CD31-gp38+) harvested from IFNγR∆LYVE1 mice or littermate con-
trols. (E) PD-L1 expression by LECs in naïve LNs of IFNγR∆LYVE1 mice or littermate controls. (F-I) Quantification of pSTAT1
following ex vivo IFNγ stimulation of LEC (F), BEC (G), FRC (H), and CD45+ cells (I) harvested from IFNγR∆iProx-1mice or litter-
mate controls. Each point represents one mouse, bars indicate mean. Shaded histogram represents isotype staining control. One-way
ANOVA corrected for multiple comparisons. ∗∗p<0.01, ∗∗∗p<0.001, ∗∗∗∗p<0.0001.
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we generated mice whose LECs were insensitive to IFNγ by crossing IFNγRf/f mice

with mice expressing Cre recombinase under control of the lymphatic-specific, lymphatic

vessel endothelial hyaluronan receptor 1 (LYVE1) promoter (IFNγR∆LYVE1). At steady

state, we found no gross change in cutaneous lymphatic vessel structure and density (Fig-

ure 2.6A & B) and LN LECs harvested from IFNγR∆LYVE1 mice failed to phosphorylate

STAT1 (Figure 2.6C) following IFNγ stimulation demonstrating the efficiency of the Cre.

Macrophages and DCs, as well as other LN stromal cells, including BECs and fibrob-

lastic reticular cells (FRCs) maintained their ability to phosphorylate STAT1 following

IFNγ stimulation (Figure 2.6D), indicating specificity of the Cre. Importantly, consti-

tutive PD-L1 expression by LN LECs remained unchanged (Figure 2.6E). Interestingly,

though previous work indicated that IFNγ was required to limit nodal lymphangiogenesis,

we found no gross differences in LN LYVE1+ lymphatic structures at steady state (Fig-

ure 2.7A & B), or when draining implanted melanomas (Figure 2.7C) or VacV infected

skin (Figure 2.7D).

Figure 2.7: Loss of IFNγ signaling on LECs does not affect LN lymphangiogenesis. (A & B) Representative images of brachial (A)
and cervical (B) lymph nodes (LN) of naïve IFNγR∆LYVE1 mice or littermate controls. (C) Representative images of tumor draining
LN of IFNγR∆LYVE1 mice or littermate controls (brachial). (D) Representative images of vaccinia infected (VacV) draining LN from
IFNγR∆LYVE1 mice or littermate controls (cervical). Lymphatic vessels (green, LYVE1), B cells (blue, B220), and T cells (red, CD3ε).
Scale bar = 100 µm.

We therefore utilized this model to ask whether loss of IFNγ-sensitivity by periph-

eral lymphatic vessels (IFNγR∆LYVE1) impacted pathology associated with infection and

accumulation of anti-viral immunity. Importantly, LEC IFNγR was required for in vivo

expression of PD-L1 7 days post infection (Figure 2.9A), while no change was observed
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in expression by BECs or CD45+ leukocytes (Figure 2.8A & B). Loss of IFNγR resulted

in a reduction of LYVE1+ but not podoplanin+ structures in infected skin (Figure 2.9B-D).

As LYVE1 can be variably expressed on lymphatic vessels and internalized in regions of

active inflammation, these data seem to indicate regional differences in lymphatic vessel

activation rather than changes in overall density.

Figure 2.8: PD-L1 expression in challenged skin of IFNγR∆LYVE1 mice. (A & B) PD-L1 expression by blood endothelial cell
(BEC; CD45-CD31+gp38-) (A) and CD45+ cells (B) in skin of IFNγR∆LYVE1 mice or littermate controls, 7 days post vaccinia (VacV)
infection. (C & D) PD-L1 expression by tumor associated BECs (C) and CD45+ cells (D) in B16F10.OVA tumors of IFNγR∆LYVE1

mice or littermate controls receiving LM-OVA vaccination on day 4 post implantation or not. Each point represents one mouse, bars
indicate mean. Students T-test (A & B) or One-way ANOVA corrected for multiple comparisons (C & D).

Notably, 7 and 10 days post infection we observed elevated pathology (Figure 2.9E) in

infected ears of IFNγR∆LYVE1 mice as determined by overall ear thickness (Figure 2.9F)

and significant increases in both epidermal (Figure 2.9G) and dermal thickness (Fig-

ure 2.9H). Total numbers of CD45+ leukocytes in infected ears was significantly elevated

7 days post infection (Figure 2.9I) while the accumulation of CD45+ leukocytes in skin

as determined by IHC only trended up at day 10 (Figure 2.9J). We did not observe in-

creased F4/80+ macrophage (Figure 2.9K) or mast cell (Figure 2.9L) accumulation in

ears 10 days post infection that might explain these changes, but rather saw significant

increases in CD4+ and CD8+ T cell infiltration at day 7 (Figure 2.9M and N). To deter-

mine whether IFNγ signaling on LECs negatively regulated antigen-specific CD8+ T cell

priming, we evaluated CD8+ T cells specific for the immunodominant epitope, H2-Kb

restricted, B8R20-27(TSYKFESV) in draining LNs. 7 days post infection, the peak of

T cell expansion, we observed no difference in priming (Figure 2.9O), consistent with

normal expression of PD-L1 in lymphoid organs (Figure 2.6E). Within infected tissue,

however, there was a two-fold enrichment for B8R20-27-specific CD8+ T cells in ears of

IFNγR∆LYVE1 mice compared to littermate controls (Figure 2.9P). It is noteworthy, that
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the 2-fold enrichment in antigen-specific T cells doubles an already impressive number

of T cells within a single infected ear from 10x104 to 20x104. While we did not observe

accelerated viral control (Figure 2.9Q) as the existing response is already effective at me-

diating viral clearance, this data taken all together indicates that IFNγ-dependent adapta-

tion of LECs to skin-infiltrating cytotoxic T cells and expression of PD-L1 functionally

limits T cell accumulation that may dampen the pathological response (as determined by

dermal and epidermal thickening) in tissue.

CD8+ T cells are correlated with and proximal to the lymphatic vas-
culature in primary human melanoma

For IFNγ and PD-L1-dependent crosstalk between peritumoral lymphatic vessels and

tumor-infiltrating CD8+ T cells to be functionally relevant, T cells must be proximal

to lymphatic vessels in inflamed tissue microenvironments. Immunofluorescence anal-

ysis of CD3ε+ T cell infiltrates in VacV-infected skin revealed both perilymphatic and

intralumenal T cells in infected skin (data not shown), and our previous work demon-

strated colocalization of T cells and lymphatic vessels in murine tumors145. We therefore

sought to evaluate the correlation between cytotoxic T cells and lymphatic vessels and

their spatial proximity in human primary melanomas. We first employed a previously

established lymphatic score (LS; based on transcript levels of VEGFC, PDPN, LYVE1)55

to stratify patients from publicly available cutaneous melanoma gene expression data

sets of the Broad Institute The Cancer Genome Atlas (TCGA). Across both primary and

metastatic cutaneous melanoma samples, LS positively correlated with expression of gene

transcripts associated with CTLs either as individual transcripts (Figure 2.10A) or a com-

posite score (Figure 2.10B). Samples stratified as LShi exhibited a statistically significant

increase in this T cell inflammation score (Figure 2.10C), a type II interferon score (Fig-

ure 2.10D), and expression of CD274 (PD-L1, Figure 2.10E) and IDO1 (Figure 2.10F),

as compared to LSlo patients, indicating that patients enriched for high expression of

lymphatic-associated genes were also enriched for more T cell inflammation and com-

pensatory mechanisms of immune suppression. Importantly, though we found a correla-

tion between LS and T cell inflammation, the strength of the relationship is not sufficient
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Figure 2.9: IFNγ signaling in cutaneous LECs limits anti-viral immunity, but prevents immunopathology. (A) Representa-
tive histogram (left) and quantification (right) of PD-L1 expression by cutaneous LECs 7 days post vaccinia (VacV) infection in
IFNγR∆LYVE1 mice or littermate controls. (B-D) Representative images (B) and quantification of LYVE1+ (C) and podoplanin+ (D)
lymphatic vessels in ears of IFNγR∆LYVE1 mice or littermate controls on day 10 post VacV infection. (E-H) Representative histology
(E, H&E) and quantification of total ear thickness by calipers (F), epidermal thickness (G), and dermal thickness (H) on day 10 post
VacV infection in IFNγR∆LYVE1 mice or littermate controls. (I) Number of total CD45+ leukocytes in ears of IFNγR∆LYVE1 mice
or littermate controls on day 7 post infection. (J-L) Representative IHC images and quantification ofCD45+ leukocytes (J), F4/80+

Macrophages (K) and mast cells (L, toluidine blue) in ears of IFNγR∆LYVE1 mice or littermate controls on day 10 post VacV infection.
(K) Representative IHC images (left) and quantification (right) of CD45+ cells in ears on day 10 post VacV infection in IFNγR∆LYVE1

mice or littermate controls. (L-N) Quantification of total CD8+ T cells (M), and CD4+ T cells (N) in infected skin on day 7 post
VacV infection of IFNγR∆LYVE1 mice or littermate controls. (O) Total number of H2-Kb-restricted B8R-specific CD8+ T cells in
draining lymph nodes (dLN) 7 days post VacV infection. (P) Representative plots (left; gated on CD45+CD8+) and quantification
(right) of virus-specific H2-Kb-restricted B8R-specific CD8+ T cells in ears of IFNγR∆LYVE1 mice or littermate controls 7 days post
VacV infection. (Q) Viral titers in IFNγR∆LYVE1 mice or littermate controls on day 7 and 10 post VacV infection. Shaded histogram
represents isotype staining control, dotted line indicates positive gate. Each point represents one mouse, bars indicate mean. Scale
bar = 100µm. Students t-test (A-D & G-P), one-way ANOVA corrected for multiple comparisons (F & Q), ∗p<0.05, ∗∗p<0.01,
∗∗∗p<0.001, ∗∗∗∗p<0.0001.

to allow LS-dependent prediction of inflammation, not surprisingly then indicating that

other factors contribute to the inflamed status of primary cutaneous melanoma.
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To validate the observation that tumor-associated lymphatic vessels correlate with

infiltrating T cells, we performed multiplexed immunohistochemistry (mIHC)242 using

formalin-fixed paraffin embedded (FFPE) human primary melanoma samples (Table 2.1).

We simultaneously evaluated hematopoietic and non-hematopoietic components of tu-

mor microenvironments (Figure 2.10G) and performed spatial proximity analysis to cal-

culate distance from tumor borders. CD8+ T cells (Figure 2.10H) and lymphatic vessels

(Figure 2.10I) are restricted to the peritumoral stroma in primary melanoma samples,

while blood vessels are evenly distributed between intra- and peri-tumoral regions (Fig-

ure 2.10J). The distance of each CD8+ T cell to the nearest blood vessel, lymphatic vessel,

and tumor cell revealed proximity of all cellular components within the tumor periphery,

with CD8+ T cells quantitatively closest to blood vessels (Figure 2.10K) but with a sig-

nificant population of T cells proximal to lymphatic vessels (Figure 2.10L). Importantly,

and consistent with our transcriptional analysis, peritumoral LVD positively correlated

with peritumoral CD8+ T cell density (Figure 2.10M), establishing a correlation between

lymphangiogenic tumor microenvironments and T cell infiltration in human melanoma.

Loss of IFNγ signaling on LECs drives CD8+ T cell-dependent tumor
control and survival

Mechanisms of immune resolution are often coopted by tumors to mediate their im-

mune escape. The enhanced CTL accumulation in virally infected skin (Figure 2.9)

and proximity of tumor-infiltrating CD8+ T cells and tumor-associated lymphatic vessels

(Figure 2.10) raised the possibility of lymphatic vessel-dependent T cell suppression in

melanoma. While loss of non-hematopoietic PD-L1 was functionally significant in bone

marrow chimera experiments (Figure 2.1), we next asked whether LEC-specific adaptive

immune resistance mediated by IFNγ and PD-L1 was relevant in tumor settings. We first

implanted PD-L1 insensitive B16F10236 and YUMM1.7239 tumors into IFNγRWT and

IFNγR∆LYVE1 mice. In these models, where PD-L1 blockade is ineffective, there was no

change in PD-L1 expressed by tumor-associated LECs in IFNγR∆LYVE1 mice compared

to littermate controls (Figure 2.11A & B) and subsequently tumor growth was unaffected

(Figure 2.11C & D). Our bone marrow chimera experiments indicated that the functional

48



Chapter 2
IFNγ-Activated Dermal Lymphatic Vessels Inhibit

Cytotoxic T cells in Melanoma and Inflamed Skin

Figure 2.10: Tumor-associated lymphatic vessels correlate with and are proximal to T cell infiltrates in human primary
melanoma. (A) Heatmap clustering of genes associated with T cell inflammation and Lymphatic Score (VEGFC, PDPN, LYVE1)
across 231 primary and metastatic (non-glabrous, non-lymphoid) patient samples from the Broad Institutes TCGA database. (B)
Correlation between lymphatic and T cell inflammation scores. Pearsons correlation coefficient (r). (C-F) Stratification of lymphatic
score into high (LShi; n=68) and low (LSlo; n=71) cohorts stratifies T cell inflammation score (C), type II IFN score (D), CD274
expression (E), and IDO expression (F) melanoma samples. Box plots, whiskers indicate 5-95th percentile with outliers. Students
t-test, ∗∗∗∗ p<0.0001. (G) Digital overlay of pseudo-colored single stains from multiplexed immunohistochemistry of FFPE human
primary melanomas. Representative image and inset. Hematoxylin, (nuclei, blue); S100 (orange); CD8 (cyan); D2-40 (podoplanin,
green); CD31 (red). Scale bar = 200µm. (H-J) Distribution of CD8+ T cell (H), D2-40+ lymphatic vessel (I), and CD31+ blood vessel
(J) distance from S100+ tumor border. (K & L) Scatter plots represent shortest distance from CD8+ cells to S100+ tumor border versus
CD31+ vessels (K) and D2-40+ lymphatic vessels (L). (M) Correlation between peritumoral (PT) lymphatic vessel density and PT
CD8+ T cell density, compiled data across n=17 samples and 40 regions of interest.
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significance of LEC/T cell crosstalk might be revealed in the setting of more robust pre-

existing anti-tumor immunity, similar to PD-L1 blockade. Therefore, we looked at the

response to LM-OVA vaccination in IFNγRWT and IFNγR∆LYVE1 B16F10-bearing mice.

Importantly, LM-OVA primed equivalent systemic OVA-specific responses in both mice

(Figure 2.11E), however, LECs failed to activate and upregulate PD-L1 in IFNγR∆LYVE1

mice (Figure 2.11F), while PD-L1 expression on leukocyte and BECs was unchanged

(Figure 2.8C & D). Coincident with a failure to upregulate PD-L1 expression on tumor-

associated LECs, we observed improved tumor control with smaller tumors at endpoint

(Figure 2.11G) and two-fold enrichment of activated, intratumoral tumor-specific CD8+

T cells (Figure 2.11H). Thus, antigen-specific T cells activate compensatory LEC-specific

and IFNγR-dependent mechanisms of local immune control.

While this data demonstrates that following a therapeutic boost in anti-tumor im-

munity, intratumoral T cell activity is limited by IFNγ signaling on lymphatic vessels,

we were interested in determining whether lymphatic vessel-dependent T cell control

might be functional in the absence of vaccination. We therefore implanted the immune

checkpoint sensitive YUMMER1.7 cells into IFNγRWT and IFNγR∆LYVE1 mice. Tumor-

associated LECs extracted from YUMMER1.7 tumors in IFNγR∆LYVE1 mice revealed

that lymphatic vessels failed to upregulate PD-L1 (Figure 2.11I), with no observed change

in either lymphatic or blood vessel density (Figure 2.11J-L). Analysis of YUMMER1.7

growth in IFNγRWT and IFNγR∆LYVE1 mice revealed significant tumor control initi-

ated ten days post implantation, consistent with an adaptive immune response, lead-

ing to extended overall survival dependent on CD8+ T cells (Figure 2.11M & N). We

confirmed lymphatic vessel specificity of our result using an inducible Prox1:Cre-ERT2

(IFNγR∆iProx-1). Ex vivo functional analysis confirmed the specificity and efficiency of the

Prox1 inducible Cre (Figure 2.6F-I). Consistent with our results in IFNγR∆LYVE1, YUM-

MER1.7 tumors implanted into IFNγR∆iProx-1 were controlled relative to Cre negative

mice, again initiating ten days post implantation, leading to significantly improved over-

all survival (Figure 2.11O & P). Thus, using two independent systems we demonstrate

that disruption of IFNγ-signaling on tumor-associated lymphatic vessels relieves local

50



Chapter 2
IFNγ-Activated Dermal Lymphatic Vessels Inhibit

Cytotoxic T cells in Melanoma and Inflamed Skin

Figure 2.11: Disrupting IFNγ-mediated LEC crosstalk with T cells enhances CD8+ T cell dependent melanoma control. (A &
B) Quantification of tumor-associated LEC PD-L1 expression in B16F10 (A) and YUMM1.7 (B) tumors implanted into IFNγR∆LYVE1

mice or littermate controls. (C & D) B16F10 (C) and YUMM1.7 (D) tumor growth in IFNγR∆LYVE1 mice or littermate controls. (E)
H2-Kb-restricted OVA-specific CD8+ T cells in spleens of B16F10.OVA tumor bearing IFNγR∆LYVE1 mice or littermate controls vac-
cinated with LM-OVA. (F) PD-L1 expression by LECs in B16F10.OVA tumors of IFNγR∆LYVE1 mice or littermate controls vaccinated
with LM-OVA. (G) Final B16F10.OVA tumor volumes IFNγR∆LYVE1 mice or littermate controls vaccinated with LM-OVA. (H) H2-
Kb-restricted OVA-specific tumor infiltrating CD8+ T cells from tumors of mice in G. (I) PD-L1 expression by LECs in YUMMER1.7
tumors implanted into IFNγR∆LYVE1 mice or littermate controls. (J-L) Representative immunofluorescence images and quantification
(K & L) of lymphatic vessels (green, LYVE1, K), blood vessels (red, CD31, L) in YUMMER1.7 tumors implanted into IFNγR∆LYVE1

mice or littermate controls. Scale bar = 200 µm. (M & N) YUMMER1.7 tumor growth (M) and survival (N) of IFNγR∆LYVE1 mice
(blue), IFNγR∆LYVE1 mice treated with CD8-depleting antibody (green), or littermate controls (black). (O & P) YUMMER1.7 tumor
growth (O) and survival (P) of IFNγR∆iProx-1 mice (purple) or littermate controls (black). Each point represents one mouse, bars
indicate mean. Students t-test (A, B, & E-I). One-way ANOVA corrected for multiple comparisons (M) or students T test (C, D, & O)
performed on average slope and variance of individual tumor growth curves Mantel-Cox test used for comparison of survival (N & P)
∗p<0.05, ∗∗∗p<0.001, ∗∗∗∗p<0.0001.

immune suppression driving persistent and durable tumor-specific CD8+ T cell responses

with similar kinetics to that observed in non-hematopoietic PD-L1 chimeras (Figure 2.1J).
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These data support the hypothesis that the tumor-associated lymphatic vasculature in-

duces IFNγ-dependent adaptive immune resistance with direct consequences for local,

cytotoxic immunity in vivo. Taken together with our results in viral infection, we suggest

that IFNγ-mediated activation of the lymphatic endothelium is a tissue-resident protective

response limiting tissue damage that is coopted in tumor microenvironments for immune

escape.

Discussion
Tissues balance immune activation and immune suppression to mediate rapid response

to pathogenic challenge while simultaneously preventing immunopathology and autoim-

munity. At environmental barriers, such as skin, the balance between protection and

tolerance is even more critical243 and tumors that arise coopt mechanisms of tolerance to

mediate their immune escape. The tissue-specific mechanisms that mediate the balance

between immunity and tolerance, and specifically the relative contribution of circulating

leukocytes and resident stromal cells, remains an open question.

While hematopoietic cells employ multiple mechanisms to suppress cytotoxic T cell

accumulation and function in tumor microenvironments, this report demonstrates that

non-hematopoietic LECs also regulate immune microenvironments in melanoma. While

lymphatic vessel transport is required for de novo priming and expansion of antigen-

specific immunity53, 55, we show that lymphatic vessel adaptation to infiltrating cytotoxic

CD8+ T cells induces compensatory, suppressive mechanisms that limit local effector

function. We find that endothelial adaptation is mediated by IFNγ and part of a broader

skin-intrinsic program activated across cutaneous pathologies, including acute viral infec-

tion, psoriasis, and delayed type hypersensitivity. IFNγ-sensing by cutaneous LECs ac-

tivates PD-L1 expression, which we demonstrate is functional within non-hematopoietic

stromal cells in tumors. Importantly, LEC-specific loss of IFNγR, and therefore inhibi-

tion of the ability for lymphatic vessels to adapt to CTLs, results in elevated pathology

following cutaneous infection and improved tumor control.

Interestingly, T cells and IFNγ are implicated as negative regulators of LN lymphatic
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sinus development and inflammation-induced LN lymphangiogenesis244. Our analyses

did not reveal significant changes in gross lymphatic vessel density in either LNs or skin

in IFNγR∆LYVE1 mice, perhaps indicating that T cell-mediated control of lymphangiogen-

esis is IFNγ-independent. Interestingly, recent work demonstrates that type I rather than

type II IFNs regulate contraction of LN lymphangiogenesis and that type I IFN-induced

PD-L1 expression in a subset of LN LECs protects these cells from apoptosis245. The

molecular mechanisms downstream of type I IFN and PD-L1 that mediate LEC survival,

however, remain unclear. Notably loss of IFNγR on LECs did not affect constitutive PD-

L1 expression in LNs and as such we saw no changes in LN lymphatic structures at steady

state or during active inflammation and no changes in peripheral T cell priming. Simi-

larly, in skin, we saw no difference in lymphatic vessel density, however, it is important to

note that lymphatic vessels in highly inflamed regions of infected IFNγR∆LYVE1 skin, but

not adjacent normal, were negative for LYVE1. Inflamed lymphatic vessels were iden-

tified instead by their expression of podoplanin, thus leading to a reduction in LYVE1+

but not podoplanin+ structures in IFNγR∆LYVE1 infected skin. Inflammation induces in-

ternalization of LYVE1246 and thus loss of expression on LYVE1+ structures may be a

readout of local inflammation. Additionally, however, it is possible that loss of LYVE1

on peripheral lymphatic vessels is IFNγR-dependent and given the role of LYVE1 in DC

transendothelial migration123 this may be intriguing to investigate in the future.

IFNγ may be a common mechanism governing tissue homeostasis, immune resolu-

tion, and tumor immune evasion. Migratory DCs respond to IFNγ at steady state and

inhibit T cell priming as a mechanism of peripheral tolerance and tumors recall this

homeostatic program to prevent robust anti-tumor immune activity247. Our data further

demonstrates that IFNγ-mediated crosstalk between the tumor-associated lymphatic vas-

culature and infiltrating CTLs has a negative impact on anti-tumor immunity. Thus, while

IFNγ is critical for effector function within tumor microenvironments248, it may addi-

tionally signal to initiate programs of resolution and evasion where multiple cell types,

both hematopoietic and non-hematopoietic, contribute. These mechanisms compete with

cytotoxic activity in tumors and may partially explain the poor clinical utility of IFNγ
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treatment in the clinic where it was found to induce T cell suppression249, 250. Impor-

tantly, while T cells are sufficient to activate IFNγ-dependent mechanisms of immune

suppression, they are not necessary and other IFNγ secreting cells, such as NK cells, may

also contribute.

One component of IFNγ-driven immune evasion in tumors, termed adaptive immune

resistance71, is the expression of the immune checkpoint PD-L1. Several recent reports

specifically demonstrate that loss of PD-L1 by either tumor cells or the host into which

those cells are implanted results in improved tumor control73, 90, 107, providing strong evi-

dence that PD-L1 expressed by the tumor microenvironment is relevant for therapy. These

studies, however, did not interrogate the role of non-hematopoietic, non-tumor PD-L1 ex-

pression, leaving this question open. Similar to our data, the functional significance of

loss of PD-L1 on one or more cellular components within the tumor microenvironment

is highly dependent upon the model chosen73, indicating multiple, overlapping mecha-

nisms that mediate immune escape. That the functional relevance of lymphatic vessel

IFNγR was revealed only in immunogenic tumor models (YUMMER1.7) and when T

cell-activating therapies (LM and adoptive T cell transfer) were administered to poorly

immunogenic tumors (B16F10 and YUMM1.7) supports the model of adaptive immune

resistance whereby infiltrating CTLs activate multiple mechanisms of local immune sup-

pression (e.g. IDO, regulatory T cells etc) that ultimately feedback and limit their func-

tion. Importantly, growth of a variety of melanoma cell lines in mice whose lymphatic

vessels lack IFNγR directly mirrors their sensitivity to PD-L1 blockade in vivo. Further-

more, while these adaptive mechanisms of suppression are activated in the presence of po-

tent immunity, alternative mechanisms of tumor suppression are dominant in progressing,

poorly immunogenic tumors. Notably, myeloid-targeted therapy effectively mobilized

anti-tumor CTLs in checkpoint-insensitive YUMM1.7 tumors251–253.

Our data importantly extends previously reported roles for non-hematopoietic PD-L1

in infection76, 92 and sterile inflammation97 to tumor microenvironments. During chronic

lymphocytic choriomeningitis (LCMV) infection non-hematopoietic PD-L1 delays viral

clearance, but prevents overt immmunopathology76, where loss of PD-L1 on infected en-
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dothelium leads to barrier breakdown and fatal circulatory failure92. LCMV importantly

infects vascular endothelium and as such PD-L1 protects endothelial cells from cytotoxic

killing. Here we demonstrate that loss of IFNγR and thus PD-L1 expression on LECs dur-

ing acute viral infection increased VacV-specific CD8+ T cell accumulation in skin leading

to enhanced local pathology though viral clearance was unaffected. Importantly, LECs are

not directly infected in this model53, however, it is unknown whether antigen-presentation

is necessary for the observed PD-L1 dependent T cell control. In tumors, both tumor and

myeloid cells express PD-L1 and their simultaneous presentation of antigen may also be

required for PD-L1-dependent inhibition of CD8+ T cell effector function73. While LECs

are capable of scavenging and cross-presenting antigen to CD8+ T cells in vitro144 and in

vivo145, and inhibition of PD-L1 on antigen-pulsed LECs in vitro enhances CD8+ T cell

priming111, whether tumor-specific antigen presentation is required for effector CD8+ T

cell control mediated by LEC PD-L1 in vivo remains unclear.

Alternatively, PD-L1 may function on non-hematopoietic cells to regulate lymphocyte

migration across barrier tissues, both endothelial and epithelial. PD-L1 expressed on

BECs inhibits transmigration in multiple sclerosis99; loss of PD-L1 on corneal epithelium

results in pathological CD8+ T cell infiltration and chronic dry eye disease98; and PD-1 on

islet-specific CD4+ T cells impairs pancreatic infiltration and diabetes onset in mice103.

Furthermore, normalizing doses of anti-angiogenesis therapy induced PD-L1 expression

by tumor-associated blood vessels leading to a synergistic response with PD-1 blockade

and improved CTL infiltration into tumor parenchyma91. Whether PD-L1 expressed on

endothelial cells specifically regulates T cell transendothelial migration in the absence of

simultaneous antigen presentation remains to be carefully studied in vivo.

Herein, we provide two lines of evidence to support in vivo functionality of non-

hematopoietic, LEC PD-L1. First, we generate bone marrow chimeras that lack PD-

L1 expression on hematopoietic and non-hematopoietic cells to demonstrate that non-

hematopoietic PD-L1 expression, in addition to expression by hematopoietic cells, influ-

ences intratumoral T cell activity. Second, we eliminate induction of PD-L1 expression in

a cell-specific manner by preventing LEC response to IFNγ . Using two lymphatic-specific
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Cre recombinases, we demonstrate that loss of IFNγ-sensitivity specifically in lymphatic

vessels unleashes CD8+ T cell immunity within tumor microenvironments leading to per-

sistent tumor control. Furthermore, using the immunogenic melanoma cell line, YUM-

MER1.7, we demonstrate that both loss of non-hematopoietic PD-L1 and loss of lym-

phatic vessel IFNγR exhibit similar patterns of tumor control, which initiate following T

cell accumulation in tumors approximately 10 days post implantation. It is still possible,

however, that a broader program of IFNγ-dependent immune suppressive mechanisms

contribute to the observed effects seen following lymphatic vessel-specific IFNγR dele-

tion and thus further exploration of the cellular and molecular mechanisms regulated by

IFNγ on peripheral lymphatic vessels is warranted.

Importantly, we observed systemic expansion of effector immunity in both PD-L1-/-

mice and those treated with antibodies blocking PD-L1. Loss of PD-L1 in the hematopoi-

etic compartment was sufficient for systemic effects indicating that hematopoietic PD-L1

may function to limit T cell priming or expansion in response to tumor antigen presenta-

tion in dLNs, as is also seen in LCMV Clone 13 infection76. Consistent with the hypothe-

sis that new lymphocyte recruitment contributes to PD-L1-based therapies, administration

of the small molecule FTY720, to prevent LN egress, inhibits α-PD-L1 therapy in tumor

models90. We observe elevated PD-L1 expression on migratory, cross-presenting CD103+

DCs required for antigen-specific T cell priming in LNs draining murine melanoma54,

while non-hematopoietic PD-L1 expression in LNs stromal cells109 remains unchanged.

Thus, our data, together with recently published work, indicates distinct roles and anatom-

ical sites of action for hematopoietic and non-hematopoietic PD-L1 in the host response

to tumors.

Finally, our data expands our model of lymphatic vessel contribution to anti-tumor

immunity115. VEGF-C-driven tumor associated lymphangiogenesis is correlated with in-

creased intratumoral inflammation and immune suppression in progressing tumors145, but

also generates tumor microenvironments more amenable to immunotherapeutic interven-

tion225. It is interesting to speculate that the suppressive mechanism elucidated here may

explain the improved response to immune checkpoint blockade in lymphangiogenic tu-
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mors225. While lymphatic vessels promote the recruitment and accumulation of T cell

inflammation in tumor microenvironments, we show that their activation in this context

generates negative feedback that if inhibited revives peripheral immune responses. As

such lymphatic vessels may be necessary for positive response to immune checkpoint

blockade. Furthermore, and consistent with previous work demonstrating that lymphatic

vessel density stratifies tumors with elevated TIL55, 223, 224, we demonstrate that the lym-

phangiogenic tumor stroma in primary human melanoma accumulates significant CD8+

T cell infiltrates. It is important to note that our samples exhibited a dominant excluded

infiltrate phenotype and thus our specific correlation with peritumoral infiltrates. Whether

changes in lymphatic vessel density only predict peritumoral rather than intratumoral ac-

cumulation remains to be evaluated in larger cohorts. A broader range of T cell involve-

ment in melanoma, however, is captured by TCGA analysis, which indicates correlation

between lymphatic-specific genes and T cell inflammation across all tumors, though the

geographic distribution of T cells is lost.

Our cumulative work now demonstrates that while the existing lymphatic vasculature

is required for de novo T cell priming53, 55, the remodeled, inflamed peripheral lymphatic

vasculature sequesters and inhibits effector immunity directly in peripheral tissue lead-

ing to tumor progression and contributing to locoregional metastasis254, 255. Ultimately,

though therapies targeting the suppressive tumor microenvironment can rescue anti-tumor

immunity, tissues ultimately activate multiple compensatory mechanisms to limit effector

T cell immunity, driving return to homeostasis and immune escape.

Taken altogether, the lymphatic vasculature, as a part of the non-hematopoietic tumor

stroma, is an active barrier to the effector arm of anti-tumor immune responses. The lym-

phatic vasculature activates programs of adaptive immune resistance following accumula-

tion of interstitial antigen-specific immunity thus acting as a tissue-resident, immunolog-

ical switch that balances immune function and damage. We propose that tissues provide

a physical scaffold within which immune responses must exert their effector function and

therefore are important regulators of local responses. It is interesting to speculate how, as

this tissue microenvironment is altered by pathological state, environmental challenge, or
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age, regional immunity may be similarly altered. Consideration of these tissue-specific

effects may provide critical insight into the heterogeneous responses observed across tis-

sue and tumor sites226 and may provide unique biomarkers of therapeutic response, and

consequently new local targets for clinical intervention.

Baseline Characteristic in Cohort at Inclusion
Number of patients 17
Age, years

Median (range) 55 (27-98%)
Primary Site

Trunk 8 (47.1%)
Upper Limb 6 (35.3%)
Lower Limb 2 (11.8%)
Other and Face 1 (5.9%)

Tumor size , mm
Median (range) 1.7 (1.0-6.9)

TNMa staging
1A 1 (5.9%)
1B 8 (47.1%)
2A 3 (17.6%)
2B 3 (17.6%)
2C 2 (11.8%)

Lymphovascular Invasion
Not Present 7 (41.2%)
Unknown/Indeterminate 10 (58.8%)

Metastasis
No Regional LNb 17 (100%)
Distal Metastasis 0 (0%)

Ulceration
ulcerated 6 (35.3%)
non-ulcerated 11 (64.7%)

Mitoses
present 7 (41.2%)
absent 3 (17.6%)

N/A 7 (41.2%)
Clark Level

I 0 (0%)
II 0 (0%)
III 2 (11.8%)
IV 2 (11.8%)
Unknown 13 (76.5%)

Table 2.1: Baseline characteristics of primary melanoma cohort at inclusion aTNM Classification of Malignant Tumors (TMN);
bLymph node (LN)
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Introduction
Immune checkpoint blockade targeting programmed cell death receptor 1 (PD-1) or its

ligand (PD-L1) has been successful in the clinic to treat metastatic cancer, however, treat-

ment is often limited by off target immune related adverse events (irAEs). IrAEs are

often low grade and include manifestations like rash and pruritus256–258 that require little

intervention. However, more serious irAEs, such as colitis and pneumanitis, can be life

threatening, requiring treatment discontinuation in 7-17% of patients259, 260. This num-

ber increases to 40% of patients when PD-1 and CTLA4 immune checkpoint blockades

are combined41, 259, 260. Importantly, irAEs requiring treatment discontinuation may sig-

nify a clinical response by the tumor261, therefore, decoupling irAEs from the antitumor

effects of immune checkpoint blockade may allow elimination or prevention of irAEs

without treatment discontinuation. Uncovering the mechanisms that contribute to α-PD-

L1-mediated irAEs is the first step to decoupling the effects of irAEs from the beneficial

antitumor function of treatment.

During α-PD-L1 therapy, the accumulation of T cells in non-tumor tissues contributes

to irAE formation. Though effector and memory T cells express the adhesion molecules

and chemokine receptors required for extravasation into tissues66, 170, they only infiltrate

tissues marked by activated vascular endothelium67. Conversely, uninflamed endothelium

prevents T cell entrance by not expressing the cell adhesion molecules required for ex-

travasation. Loss of the selectivity of this barrier could result in increased lymphocyte

dissemination and therefore increased probability that a self reactive T cell would en-
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counter its antigen in a tissue that it would normally be restricted from. The accumulation

of T cells in non-tumor tissues during α-PD-L1 therapy is associated with outbreaks of

irAEs such as autoimmune vitiligo262. Therefore during α-PD-L1 therapy either tissues

are becoming inflamed everywhere and allowing T cells to enter, or α-PD-L1 therapy

is permitting unrestricted access into non-inflamed tissues such that self reactive T cells

encounter their antigen and drive local reactivity.

Previously, I showed that tumor associated BECs express PD-L1 (Figure 2.3) and

demonstrated, using PD-L1-/- bone marrow chimeras, that loss of non-hematopoietic PD-

L1 increases CD8+ T cell accumulation in tumors without increasing systemic activa-

tion70. We also know that BECs express PD-L1 at steady-state in the skin of mice70,

however, it is unknown whether blockade of this source of PD-L1 contributes to increased

T cell accumulation in non-tumor sites and irAE formation. One possible hypothesis is

that non-hematopoietic PD-L1 limits T cell trafficking into or out of the tumor microenvi-

ronment. Here I test the hypothesis that BEC PD-L1 regulates leukocyte dissemination to

distal, non-tumor tissues and when blocked during α-PD-L1 immunotherapy contributes

to onset of irAE formation.

Results

BECs increase PD-L1 systemically during localized inflammation

We observed constitutive expression of PD-L1 in cutaneous BECs both at steady-state

and in response to challenge (Figure 3.1 A & B). We induced cutaneous inflammation by

intradermal tumor implantation, vaccinia virus (VacV) infection by scarification, delayed

type hypersensitivity response, or immiquimod induced psoriasis and assessed BEC PD-

L1 expression at the site of inflammation as well as in contralateral skin. This revealed

that, unlike LECs whose PD-L1 expression is restricted to sites of inflammation, BECs

increased PD-L1 expression in contralateral skin (Figure 3.1 C). IFNγ can induce PD-L1

expression on endothelial cells70, 111, therefore to test whether BEC PD-L1 increased in

contralateral skin is IFNγ-dependent I infected mice with VacV and administered IFNγ-

neutralizing antibody on day 3 and 6 post infection and then harvested contralateral skin
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on day 7. Indeed IFNγ neutralization decreased BEC PD-L1 expression (Figure 3.1 D).

Interestingly, it was not completely reduced, but was brought back down to the level of

naive ear skin, indicating that the low level of PD-L1 in steady-state skin may be IFNγ-

independent.

Figure 3.1: BEC PD-L1 is increased systemically during inflammation (A) Representative histogram (Isotype control, gray, naive
skin, black, and B16F10 tumor, red) of BEC PD-L1 expression in B16F10 tumors and quantification of BEC PD-L1 expression in
naive back skin and across indicated tumor models. (B & C) PD-L1 expression by BECs in inflamed (B) or contralateral (C) skin
of mice challenged with Vaccinia virus (Vaccinia), delayed-type hypersensitivity (DTH), imiquimod-induced psoriasis (Psoriasis), or
B16F10 melanoma (tumor). (D) BEC PD-L1 expression in skin contralateral to VacV infection in mice treated with α-IFNγ or IgG
isotype control. One-way ANOVA corrected for multiple comparisons (A-C). Students T test (D). NS = not statistically significant
∗p<0.05, ∗∗p<0.01, ∗∗∗∗p<0.0001.†††† p<0.0001 (compared to B16F10)

A subset of postcapillary venule BECs actively express STAT1-dependent
PD-L1 at steady-state in skin

Since cutaneous BECs express PD-L1 at steady state, and increase its expression in con-

tralateral skin following infection (Figure 3.1), it is likely that this PD-L1 may be a target

of α-PD-L1 blockade when given intravenously. Whether antibody blockade of BEC

PD-L1 has a functional significance is unclear. One key EC barrier function includes

regulating leukocyte transmigration. If BEC PD-L1 expression contributes to barrier se-

lectivity, then we hypothesize that BECs would express PD-L1. Therefore we started

by determining the extent to which PD-L1 is expressed by BECs in various tissues at

steady-state. About 40% of BECs isolated from skin, small intestine, and heart express

PD-L1 at steady-state in naive mice, while less than 10% of brain and lung ECs express

PD-L1 (Figure 3.2 A). Since IFNs induce PD-L1 expression by LECs70, we hypothesized

that BEC PD-L1 at steady-state is maintained by tonic IFN signaling. STAT1 is required

downstream of IFN receptors263 and is necessary for IFNγ-inducible PD-L1 expression

in LECs70, therefore to test the hypothesis that BEC PD-L1 at steady-state is maintained

by tonic IFN signaling we looked at PD-L1 expression in tissues from STAT1-/- mice.

Indeed, PD-L1 expression was decreased in STAT1-/- mice compared to WT mice (Fig-
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ure 3.2 B). Interestingly, there was no change in steady-state ICAM or P-selectin expres-

sion by BECs in tissues from STAT1-/- mice (Figure 3.2 C & D), indicating that steady-

state PD-L1, but not adhesion molecule, expression is maintained by a STAT1-dependent

signal. Cluster analysis performed on flow cytometry data of steady-state BECs isolated

from mouse skin revealed subsets of cutaneous BECs and segregation of PD-L1+ and

ICAM+/P-selectin+ populations (Figure 3.2 E). Quantification of ICAM and P-selectin

expression by PD-L1+ (P+) and PD-L1- (P-) revealed that PD-L1- BECs express more

ICAM and P-selectin at steady-state in the skin of mice (Figure 3.2 F & G). Lympho-

cytes transmigrate through postcapillary venules264, therefore we wanted to test whether

PD-L1 is expressed by BECs that comprise postcapillary venules which can be identified

by their expression of the glycoprotein endomucin265. PD-L1 expression is enriched on

endomucin+ BECs compared to endomucin- BECs in the skin of mice at steady-state (Fig-

ure 3.2 H). This also revealed that, as expected, ICAM and P-selectin expression are also

enriched on the endomucin+ BECs comprising postcapillary venules and indicates that

these are likely different capillary populations since PD-L1 and cell adhesion molecule

expression is mutually exclusive (Figure 3.2 I & J). Altogether this demonstrates that a

subset of postcapillary venules express STAT1-dependent PD-L1 at steady-state in the

skin of mice. Whether postcapillary venule PD-L1 expression contributes to leukocyte

accumulation in skin is unclear and an interesting question moving forward.

PD-L1 blockade does not change systemic immune response during
Vaccinia virus infection

To test the effect of BEC PD-L1 on leukocyte trafficking into uninflamed skin we used

used scarification with vaccinia virus (VacV) as a model to generate a systemic im-

mune response that only homes to the infected skin, leaving uninflamed contralateral skin

largely uninfiltrated66. Since BECs in contralateral skin express PD-L1(Figure 3.1 C) and

elevate expression in response to distal challenge, this gives us a model to ask whether α-

PD-L1 administration increases leukocyte infiltration to uninflamed skin. We first asked

whether α-PD-L1 administration changed systemic immune responses during VacV in-

fection. Mice were treated with α-PD-L1 and then infected with VacV by scarification on
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Figure 3.2: A subset of capillary BECs express STAT1 dependent PD-L1 at steady-state (A) Representative flow cytometry plots
and quantification of PD-L1 expression by steady-state BECs harvested from skin (S), small intestine (S.I.), lung (L), heart (H), and
brain (B) of mice. (B-D) Representative histograms and quantification of PD-L1 (B), ICAM (C), and P-selectin (D) expression on
steady-state BECs harvested from skin (S), small intestine (S.I.), lung (L), heart (H), and brain (B) of WT (light green) or STAT1-/-

mice (dark green). (E) Color heatmaps of PD-L1, ICAM, and P-selectin expression by cutaneous steady-state BECs follow cluster
analysis. (F & G) Representative flow plots of ICAM (F) and P-selectin (G) expression and quantification of ICAM (F) and P-selectin
(G) expression as a percent of PD-L1+ (P+) and PD-L1- (P-) steady-state BECs in the skin of mice. (H-J) Representative flow plots
and quantification of PD-L1 (H), ICAM (I), and P-selectin (J), expression as a percent of endomucin+ (dark blue) or endomucin- (light
blue) steady-state BECs in skin of mice. One-way ANOVA corrected for multiple comparisons (B-D). Students T test (F-J). NS = not
statistically significant, ∗∗p<0.01, ∗∗∗p<0.001, ∗∗∗∗p<0.0001

the ear pinna and tissues harvested either 1 or 10 days post infection (schematic, Figure 3.3

A). Flow cytometry analysis (gating scheme, Figure 3.3 B) revealed that α-PD-L1 treat-

ment did not change the number of systemic Ly6Chi or Ly6Cmid monocytes, neutrophils,

CD4+ T cells, CD8+ T cells, or MHC-I H2kb-restricted B8R20-27-specific CD8+ T cells

specific at either 1 or 10 days post infection (Figure 3.3 C & D). Thus, we concluded that

any changes we see in tissues likely stems from differences in trafficking.
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Figure 3.3: α-PD-L1 blockade does not effect the number of circulating leukocytes during vaccinia infection (A) Schematic:
mice were infected by scarification with VacV on left ear pinna. Antibodies were administered every three days starting on day 0. Mice
were euthanized and tissue collected on days 1 and 10 post infection. (B) Flow cytometry gating scheme for leukocyte populations
indicated. (C) Quantification of total number of Ly6Chi and Ly6Cmid monocytes in spleens of mice treated with α-PD-L1 (dark green)
or rat IgG control (light green) 1 day post infection. (D) Quantification of total number of neutrophils, CD4+ T cells, CD8+ T cells,
and B8R-specific CD8+ T cells in spleens of mice treated with α-PD-L1 (dark green) or rat IgG control (light green) 10 days post
infection. Students T test. NS = not statistically significant

PD-L1 blockade increases leukocyte accumulation in non-inflamed
skin independent of PD-1

Next, to investigate the contribution of BEC PD-L1 on leukocyte trafficking to inflamed

skin we treated mice with α-PD-L1 or rat IgG isotype control, infected with VacV, and

harvested the infected and contralateral uninfected ears 1 day post infection. We noticed a

two fold increase in accumulation of Ly6Cmid and Ly6Cmid immature monocytes in unin-

fected ears of mice treated with α-PD-L1 compared to isotype control (Figure 3.4 A). We

also observed an increase in Ly6Cmid but not Ly6Chi monocytes in infected ears of mice

treated with α-PD-L1 (Figure 3.4 B). Importantly, this occurred despite no change in cir-

culating monocyte populations (Figure 3.3 C). Interestingly, neither Ly6Cmid or Ly6Chi

monocytes expressed PD-1 in spleens, infected skin or contralateral skin (Figure 3.4 C).

This raised the interesting possibility that PD-1 ligation by PD-L1 might not be required

for increased monocyte accumulation in skin. Next to test whether PD-L1 blockade would

also increase T cell accumulation in the skin we infected mice with VacV in one ear and

treated with either α-PD-L1 or IgG isotype every three days and harvested on day 10 at

the peak T cell response53. We noticed a 4-fold increase in neutrophils, and 2-fold in-

creases in CD4+ T cells, CD8+ T cells, and B8R-specific CD8+ T cells specific for the
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immunodominant epitope of VacV in contralateral skin of mice treated with α-PD-L1

compared to isotype controls (Figure 3.4 D). Strikingly, we did not see any increase in

these populations in the infected ear (Figure 3.4 E) or spleens (Figure 3.3 D) of mice

treated with α-PD-L1. While there was little to no PD-1 expression on CD4+ T cells,

CD8+ T cells or B8R-specific CD8+ T cells in the spleen, all T cell subsets we analyzed

expressed high levels of PD-1 in both infected and contralateral ears (Figure 3.4 F). Tis-

sue infiltrating neutrophils remained PD-1 negative (Figure 3.4 F). To test the hypothesis

that PD-L1 blockade increases leukocyte recruitment independent of PD-1 expression,

mice were treated with α-PD-1 blocking antibody, then infected in one ear with VacV,

and tissues harvested 1 day post infection. There was no change in Ly6Cmid or Ly6Chi

monocyte accumulation in contralateral or infected ears of mice receiving α-PD-1 block-

ing antibody (Figure 3.4 G & H). This indicates that α-PD-L1 blockade may promote

leukocyte recruitment in non-inflamed skin independent of PD-1 ligation.

Discussion

Here I demonstrate that BECs express PD-L1 in inflamed tissue environments as well

as in skin contralateral to inflammation . Further I show that steady-state BECs in skin,

small intestine, and heart, but not in lungs or brain, express PD-L1 that is dependent on

host STAT1 signaling. Interestingly, PD-L1 expression marks a subset of postcapillary

venule BECs in the skin that is unique from those that constitutively express the adhesion

molecules ICAM and P-selectin. PD-L1 blockade during VacV infection increases Ly6Chi

and Ly6Cmid monocyte accumulation in uninfected skin 1 day post infection. Extending

PD-L1 blockade 10 days post infection led to increased neutrophil, CD4+ T cells, CD8+

T cells, and B8R-specific CD8+ T cell accumulation in uninfected skin. Importantly, α-

PD-L1 did not change the number of circulating Ly6Chi and Ly6Cmid monocytes on day 1

post infection or neutrophil, CD4+ T cells, CD8+ T cells, and B8R-specific CD8+ T cells

on day 10 post infection, indicating that changes in tissue accumulation were not due to

increased systemic populations. Monocytes that accumulated in uninfected or infected

skin did not express high levels of PD-1 and PD-1 blockade did not recapitulate increased

65



Chapter 3
PD-L1 Blockade Increases Leukocyte
Accumulation in Non-Inflamed Skin

Figure 3.4: PD-L1, but not PD-1 blockade increases leukocytes in uninfected skin Mice were infected with VacV by scarification
of the left ear pinna and treated with α-PD-L1, α-PD-1, or IgG every three days beginning on day0. (A & B) Quantification of
total number of Ly6Chi and Ly6Cmid monocytes in contralateral uninfected (A) or infected (B) ears of mice treated with α-PD-L1
or IgG 1 day post VacV infection. (C) Representative histograms and quantification of PD-1 expression by Ly6Cmid and Ly6Chi

monocytes isolated from spleens (gray), contralateral ear skin (blue) or infected ear skin (orange) 1 day post VacV infection. (D & E)
Quantification of total number of Neutrophils, CD4+ T cells, CD8+ T cells, or B8R-specific CD8+ T cells in contralateral, uninfected
(D) or infected (E) ears on day 10 post infection of mice that were treated with α-PD-L1 or isotype control. (F) Representative
histograms and quantification of PD-1 expression by Neutrophils, CD4+ T cells, CD8+ T cells, and B8R-specific CD8+ T cells in
spleens (gray), contralateral uninfected ear skin (blue), or infected ear skin (orange) on day 10 post infection. (G & H) Quantification
of Ly6Chi and Ly6Cmid monocytes in contralateral uninfected (G) or infected (H) ear skin on day 1 post infection of mice treated with
α-PD-1 or IgG. Students T test. NS = not statistically significant, ∗p<0.01
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monocyte accumulation seen with α-PD-L1 treatment, indicating that PD-L1 may impact

leukocyte accumulation independent of PD-1.

Reduced PD-L1 expression on homeostatic BECs in STAT1-/- mice indicates that a

STAT1-mediated signal is required for steady-state BEC PD-L1 it does not demonstrate

that this signal is directly on BECs. A BEC-specific STAT1-/- transgenic mouse would de-

termine whether STAT1 signaling within BECs is required or if there is another cell type

mediating this response. Nonetheless, my work shows that PD-L1 marks a subset of cap-

illary BECs that are distinct from those that express ICAM and P-selectin at steady-state.

Whether PD-L1+ BECs are interspersed with ICAM+/P-selectin+ BECs within the same

capillary or whether each subtype represents its own individual capillary is unclear. How

these two BEC subsets might differentially impact leukocyte entry into tissues remains an

interesting question moving forward.

I also demonstrate that PD-L1 blockade during acute viral infection increases leuko-

cyte recruitment into non-infected skin at early and late time points. Importantly, admin-

istration of α-PD-L1 during VacV infection did not change circulating monocyte, neu-

trophil, or T cell populations indicating that the systemic pool able to contribute to tissue

infiltration in both groups was the same. Therefore, we interpret the increased monocyte,

neutrophil, and T cell accumulation in tissues as a tissue-intrinsic phenomenon. Though

this experimental design demonstrates increased accumulation of leukocytes, we have not

determined whether this occurred due to increased leukocyte recruitment, increased pro-

liferation, decreased apoptosis, or decreased tissue egress during α-PD-L1 blockade. The

observation that α-PD-L1 increases Ly6Chi and Ly6Cmid monocytes early, 1 day post

infection, indicates that this increase might be from increased trafficking rather than the

other mechanisms that might take longer. Importantly, α-PD-1 blockade did not replicate

α-PD-L1-mediated increased monocyte accumulation 1 day post infection, indicating that

the PD-L1 may inhibit monocyte accumulation independent of PD-1. Consistently, mono-

cytes that accumulated within infected or non-infected skin express low levels of PD-1.

Altogether my data demonstrates that BECs in postcapillary venules express PD-L1,

and when PD-L1, but not PD-1, is blocked, monocyte accumulation increases in non-
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infected skin 1 day post infection. Though I lack the tools necessary to determine whether

BEC PD-L1 contributes to monocyte accumulation in uninfected skin, it is possible that

BEC PD-L1 limits leukocyte accumulation by preventing leukocyte recruitment indepen-

dent of PD-1 expression. Whether BEC PD-L1 impacts leukocyte behavior independent

of PD-1 is unknown. However, the intrinsic domain of PD-L1 in murine melanoma cells

inhibits STAT3 tyrosine 705 (Y705) phosphorylation and is blocked using α-PD-L1 an-

tibody266. Interestingly, VEGF-A and IL-6 also signal through STAT3 Y705 phospho-

rylation and destabilize VE-cadherin267, 268 – VE-cadherin destabilization is required for

leukocyte transmigration across endothelial barriers166–168. Whether PD-L1 expression

on BECs limits STAT3 Y705 phosphorylation in response to VEGF-A or IL-6 such that

VE-cadherin is not destabilized is unknown. Therefore I hypothesize that PD-L1 ex-

pression on capillary BECs contributes limiting leukocyte transmigration by stabilizing

VE-cadherin at EC cell-cell junctions.

Future Directions

To test the hypothesis that BEC PD-L1 expression stabilizes VE-cadherin at EC junc-

tions I will use human dermal microvascular endothelial cells (HMVECs) in vitro and

block PD-L1 by antibody and siRNA. The readouts for these experiments will be visu-

alization of HMVEC cell-cell junctions using immunofluorescence microscopy (IF) and

analysis of phosphorylation using western blotting (WB) and IF. If PD-L1 contributes to

VE-cadherin stabilization, then I anticipate that antibody blockade or knockdown of PD-

L1 will result in decreased concentration of VE-cadherin at cell junctions. VE-cadherin

phosphorylation at Y658 signals it for endocytosis and degradation during destabiliza-

tion269, therefore I also anticipate that PD-L1 blockade or knockdown will increase levels

of Y658 phosphorylation on VE-cadherin. It is possible that loss of PD-L1 will not in-

crease VE-cadherin stability in HMVECs in vitro at steady-state, but would in a context

that normally induces destabilization such as VEGF-A or IL-6 signaling267, 268. Therefore

I will perform the above experiments in the presence and absence of VEGF-A and IL-6.

Additionally, I will perform a cytokine array on mouse serum following VacV infection

to identify any other candidates that may contribute to endothelial stability. Any novel
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candidates will also be assessed as mentioned above.

To test the hypothesis that BEC PD-L1 prevents leukocyte TEM I will use in vitro

coculture systems with HMVECs and THP-1 (monocyte) and Jurkat (T cell) cell lines.

Though I hypothesize that BEC PD-L1 limits transmigration through EC junction stabi-

lization, adhesion, rolling and stopping are all steps required for leukocyte transmigration

and may be impacted by BEC PD-L1. To test the role of BEC PD-L1 on leukocyte ad-

hesion, rolling, and stopping, I will use flow chambers covered with PD-L1+ or PD-L1-

HMVECs and flow THP-1 or Jurkat cells over them and quantify the number of cells ad-

hering, rolling and stopping. To test whether BEC PD-L1 limits leukocyte transmigration,

I will seed HMVECs onto the upper chamber of a transwell insert and place THP-1 or Ju-

rkat cells on top in the presence or absence of PD-L1 blocking antibody. I will then count

the number of cells that have transmigrated across the HMVEC monolayer into the lower

chamber and anticipate that if PD-L1 limits leukocyte transmigration then I will observe

increased THP-1 or Jurkat cells in the lower well when HMVEC PD-L1 is blocked or

knocked down.

Conclusion

Immunotherapy harnessing the patients own immune system is an exciting approach in

the clinic to treat cancer, however, accompanying the clinical responses are treatment-

limiting irAEs driven by the inappropriate accumulation of T cells in non-tumor tissues

(e.g. skin, lung, gut). Distinguishing between the mechanisms that contribute to clinical

response and those that contribute to irAE formation is critical moving forward to main-

tain cancer treatment while simultaneously preventing and eliminating irAE manifesta-

tions. Under normal conditions, circulating effector and memory T cell populations are

restricted access to non-tumor sites, however during α-PD-L1 therapy they gain access

and initiate irAE formation, indicating that a loss of barrier selectivity by the endothelium

has occurred in these tissues. Understanding whether T cell accumulation in non-tumor

tissue during α-PD-L1 therapy occurs due to systemic activation of endothelium allow-

ing leukocyte entry everywhere, or whether α-PD-L1 permits otherwise restricted access

across uninflamed endothelium into non-tumor tissues is important for developing irAE
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treatments.
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Discussion

Summary of Key Findings
My work establishes peripheral lymphatic vessels as key players in the resolution of local

immunity. Initial experiments, either eliminating lymphatic vessels completely or over

expressing the lymphangiogenic growth factor VEGF-C, demonstrated the requirement

for lymphatic vessels to transport antigen to lymph nodes for T cell priming. My work

demonstrates that preexisting lymphatic vessels, independent of lymphangiogenesis, turn

off local immunity by limiting the number of T cells accumulating in the skin. This

work establishes a new paradigm that peripheral, in addition to LN resident LECs, also

directly suppress T cell responses. My work identifies peripheral lymphatic vessels as an

immunological switch within the TME that inhibits T cell-mediated tumor control and

opens the door to future mechanistic studies to identify novel targets for immunotherapy.

My research demonstrates that non-hematopoietic sources of PD-L1 within the TME

suppress T cell-mediated control of tumors. Initial experiments supported the hypothe-

sis that tumor cell PD-L1 expression prevents T cell mediated killing, however, we now

know that hematopoietic sources of PD-L1 also contribute to T cell inhibition. My work

establishes BEC and LEC PD-L1 as an additional, non-hematopoietic, source contributing

to dampened antitumor immunity in the TME. Further, I provide evidence that PD-L1+

BATF3+ cross-presenting DCs limit antitumor T cell activation in lymph nodes, indicat-

ing that α-PD-L1 blockade may also release PD-L1-mediated inhibition outside of the

TME. Careful dissection using, previously unavailable, PD-L1floxed mice96 is needed to

determine how each cell type contributes to PD-L1-mediated antitumor T cell suppression

to identify additional therapeutical targets or biomarkers predicting patient responses to

immune checkpoint blockade.
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Future Perspectives and New Questions

A new understanding of peripheral lymphatic vessels

My thesis research provides the first in vivo evidence that peripheral LECs inhibit ef-

fector T cell function in skin. This extends our understanding for how LECs participate

in immune suppression. Prior to my research, the working model was that LN LECs

delete naive, self-reactive CD8+ T cells109, 110, 140, 143. When tyrosinase specific CD8+

T cells are transferred into transgenic mice genetically engineered to present tyrosinase

peptide, they get deleted in a non-hematopoietic PD-L1 dependent manner109, 140. This

is credited to LECs because LN LECs constitutively express both the self antigen tyrosi-

nase110, 140 and PD-L1109 and they are the only LN stromal cell that induces tyrosinase-

specific CD8+ T cell proliferation ex vivo when pulsed with Tyr369 peptide110. However,

these observations are limited to in vitro coculture systems or in vivo models requiring

forced antigen presentation. Therefore, the relative physiological contribution of LECs

control over CD8+ T cell responses in vivo remained unknown. Additionally, it was un-

clear whether peripheral LECs may also activate similar mechanisms to control effector T

cell responses in a context-dependent manner. To fill this gap I used a genetic approach to

delete the IFNγR on LECs using lymphatic-specific LYVE1 or Prox-1 cre mice crossed

to IFNγRfloxed mice. My work now demonstrates that peripheral LECs respond to IFNγ

during ongoing immune responses, express PD-L1, and inhibit effector T cell accumula-

tion in vivo. We interpreted increased T cell accumulation in skin without increased CD8+

T cell priming as evidence that loss of IFNγR on LN LECs did not contribute to the in-

creased T cell accumulation in the skin. Thus, the new model of how LECs participate in

immune suppression is that LN resident and peripheral LECs both inhibit CD8+ T cells,

but at different times during the immune response; LN LECs delete naive self-reactive

CD8+ T cells in LNs and, I show, peripheral LECs limit effector T cell accumulation in

tissues and therefore promote immune resolution at the end of the immune response.

I demonstrated that peripheral LECs limit T cell accumulation in skin and tumors.

However, the specific mechanisms by which loss of IFNγ signaling in LECs leads to

increased T cell accumulation and enhanced T cell-mediated tumor control remain un-

72



Chapter 4 Discussion

known. Investigating the mechanisms contributing to this enhanced tumor control may

identify new targets for immunotherapy. The number of T cells present within a tissue at

any given time is dependent upon mechanisms of T cell trafficking, local T cell prolifera-

tion and local T cell apoptosis. We know that lymphatic vessels provide an exit route for

T cells from peripheral tissues and tumors68 and LECs induce proliferation and dysfunc-

tional activation (marked, in part, by increased apoptosis) of T cells in vitro110, 111, 145. We

also know that lymphatic vessels increase chemokine expression during inflammation131

and I demonstrate that, in addition to PD-L1, they also increase MHC-II in response to

IFNγ during inflammation (Figure 4.1). This indicates that inflammation increases both

chemokine expression and the molecules at the interface of a potential LEC-T cell interac-

tion. Whether LECs limit T cell accumulation dependent upon bulk trafficking properties

or through direct interaction with T cells has implications in targeting them for therapeutic

blockade in humans. To test the hypothesis that IFNγ-activated lymphatic vessels limit T

cell accumulation by increasing T cell egress, I would adoptively transfer photoconvert-

ible transgenic T cells into IFNγR∆LYVE1 mice, implant tumors, and track T cell egress out

of the tumors. To test the hypothesis that IFNγ-activated peripheral LECs suppress prolif-

eration or increase apoptosis of T cells in local environments, I would assess proliferation

markers and annexin V staining by T cells in tumors. The results of these initial exper-

iments would likely inform me of the overarching mechanisms contributing to increased

T cell accumulation in skin and provide the rationale for more detailed experiments to

dissect the molecular pathways involved.

Non-hematopoietic PD-L1 and beyond

Here I show for the first time that non-hematopoietic PD-L1 contributes to inhibiting an-

titumor immunity. The current model for how α-PD-L1 works in patients is that it blocks

PD-L1 expressed by tumor cells in the TME, thereby allowing cytotoxic CD8+ T cells

to kill the tumor. As such, PD-L1 expression by tumor cells is required for patients to

qualify for α-PD-L1 therapy. However, PD-L1 expression by tumor cells does not strat-

ify patient response to therapy74, 108; often PD-L1+ patients fail to respond and PD-L1-

patients do respond to α-PD-L1 therapy. This suggests that other, non-tumor, sources of
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Figure 4.1: LEC MHC-II expression is dependent upon IFNγ signal directly on LECs (A) PD-L1 expression by LECs in naive
or inflamed skin of mice challenged with imiquimod-induced psoriasis (Psor.), B16F10 melanoma (tumor) Vaccinia virus (VV), or
delayed-type hypersensitivity (DTH). (B & C) MHC-II expression by LECs in skin infected with VacV (B) or in B16F10 tumors (C)
of mice treated with α-IFNγ or isotype control. (D) MHC-II expression by LECs in ears on day 10 post infection in IFNγR∆LYVE1

mice (blue) or littermate controls (black). (E-G) MHC-II expression by tumor associated LECs in B16F10 (E), YUMM1.7 (F), or
YUMMER1.7 (G) tumors implanted into IFNγR∆LYVE1 mice (blue) or littermate controls (black). One-way ANOVA corrected for
multiple comparisons (A). Students T test (B-G). NS = not statistically significant, ∗p<0.05, ∗∗p<0.01, ∗∗∗p<0.001, ∗∗∗∗p<0.0001.

PD-L1 may also be inhibiting antitumor T cells. A complete understanding of the multiple

mechanisms by which PD-L1 inhibits T cell function both within and outside of the TME

is needed to improve therapy and to develop better biomarkers to identify those patients

likely to have favorable response. Tumor cell PD-L1 prevents T cell mediated killing in

vivo73, however, a role for host hematopoietic PD-L1 has also recently emerged. PD-L1+

myeloid cells in the TME and draining LNs may contribute by negatively regulating T

cell activation90, 107.

Here I show that non-hematopoietic PD-L1 inhibits T cell mediated tumor control by

limiting T cell accumulation in tumors. Though PD-L1 expression has previously been

reported on tumor associated blood and lymphatic vessels91, 111, the specific mechanisms

by which BEC and LEC PD-L1 expression contributes to T cell accumulation in tumors

remains unclear. PD-L1 delivers an inhibitory signal to T cells that dampens TCR signal

propagation during antigen encounter. PD-L1 expressed by infected BECs protects them

from T cell-mediated killing during chronic viral infection92 and PD-L1 blockade dur-

ing in vitro coculture experiments increases naive CD8+ T cell activation by BECs and
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LECs111, 270. Therefore, when ECs are presenting viral antigens or pulsed with peptide,

they can inhibit antigen-specific T cell function. Whether tumor associated ECs present

tumor antigens such that they can directly affect tumor specific T cell proliferation or

apoptosis is unknown. Interestingly, LECs can scavenge and cross-present tumor antigens

in the TME145, however the functional relevance of this on antigen specific T cell function

in the TME is not known. Alternatively, since BECs and LECs represent entry and exit

points of the TME, respectively, it is also possible that their PD-L1 expression impacts

T cell accumulation by regulating T cell trafficking into or out of the TME. Tumor asso-

ciated vasculature selectively regulates leukocyte entry by several mechanisms including

endothelin-1 and VEGF-A mediated down regulation of cell adhesion molecules and ex-

pression of Fas ligand206. Tumor associated EC PD-L1 expression may be another mech-

anism that selectively inhibits T cell entry into tumors. PD-L1 ligation to PD-1 on T cells,

recruits SHP-2 to the cell membrane, where it dephosphorylates CD2880. SHP-2 however,

also dephosphorylates other targets, such as focal adhesion kinase271 and contributes to

increased cellular motility271–273. Therefore PD-L1 expressed by tumor associated ECs

may impact T cell motility on the lumenal surface and alter kinetics of adhesion, rolling,

and subsequent transmigration across the endothelium independent of antigen presenta-

tion. It remains to be seen whether EC PD-L1 inhibits T cell accumulation only in tumors

or may also do so other non-tumor tissues. As such, if tumor antigen is not required, then

α-PD-L1 blockade may increase T cell accumulation into any tissue possessing PD-L1+

BECs and contribute to irAEs in this way. A complete understanding of the mechanisms

that contribute to patient response following immune checkpoint blockade will improve

response and may provide insight into how to limit irAEs.

My work (Chapter 2 & Appendix A) shows that hematopoietic PD-L1 contributes to

antitumor T cell activation, and therefore demonstrates that hematopoietic PD-L1 func-

tions outside of the TME to limit antitumor immunity. This is important because sources

of PD-L1 outside of the TME are not used to qualify patients for α-PD-L1 therapy. De-

spite data that demonstrates a role for hematopoietic PD-L1 in limiting T cell priming

during chronic viral infection76, the response to α-PD-1/α-PD-L1 blockade is thought to
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be mediated directly in the TME. This model is supported by experiments demonstrat-

ing that the T cells present in B16F10 tumors on day 4 post implantation are sufficient

to control tumors during α-PD-L1/α-CTLA4 combination therapy69. These studies, also

demonstrated that combination therapy increases the number of circulating tumor spe-

cific T cells at later timepoints, therefore indicating that combination therapy may also

increase T cell activation69. Whether systemic activation contributes to tumor control in

patients is unknown. Further, recent data demonstrates that T cell activation is increased

in tumor dLNs of mice treated with α-PD-L1107 and the benefit of α-PD-L1 is lost in

mice that have been depleted of PD-L1+ CD11b+ myeloid cells90. This, along with my

data, is consistent with studies in melanoma patients showing increased circulating T cells

three weeks after α-PD-1 therapy89. Altogether this supports a new model whereby PD-

L1 both inhibits T cell function in the TME and restrains T cell priming in tumor dLNs,

such that the efficacy of clinical blockade may stem from a release of priming inhibition

independent of whether tumor cells express PD-L1 or not. Thus, biomarkers are needed

for α-PD-L1 therapy beyond biopsies of the tumor, as these may identify patients with

PD-L1-mediated inhibition of T cell priming that are likely to respond.
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T cell activation in BATF3-/-:PD-L1-/-
mixed bone marrow chimeras
During chronic viral infection, both hematopoietic and non-hematopoietic PD-L1 limit

CD8+ T cell activation and local effector function, respectively, contributing to protecting

the host from viral immunopathology76. I demonstrated that in tumors both of these com-

partments contribute to decreased CD8+ T cell accumulation and function within tumor

microenvironments(Figure 2.1). However, while non-hematopoietic PD-L1 only had a

local affect on accumulation, it appeared that hematopoietic PD-L1 also had a systemic

affect on T cell activation (Figure 2.2). Interestingly, I found that CD103+ and CD8α+

cross-presenting DCs have increased PD-L1 expression in tumor DLNs compared to those

in non-tumor DLNs (Figure 2.2), indicating that they may be the source of hematopoietic

PD-L1 that contributes to increased systemic activation. Consistent with this, CD103+

DCs are the DC responsible for CD8+ T cell priming in B16F10 tumors54. Altogether

these observations led to the hypothesis that CD103+ DC PD-L1 limits antitumor T cell

activation.

To test this hypothesis I implanted tumors into mice whose cross-presenting BATF3+

DCs lack PD-L1 expression. To accomplish this, I generated mixed bone marrow chimeras

by reconstituting lethally irradiated WT mice with a 50:50 mix of BATF3-/-:PD-L1-/-

bone marrow. Since BATF3-/- hematopoietic cells cannot form cross-presenting DCs,

any cross-presenting DC in these mice is generated from the PD-L1-/- bone marrow and

is PD-L1 deficient. Additionally, any other hematopoietic cell derived from the BATF3-/-

bone marrow will still possess PD-L1. Thus these mice possess a PD-L1+ hematopoietic

compartment except for BATF3+ cross-presenting DCs. I also generated WT into WT

and full PD-L1-/- into WT (W-W, P-W, respectively) control mice. Upon verification of
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mixed bone marrow chimeras

Figure A.1: Increased systemic T cell activation in BATF3-/-:PD-L1-/- mixed bone marrow chimeras Lethally irradiated WT
mice were reconstituted with either WT, 50:50 mix of BATF3-/-:PD-L1-/-, or PD-L1-/- bone marrow generating WT controls (W, white),
BATF3-/-:PD-L1-/- mixed chimeras (M, light blue), or hematopoietic PD-L1-/- chimeras (P, dark blue). B16F10.OVA tumors were
implanted intradermally into reconstituted chimeras. (A-C) Quantification of total number CD8+ T cells (left panel) and expression
of activation markers (middle and right panels) of T cells collected from tumors (A), spleens (B), and draining lymph nodes (C) of
WT, mixed, and PD-L1-/- bone marrow chimeras on day 14 post implantation. One-way ANOVA corrected for multiple comparisons.
∗p<0.05, ∗∗p<0.01, ∗∗∗p<0.001

successful engraftment, I implanted tumors into these mice, monitored tumor growth, and

harvested tumors and lymphoid organs on day 14 post implantation. Similar to full PD-

L1-/- chimeras, mixed BATF3-/-:PD-L1-/- chimeras also had increased tumor infiltrating

CD8+ T cells that expressed higher levels of activation markers (1B11 and PD-1) com-

pared to W-W controls (Figure A.1 A). We saw no significant difference in the number

of circulating CD44+ activated CD8+ T cells in spleens, however they expressed higher

levels of activation markers in both mixed BATF3-/-:PD-L1-/- and full PD-L1-/- chimeras,

although the extent of expression in mixed chimeras was not as high as full knockouts

(Figure A.1B). Similarly, there was no difference in the number of activated CD8+ T cells
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in draining LNs, but they expressed higher levels of activation markers (Figure A.1C).

Again, the BATF3-/-:PD-L1-/- mixed bone marrow chimeras did express increased activa-

tion markers, but not to the same extent as full PD-L1-/- chimeras (Figure A.1 C). Alto-

gether this indicates that loss of PD-L1 by BATF3+ DCs, which includes both CD103+

and CD8α+ subsets, contributes to dampened antitumor CD8+ T cell activation.

Together, this data indicates that PD-L1 expressed by cross-presenting DCs limits

antitumor T cell activation. Interestingly, circulating CD8+ T cells increase in melanoma

patients within the first three weeks following α-PD-1 treatment89, indicating that the

effect of PD-1 therapy might occur during T cell activation or reinvigoration of exhausted

T cells in LNs or spleens. Further studies are needed to determine the other cell types that

contribute PD-L1. Additionally, a BATF3-cre:PD-L1floxed mouse is needed to definitively

determine the role of cross presenting DC PD-L1 on antitumor T cell activation.
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Methods
Mice

Specific pathogen free C57BL/6J, and B6 CD45.1 Pep Boy mice were purchased from

The Jackson Laboratory. PD-L1-/- were provided by Dr. Halina Offner Vandenbark, Ore-

gon Health & Science University and Prox1:Cre-ERT2 were provided by Dr. Victor H.

Engelhard, University of Virginia in agreement with Dr. Taija Makinen, Uppsala Uni-

versity. Tg(TcraTcrb)1100Mjb/J (OT-I mice, Stock No. 003831), Lyve1:Cre (Stock No.

012601), IFNγRfl/fl (Stock No. 025394) mice were purchased from Jackson, and all

breeding was maintained at OHSU in specific pathogen free facilities. All mice were pre-

viously backcrossed over ten generations to the C57BL/6 background. Tyr:Cre-ER (Stock

No. 012328), BrafV600E(Stock No. 017837), Ptenfl/fl (Stock No. 006440) mice were

purchased from Jackson Labs and crossed in-house to generate Tyr::CreER;BrafCA/+;Pte-

nfl/fl (BPC) mice for tumor induction. For all in vivo studies sex matched 8-10-week-old

mice were used with at least 3-5 mice per group. Bone marrow chimeras were sexed

matched 16-20-week-old mice. Lymph nodes from STAT1-/- mice were generously do-

nated by the Dr. Timothy J. Nice Lab, Oregon Health & Science University. All animal

procedures were approved by and performed in accordance with the Institutional Animal

Care and Use Committee (IACUC) at Oregon Health & Science University.

Cell Lines

B16F10 (ATCC, Stock No. CRL-6475), B16F10.OVA murine melanoma, and MC38

murine adenocarcinoma cells (ATCC, Stock No. CRL-6475) were passaged in Dulbeccos

Modified Eagle Medium (Invitrogen) supplemented with 10% fetal bovine serum (Atlanta

Biologicals) and 1% penicillin streptomycin (Gibco). Yumm1.1, Yumm1.7239, and YUM-
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MER1.7238 were passaged in 1:1 DMEM:F-12 supplemented with 1% L-glutamate, 1%

non-essential amino acids, 10% FBS and 1% penicillin streptomycin. iLECs144 passaged

in 1:1 low glucose DMEM:F12 (Gibco), supplemented with 20% FBS, 1% penicillin

streptomycin, Bovine endothelial cell growth supplement (10µg/mL, BD Biosciences),

heparin (56µg/mL, Sigma), and IFNγ (100ng/mL). Primary human LECs (lonza hmVEC-

dLy, CC-2810), cultured according to manufacturers recommendation.

Tumor Studies

5 x 105 B16F10.OVA, MC38, YUMM1.7, or YUMMER1.7 tumor cells were implanted

intradermal into the flank of mice. Tumor growth was measured daily using digital

calipers to measure the long and short axis. Average diameters were used to calculate

spherical volume. Tumors were harvested and digested with collagenase I & II (Gibco),

collagenase IV (Gibco), or Collagenase D (Sigma-aldrich) for 30-60 min at 37◦C. Digests

were then passed through a metal screen and 70 µm pore filter. Enrichment for lympho-

cytes was performed using a Lymphoprep gradient (StemCell Technologies) according to

manufacturers protocol.

Listeria monocytogenes infection

ActA-deficient Listeria monocytogenes was grown in tryptic soy broth (Sigma-Aldrich)

supplemented with 50µg/mL Streptomycin (Sigma-Aldrich) at 37◦C until OD600 = 0.1

(108 CFU/mL). 107 CFU in 200 µL PBS were transferred intravenously into mice.

Vaccinia Virus Infection

Vaccinia virus expressing the recombinant antigen (VacV-GP33) was propagated in BSC-

40 cells using standard protocols. Mice were infected cutaneously by 25 pokes with a

29-guage needle following administration of 5x106 plaque forming units (PFU) VacV in

10µl PBS to the ventral side of the ear pinna (scarification). Virus is propagated using

standard protocols. Ear thickness was measure by digital calipers.
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Imiquimod induced psoriasis

Psoriasis was induced using imiquimod, as previously described. Specifically, the back

hair of C57BL6 mice was removed using electric razor. Mice received a daily topical dose

of 62.5 mg 5% Imiquimod Cream (Perrigo) or Cetaphil cream, as vehicle control, for 4

days. Mice were sacrificed and skin collected on day 5.

Delayed Type Hypersensitivity

DTH was induced by application of DNFB solution (150µL 0.5%) in acetone/olive oil

(4:1) to shaved backs of mice. 4 days later, right ears were challenged with DNFB solution

(20µL 0.3%) and left ears treated with vehicle. Animals were sacrificed 2 days later.

Human Melanoma samples

5 µm sections of archived formalin fixed-paraffin embedded (FFPE) of stage I and II hu-

man primary melanoma resections were obtained Oregon Health and Science University

(OHSU) Knight Biolibrary and the OHSU Department of Dermatology research repos-

itory (Table S1). Acquisition and use of human samples was performed in accordance

with the Institutional Review Board (IRB) at Oregon Health & Science University.

Flow cytometry and antibodies

The following fluorescent dye-conjugated antibodies against surface and intracellular

antigens were used: B2-20 (RA3-6B2, BioLegend), CD103 (2E7, BioLegend), CD106

(429, BioLegend), CD11b (M1/70, BioLegend), CD11c (N418, BioLegend), CD31 (MEC

13.3, BD Biosciences), CD3e (145-2C11, BioLegend), CD4 (GK1.5, BioLegend), CD43

activation-glycoform (1B11, BioLegend), CD44 (IM7, Tonbo), CD45 (30-F11, BioLe-

gend), CD45.1 (A20, BioLegend), CD45.2 (104, Tonbo), CD8 (53-6.7, Tonbo), CD90.1

(OX-7, BioLegend), F4/80 (BM8, BioLegend), I-A/I-E (M5/114.15.2, BD Biosciences),

IFNγ (XMG1.2, Tonbo), PD-1 (29F.1A12, ), PD-L1 (MIH5, BD Biosceinces), Podoplanin

(8.1.1, BioLegend), pSTAT1 (612564, BD Biosciences), TNFa (MP6-XT22, BioLegend).

Single-cell suspensions were prepared from tumors by digestion with Collagenase D (1
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mg/mL, Sigma) and DNAse (50 U/mL, Sigma, for leukocyte extraction) or collagenase

IV (2200 U/mL, Worthington Biomedical) and DNAse (50 U/mL, Sigma, for endothelial

cell extraction). Whole-tissue suspensions were then generated by gently forcing the tis-

sue through a wire mesh screen and then filtered through 70µm pore nylon cell strainers.

Leukocytes were enriched using Lymphoprep (StemCell Technologies) as per manufac-

tures instructions. Single cell suspensions were stained and fixed with 2% paraformalde-

hyde. All data were acquired with a BD Biosciences Fortessa or LSRII flow cytometer and

analyzed using FlowJo Software (TreeStar Inc.). Intracellular cytokine staining was per-

formed as described above and fixed with BD Cytofix/Cytoperm (BD Biosciences). All

antibodies were obtained from BD Biosciences, BioLegend (San Diego, CA), or Tonbo

Biosciences (San Diego, CA) unless otherwise specified. H2-Kb restricted, B8R20-

27 and Ova.SIINFEKL Tetramers were obtained from the National Institutes of Health

tetramer core facility.

Immunohistochemistry and Immunofluorescence

Immunofluorescence: Lymph nodes were fixed in 1% paraformaldehyde (24 hours at

4◦C) transferred to 15% sucrose (overnight at 4◦C) followed by 30% sucrose (overnight

at 4◦C) then indirectly frozen in O.C.T. Compound (cat. no. 23-730-571, Fischer Scien-

tific). 30µm sections (Fischer Scientific Cryotome) were blocked using 1:1 2.5% normal

goat serum: 2.5% BSA solution, primaries were added for 2 hours at room temperature.

Sections were stained with secondary in 1.25% BSA for 1 hour at room temperature,

followed by incubation with DAPI nuclei stain (ThermoFisher Scientific) for 5 minutes

at room temperature. Slides were sealed with SlowFade Gold antifade reagent (Invitro-

gen) and imaged a Zeiss ApoTome.2 fluorescent microscope(CarlZeiss) and processed

using ZEN software (CarlZeiss). Antibodies: CD3ε (Cat. No. 550277, BD biosciences),

B220 (RA3-6B2, BioLegend), and LYVE1 (103-PA50, Reliatech), Anti-hamster A546

(A21111), anti-rabbit A488 (A21206), and anti-rat A647 (A21472) from Life Technolo-

gies. Immunohistochemistry: Tissues were isolated from mice and fixed in 10% formalin

for 24h at room temperature. Tissues were dehydrated and then embedded in paraffin wax
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and cut in 7µm sections. Heated, citrate antigen retrieval was performed for 15 minutes

(cat. No. HK086, BioGenex). Sections were blocked with 2.5% BSA for 1 hour at room

temperature and then stained for 2 hours with primary antibodies in 1.25% BSA at room

temperature. Sections were stained with species-matched HRP-conjugated ImmPRESS

polymers (VectorLabs) for 1 hour at room temperature and visualized using Bajoran Pur-

ple (SKU BJP811, BioCare Medical). Sections were imaged on a Leica Aperio Scanscope

AT slide scanner and processed using Aperio Imagescope (Leica Biosystems). Antibod-

ies: CD3ε (550277, BD Biosciences), B220 (RA3-6B2, BioLegend), LYVE1 (103-PA50,

Reliatech), F4-80 (CL;A3-1, BioRad), CD45 (30-F11, BD Biosciences), GP38 (AF3244,

R & D Systems. Image analysis of infiltrating leukocytes was performed using Aperio

ImageScope software (Leica) and their Membrane Image Analysis algorithm to classify

positive cells (+3) or by manual count (mast cells, F4/80+, vessels) in blinded samples

and enumerated per length of tissue. Number of cells/length from two sections of each

ear were averaged. Epidermal and dermal thickness was determined through direct mea-

surement of epidermis at 5 places along length of ear. Two sections of each ear were av-

eraged. Lymphatic and blood vessel density was determined by manual count in blinded

samples per length of tissue or as percent positive pixel area in >6 representative regions

of interest per sample.

Bone Marrow Chimeras

8-12-week-old recipient mice received two doses of whole-body radiation (500 rads and

450 rads, 4 hours apart) using an X-ray Irradiator. Bone marrow was isolated from hind

limbs of donor mice and 5-10x106 cells injected intravenously into recipients. Mice were

maintained on 2 mg/mL Ampicillin (Fisher Bioreagents) antibiotic water changed twice

per week for 6 weeks. Mice were bled to check for efficient chimerism (>80%) and

enrolled in studies 8 weeks post radiation.
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T Cell Activation and Adoptive Transfer

Spleens were passed through a 70 µm filter and lysed with ammonium-chloride-potassium

(ACK) lysis buffer. 5-6 x 106 splenocytes were plated in RPMI media (Gibco) supple-

mented with 10% fetal bovine serum (Atlanta Biologicals) and 1% penicillin streptomycin

(Gibco). Wildtype splenocytes were activated by plate-bound α-CD3 (10 µg/mL, 145-

2C11, Tonbo) and α-CD28 (2 µg/mL, 37.51, eBioscience) supplemented with 100 U/mL

IL-2 (Peprotech) for 72 hours at 37◦C. OT-I splenocytes were stimulated with SIINFEKL

(1nM, Biosynthesis) supplemented with 100 U/mL IL-2 for 72 hours at 37◦C. Alterna-

tively, T cells were activated in vivo following transfer of naïve CD8+ TCR-tg OT-I T cells

into WT mice and infection one day later with 107 CFU attenuated WT Listeria mono-

cytogenes (LM) or LM expressing the cognate antigens ovalbumin (LM-OVA). Spleens

were harvested on day 7 post LM infection, passed through 70 µm-pore filter (VWR)

and RBCs lysed with ACK lysis buffer. CD8+ effector T cells were isolated using Easy-

Sep Mouse CD8+ T cell isolation kit (StemCell Technologies) according to manufactures

instructions. 106 activated CD8+ T cells were transferred into tumor-bearing mice by

intravenous injection.

LN digestion protocol

Cervical, inguinal, axillary, brachial, and mesenteric lymph nodes were harvested into

digestion buffer (DMEM -pyruvate, Gibco 41965-062, 1% pen/strep, 1.2 mM CaCl2,

2% FBS, no β -mercaptoethanol) and capsule teased apart with 26G needle. Single cell

suspensions were generated by sequential digestion with collagenase IV (220U/mL) and

DNAse (>80U/mL) followed by collagenase D (0.7854U/mL) and DNAse (>80U.mL)

as previously described144, 145.

TCGA

Upper-quartile normalized RSEM (RNAseq by Expectation Maximization) expected counts

from the Cancer Genome Atlas (TCGA) were taken from the Broad Institute Firehose

and clinical variables taken from the UCSC Genome Browser. Non-glabrous melanoma
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samples (n=231) representing primary cutaneous (n=103), regional cutaneous metastases

(n=74), and distant metastasis (n=54) but not regional lymph node metastases were ex-

tracted and log-transformed for analysis. Scores were calculated as the first principal

component of each gene set: Lymphatic Score, VEGFC, LYVE1, PDPN; T cell inflamma-

tion score, CD8A, CCL2, CCL3, CCL4, CXCL9, CXCL10, ICOS, GZMK, IRF1, HLA-

DMA, HLA-DMB, HLA-DOA, HLA-DOB274; Type II IFN score, IFNγ , STAT1, CCR5,

CXCL9, PRF1, HLA-DRA, CXCL10, CXCL11, IDO1, GZMA275. Lymphatic score was

stratified to high and low cohorts LSlo (< mean-0.5∗SD; n=71), LShi (> mean+0.5∗SD,

n=68).

Multiplexed, sequential immunohistochemistry (mIHC)

Sequential chromogenic immunohistochemistry was performed as previously described242,

using a modified protocol. In brief, 5 µm FFPE tissue sections of human primary melanoma

were de-paraffinized and subsequently stained with hematoxylin (GHS116, Sigma-Aldrich)

to visualize nuclei. Following whole-tissue scanning using Aperio ImageScope AT (Le-

ica Biosystems), heat-mediated antigen retrieval in antigen retrieval Citra Plus solution

(HK080-9K, BioGenex) was performed. Subsequent iterative cycles of standard IHC

were performed using primary antibodies against CD8 (C8/144B, Thermo Fisher), CD31

(JC70A, Dako) or CD34 (QBEnd-10, Thermo Fisher), podoplanin (D2-40, Covance),

and S100 (antibody cocktail, Biocare Medical), followed by detection with ImmPressTM

IgG-polymerized peroxidase reagents (Vector Laboratories) and visualization with AEC

(Vector Laboratories). After whole tissue scanning, AEC was removed using ethanol,

antibody was stripped in heated citrate buffer, and the next staining cycle with the next

primary antibody was performed. Tissues were treated with 10% H2O2 (Fisher Chemical)

for 10 min at 60 ◦C immediately after deparaffinization to remove pigmentation.

Image processing

Serial digitized images were processed using a computational image analysis workflow

described previously242 to align and visualize several markers simultaneously in a single
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pseudo-colored image. From whole-tissue serial images rectangular regions of interest

with an area of 6.25 mm2 were selected based on quantitative analysis of CD8+ cell-

density. One to three high-density CD8+ T cell-regions of interest (ROI) that included

both stromal tissue and tumor parenchyma were chosen from each patient sample for

analysis. Images of nuclei, CD8, CD31 or CD34, podoplanin and S100 staining were

processed to obtain quantitative and spatial information of staining intensity on a single

cell-level, and analyzed using FCS Express 5 Image Cytometry Version 5.01.0080 (De

Novo Software). Tumor segmentation masks to distinguish intratumoral and peritumoral

regions were generated from the images of cell nuclei and the tumor marker S100 of

the same tissue region. The segmentation pipeline is a succession of thresholding and

mathematical morphology operations: First, the nuclei image is used to define the parts of

the image covered by tissue using triangle thresholding. S100-positive areas are detected

within the ROI by computing an alternate sequential filter (a succession of opening and

closing with structuring elements of increasing sizes), followed by a triangle thresholding

and a cleaning with closing and opening operations which fill gaps and holes and remove

artifacts, to generate a black and white-mask for the image region covered by tumor.

Vessel segmentation

Whole vessel segmentation was performed using Otsus method to segment blood and

lymphatic vessels based on the intensity of CD31+ or CD34+ and podoplanin+ staining:

Blood vessels were defined as CD31 or CD34-single positive, lymphatic vessel masks

were generated using the intersection of masks generated from podoplanin staining with

CD31 masks, or, when staining with CD34, from podoplanin staining alone. The seg-

mentation masks were refined with morphologic operation such as closing operation, i.e.

dilation, followed by erosion using the same structuring element for both operations. En-

dothelial cell type was identified based on mIHC marker expression using image cytom-

etry analysis, and vessel annotation was refined using the identified endothelial cell types

and their location data; the image analysis output and threshold values from image cytom-

etry were used to identify endothelial cells. The most frequent endothelial cell type within
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the individual segmented vessels was determined, and vessel type was re-annotated based

on the most frequent cell types in the segmented region. Finally, vessel segmentation

and annotation was validated by visual assessment by an investigator to exclude objects

falsely annotated as vessels due to unspecific staining, background, or errors in annotation

overlooked by the automated procedure described above.

Extraction of Spatial Proximity and Distance Measurements

CD8+ T cell positional data was used to measure distance from each individual T cell to

the annotated vessels and tumor border. Using the Quickhull Algorithm for Convex Hulls,

dsearchn function in MATLAB R2016, the shortest distance between T cell centroids and

the boundary of the vessel segmentation mask was measured to determine T cell distance

to vessels within peri- and intra-tumoral regions, respectively. Similarly, the shortest

distance between T cell centroids or centroid of the vessels segmentation masks to the

tumor border (boundary of the tumor tissue segmentation mask) were determined.

Statistical Analysis

Statistical analyses were performed using GraphPad (Prism). In all cases parametric or

non-parametric Students t-test (2 groups), or One-way ANOVA for multiple pairwise test-

ing (>2 groups) were performed as indicated. Changes in tumor growth were determined

following approximation of linear regression and comparison of mean slope and varia-

tion. Analysis of survival was performed using Mantel-Cox test. p<0.05 was considered

significant in all studies, indicated by ∗. All experiments were performed independently

2-3 times and data presented as cumulative or representative data as indicated. Details

may be found in each figure legend.
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