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ABSTRACT

The lymphatic system is the main transport route for fluid, antigens, exosomes, and immune

cells from peripheral tissues to the lymph nodes (LNs). Lymphatics pervade all tissues and

surround the LN capsule as well as penetrating into the T cell zone. Lymphangiogenesis,

or lymphatic vessel proliferation, is a process dependent on the VEGF-C/VEGFR-3 axis.

The first part of this thesis elucidates the role of the VEGF-C/VEGFR-3 axis in modulating

vaccine outcomes and immunotherapy efficacy in cancer. In the second part of this thesis, I

will assess the mechanisms of action of collagen-binding cytokines for cancer immunotherapy.

Chapter 1 introduces to the main concepts contained within this thesis, including a de-

scription of the lymphatic system as well as known functions of lymphatic endothelial cells

(LECs). I furthermore explore other key concepts such as cancer immunotherapy and char-

acteristics of a vaccine response, including antibody subclasses and their distinct functions.

In Chapter 2, I explore how the VEGF-C/VEGFR-3 axis modulates the vaccine response. I

observe that the VEGFR-3 axis modulates type 2 immunity, specifically through regulation

of cytokine secretion by T cells and downstream IgG1 class switch, and this affect was depen-

dent on LEC MHC II. Chapter 3 elucidates mechanisms by which intratumoral lymphatics

in VEGF-C overexpressing melanomas potentiate immunotherapy efficacy. Here I determine

that LEC derived CXCL9 and the CXCR3 axis are critical for driving therapeutic efficacy

in an adoptive cell transfer immunotherapy model. Chapter 4 explores the mechanisms of

action of two distinct collagen-binding domain (CBD) cytokine therapies that were combined

with CBD-IL-12 to form distinct combinations with the toxic, but highly effective, IL-12.

By combining IL-12 with other less toxic cytokines, GM-CSF and IL-7, the effective dose of

IL-12 could be lowered dramatically without affected toxicity. I demonstrate that while both

cytokines synergize excellently with CBD-IL-12, they have completely distinct mechanisms

of action. Lastly, in Chapter 5 I discuss future directions for interesting and relevant avenues

of exploration based on the novel work presented herein.
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CHAPTER 1

INTRODUCTION

1



1.1 The Lymphatic System

The lymphatic system is a network of vessels whose canonical function is drainage [1]. Lym-

phatics vessels pervade throughout the body in most tissues such as the skin, meninges,

and intestine and connect these tissues to the lymph nodes [2] The cellular component of

the lymphatic system is the lymphatic endothelial cell (LEC), which are the endothelial

cell component that lines the interior of the lymphatic vessel. LECs are characterized by

expression of the master transcription factor, Prox1, and its main mitogenic growth factor

receptor—vascular endothelial growth factor receptor 3 (VEGFR-3) [2–4].

Since, lymphatics serve as key connections between peripheral tissues and lymph nodes,

they are essential for proper coordination of adaptive immune responses. Immune responses

in mice without dermal lymphatics are severely impaired, and current literature suggests that

migratory DC traffic to the lymph node is mediated by the lymphatic endothelium [5–7].

While certainly not the only important cell type in initiating an adaptive immune response,

DCs are particularly effective activators of both CD4 and CD8 T cells, and as such are

critical. DC migration is CCR7 dependent, and the CCR7 ligand, CCL21 is constitutively

expressed by LECs [6]. Furthermore, DC migration is dependent on integrin binding to

vascular cellular adhesion molecular 1 (VCAM-1) and intercellular adhesion molecular 1

(ICAM-1), both of which are expressed by LECs [8]. Lymphatics can secrete many other

chemokines such as CCL2, CXCL10, and CXCL13 and as such contribute to immune cell

trafficking of additional cell types such as monocytes, effector T cells, and B cells respectively

[9, 10]. Thus, lymphatics are critical as conduits and coordinators of cell trafficking, which

are essential for the initiation and maintenance of adaptive immunity.

In the lymph node, LECs line the capsule and are in a unique position with the many

immune cells that traffic through them as well [2]. LECs in the LN are now thought to

be distinct from peripheral tissue LECs. LN LECs consist of substantial heterogeneity in

human and mouse where 6 or more distinct subsets have been identified by single cell RNA-
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seq [11, 12]. Because of these recent findings, it important to keep in mind that previous

findings utilizing more easily accessible peripheral tissues LECs may not hold with LN LECs

and vice versa [13–15].

1.1.1 Lymphangiogenesis and the VEGFR-3 Axis

Lymphatic vessel expansion, or lymphangiogenesis, occurs during many pathological con-

ditions such as cancer, graft versus host disease, and many other inflammatory conditions

[16, 17]. At the steady state, lymphatics are relatively quiescent and active vascular en-

dothelial growth factor C (VEGF-C), the main lymphangiogenic growth factor, signalling is

only required for lacteal maintenance, but did not substantially alter other lymphatics [18].

When it occurs, lymphangiogenesis can occur in both peripheral tissues and in the draining

lymph nodes [19]. VEGFR-3 stimulation through VEGF-C (or to a lesser extent VEGF-D)

is required for lymphangiogenesis [20]; however, it is not sufficient on it’s own. Many inflam-

matory cytokines including IFN-γ, IL-4, and IL-13 antagonize lymphangiogenesis [21, 22].

Beyond VEGFR-3, neuropilin-2 (NRP2) is expressed by LECs and interacts with VEGFR3

to bind VEGF-C and VEGF-D and enhance lymphangiogenesis [23]. Furthermore, other

factors which may have lymphangiogenic activity include VEGF, fibroblast growth factor

(FGF), and insulin-like growth factor-1 (IGF1) [16]. Thus, there are a multitude of differ-

ent ways lymphangiogenesis can be regulated, and while the VEGFR-3 axis is critical, it is

not sufficient to simply have abundant VEGF-C to induce lymphangiogenesis, and the full

process involving all critical cofactors, agonists, and antagonists is not well understood.

1.1.2 LECs as Immunomodulators

In the lymph node, LECs are a major source of IL-7 [24]. IL-7 is a key survival cytokine for T

cells that express the IL-7R, including naïve and central memory T cells. Furthermore, upon

inflammatory stimuli such as LPS, LECs upregulate IL-15 [25], which is involved in naïve and
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memory T cell homeostasis [26]. However, it is unknown to what extend LECs in peripheral

tissues express these molecules. LECs also produce colony stimulated factor 1 (CSF1) which

is a growth factor involved in the survival and maintenance of macrophages, and LEC-derived

CSF1 is an essential component of the medulary and subcapsular sinus macrophages in the

LN [27]. LECs are also critical regulators of lymph node organogenesis. Thus, LECs are

critical for formation, survival, and homeostasis of critical immune components in the lymph

node [28].

LECs can also directly interact with T cells in contact dependent ways via both MHC

I and MHC II [29, 30]. LECs in the steady state are able to directly prime naïve CD8 T

cells to a memory-like phenotype in an MHC I dependent manner [31]. However, the role

of LEC education to CD4 T cells is controversial. It is thought that MHC II on LECs

is unable to activate naïve CD4 T cells as LECs don’t have proper antigen presentation

machinery [32]; however, the absence of MHC II on lymph node stromal cells—which include

LECs—results in autoimmunity [33]. Furthermore, in the tumor MHC II on LECs promotes

regulatory T cell function and expansion [34]. Thus while MHC II on LECs does have

an immunomodulatory function, it is unclear under which contexts its function is relevant.

LECs also express PD-L1, which is antagonistic to T cell activation, and do not express

appreciable levels of costimulatory molecules such as CD80 and CD86 [35]. Thus, T cells

that are exposed to MHC I or MHC II on LECs are exposed to a non-activating milieu.

1.2 Cancer Immunotherapy and The Role of Lymphatics

Cancer immunotherapy, in particular checkpoint blockade, has revolutionized the treatment

of certain cancers. “Immune checkpoint blockade” (ICB) involves blocking specific pathways

involved in T cell exhaustion, mainly the PD-1:PD-L1 axis or CTLA-4:CD80/86 axis [36].

However, not every patient is responsive to immunotherapy and the side effects can be severe

[37].
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1.2.1 T Cells and Immunotherapy

A critical criteria for responding to immunotherapy is T-cell infiltration, as tumors that are

not well infiltrated do not respond to immunotherapy [38]. While the presence of T cell

infiltrates is critical for immunotherapy efficacy, the quality of the T cell is also essential

[39]. High levels of PD-1 signal T cell exhaustion, but beyond PD-1 expression there are

levels of T cell function that make the T cell more likely to respond to ICB or not [40].

Besides PD-1, Tim3 and Lag3 are other surface marker of exhaustion, with Tim3 generally

associated with a more terminal exhausted phenotype [40]. True exhaustion is epigenetically

encoded and while phenotypically cells may look similar due to high levels of PD-1 and lack

of effector function, they can be epigenetically distinct and have different abilities to respond

to ICB or other immunotherapies [41]. Tox, a transcription factor, has been identified as a

key mediator of CD8 T cell dysfunction that is sufficient to induce features of terminal T

cell exhaustion [42].

In terms of what constitutes a productive and responsive T cell, the main factor identified

has been TCF-1. TCF-1 is a transcription factor originally known for its key involvement

in T cell development in the thymus [43]. However, TCF-1 expressing, antigen experienced

cells have demonstrated capacity for self-renewal, and have the capacity to continuously

generate an effector CD8 T cell response, thus driving immunotherapy responsiveness [43, 44].

Loss of TCF-1 is conversely associated with progression towards exhaustion [42]. Beyond

TCF-1, KLRG1 has also been identified as a marker of effector function in CD8 TILs, and

KLRG1+ TILs produce more IFN-γ, a classical anti-cancer pro-inflammatory cytokine [45].

However, these few markers are not an exhaustive list of potentially relevant markers of

distinct function due to the heterogeneity of CD8 T cells in the tumor. In short, CD8 T cells

in the tumor have many distinct functional states defined by a variety of various molecules,

both on the cell surface and nuclear transcription factors, and these states can demonstrate

distinct ability to respond to immunotherapy.
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1.2.2 Types of Immunotherapy

There are many types of immunotherapies that are both clinically used and in preclinical

development. The first class is antibody-based therapeutics such as α-PD-1 or α-CTLA-4

that are clinically in use [46]. But due to their limited therapeutic benefit in the majority of

patients, novel antibodies are being developed to target other components of the exhaustion

pathway such as Tim3 or Lag3 [47]. None of these have received clinical approval, but the goal

is to find an target that would synergize well with the already approved ICB therapeutics.

The other main immunotherapy that has received clinical approval is adoptive cell transfer

(ACT). ACT comes in two main forms: chimeric antigen receptor (CAR) T cells or TIL

therapy. CAR T involves taking a patients autologous cells and engineering them with a

CAR that is specific to a tumor antigen. This has shown great success with B cell lymphomas

using a CD19 CAR, but has limited success with solid tumors [48]. On the other side,

TIL therapy involves taking a sample of a patients tumor, isolating the T cells, and then

expanding them ex vivo to high quantities before re-infusing [48]. The idea is to expand

tumor specific T cells away from the immunosuppressive tumor microenvironment, and then

reinfuse them with the hope they will be functional and able to kill the tumor. In this case

the quality of the TILs may be immensely important in determining the therapeutic effect

[49].

One very promising class of therapies are cytokine based therapeutics. There has been

a recent explosion of interest in cytokine based cancer therapies, and many varieties have

emerged [50]. The first cytokine immunotherapy used to treat cancer was IL-2 [50]. IL-2

is a cytokine involved in activated T cell survival, but also can expand Tregs [51]. IL-2

has been approved as a therapy for decades, but does not see wide use due to its toxicity

and it’s low efficacy [51]. On the preclinical side, IL-12 serves a promising candidate for

cytokine based immunotherapy. IL-12 promotes Th1 polarization and IFN-γ secretion by

CD4 T cells, as well as activating cytotoxic CD8 T cells [52, 53]. Furthermore, IL-12 can also
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stimulate antigen presentation which could further enhance CD4 and CD8 T cell activation

and function [54, 55]. One of the main limitations of cytokine therapies is their toxicity.

While they can be very potent, they are highly toxic, partially due to their off-target systemic

effects on healthy tissue. IL-12 in particularly is notorious for its toxicity, due to it’s potent

ability to stimulate IFN-γ [52]. One way to attempt to get around this issue is through

engineering approaches using various modifications of these cytokines to better target the

tumor and thus increase their efficacy with reduced toxicity.

The last class of immunotherapy is the tumor vaccine. Tumor vaccines have had a

long history of research, but have not had a true breakthrough that has led to a clinically

potent therapeutic. One of the most studied tumor vaccine types is the whole cell vaccine

[56]. Whole cell vaccines involve taking a tumor sample, irradiating it so it can no longer

replicate, and then injecting into the patient with the idea that it will be able to generate

a tumor-specific immune response [57]. One of the most common whole cell vaccines is

called GVAX, which is where the tumor cells are transduced to express GM-CSF, a growth

factor involved in DC and macrophage activation, with the idea that the edition of GM-

CSF will aid in the mounting of an effective vaccine response [58]. Unfortunately, whole cell

vaccines have not been very successful in clinical trials, despite the many different attempts.

Another vaccine strategy that has been attempted is DC vaccines either using tumor lysate

or defined antigens from the tumor. However, these as well still have not demonstrated

robust antitumor efficacy [59].

1.2.3 Lymphatics in Cancer

Historically, lymphatics have correlated poorly with survival in cancer. Tumors with higher

lymphatic vessel density are more metastatic and VEGFR-3 dependent lymphangiogenesis

has been reported to be required to initiate the early events of lymphangiogenesis in a VEGF-

D overexpressing tumor model [60]. Lymphatic vessels serve as excellent routes of escape for
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the tumor cells, towards the sentinel lymph node and then peripheral tissues. Furthermore,

LECs themselves have many immunosuppressive functions [61]. Through upregulation of

CCL21, melanomas are able to recruit more regulatory immune populations and induce the

formation of a lymphoid-like stroma [62, 63]. CCL21 (and CCL19) is the ligand to CCR7,

and CCR7+ cells include B cells, naïve and central memory T cells, certain regulatory T

cells, and dendritic cells. In tumors with locally ablated lymphatics, there was enhanced

recruitment of inflammatory cells and increased levels of pro-inflammatory cytokines such as

TNF and IL-1β [64], demonstrating that intratumoral lymphatics are actively suppressing

inflammation. Specifically, LECs are able to negatively impact immune responses through

multiple inhibitory enzymes, including nitric oxide (NO) and indoleamine-2,3-dioxygenase

(IDO) [65–67]. Additionally, LECs can dampen the ability of DCs to activate T cells by

reducing DC CD86 expression [68]. In short, lymphatic-rich tumors are both more metastatic

and more immune-suppressed.

However, in spite of these negative associations, lymphangiogenesis in tumors does have

positive aspects. Lymphangiogenic melanomas have increased T cell infiltration, which

synergizes with immunotherapy including adoptive T cell transfer (ACT) and tumor vac-

cines, to lead to enhanced therapeutic efficacy compared to when the VEGFR-3 pathway

is blocked and thus lymphangiogenesis cannot occur. Furthermore, in a clinical trial of

the Melan-A/Mart1 peptide vaccine, patients with high serum VEGF-C levels correlated to

enhanced progression-free survival [69]. This “lymphangiogenic potentiation” is not exclu-

sive to melanoma, as ectopic expression of VEGF-C via adeno-associated virus serotype 9

(AAV9) synergized with ICB to eradicate glioblastoma, which is normally non-responsive to

ICB [70, 71]. Thus despite the increased metastasis, there is also increased responsiveness

to immunotherapy, thus making it not so straightforward a pathway to target. For example,

blockade of VEGFR-3 to antagonize lymphangiogenesis, could actually worsen outcome if it

dampens responsiveness to immunotherapy, at least for those subsets of cancer well treated
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by immunotherapies.

1.3 Vaccine Responses

Vaccines are a biological preparation with the intent of conferring immunity towards various

pathogens including viruses and bacteria. Vaccines have been around for 100s of years,

and have been a highly invaluable tool in fighting spread of dangerous pathogens such as

smallpox. Over the years, some vaccines have proven to be incredibly effective. For example,

the smallpox vaccine was so effective that smallpox has been eradicated from the world [72].

However, not all vaccines are this effective, for various reasons. For example, the flu vaccine

is notoriously not highly effective because of the diversity of the virus due to it’s ability to

alter itself [73]. In a given year the flu vaccine can be less than 50% effective [74]. Many labs

are working for better vaccine design for enhanced efficacy, and recently mRNA has begun

to be used as a platform for vaccines, and has proven immensely successful with the launch

of the highly effective SARS-CoV-2 vaccines from Moderna and Pfizer/BioNTech [75]. It

is still not well understood what makes a good vaccine and what type of cell populations

would be involved in generated a superior vaccine, but it is known that one type of molecule

is critical: antibodies [76].

1.3.1 Antibodies

One of the canonical goals of a vaccine is to generate antibodies [77]. Antibodies exist

in many isotypes, the most prominent in blood being IgG, which is generally considered

to be the most relevant for the generation of protective immunity [78]. Antibodies are

useful because they can bind to the infectious agent (i.e. bacteria or virus) before it has

entered into a cell. Some antibodies are considered "neutralizing antibodies", which prevent

the ability of the infectious agent to infect cells and are considered the gold standard for

what an ideal vaccine would develop. If people have a high enough quantify of neutralizing
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antibodies, then in theory they would be immune from even getting infection [79]. Even

non-neutralizing antibodies can be useful though. They can alert inflammatory cells, such

as macrophages or activate inflammatory pathways in complement or cytotoxic cells [79].

Complement dependent cytotoxicity (CDC) involves the binding of antibody to the surface

of target cells and the recruitment of complement, which is a distinct set of proteins in

plasma that can induce various inflammatory processes, to fight infection [80]. Complement

then binds to the antibody and initiates a cascade of events that lead to lysis of the target

cell. Similarly, there is antibody dependent cellular cytotoxicity (ADCC) upon which NK

cells recognize the antibody bound to a cell expressing the target antigen. The NK cells will

degranulate and the target cell will apoptose [80]. Thus antibodies are critical in mediating

immunity as they can both prevent the pathogen from entering cells and can activate various

methods to kill the infected cell.

Antibody Subclass and Distinct Functions

IgG is not one simple class, it is comprised of different "flavors" or subclasses. The subclasses,

in mice, are IgG1, IgG2b, IgG2a/c, and IgG3. The subclasses have distinct abilities to

activate inflammatory responses: IgG1 has weak ability to activate CDC but no ability to

activate ADCC. IgG2 subclasses have much greater effector function than IgG1 and both

IgG2b and IgG2a/c strongly promote both CDC and ADCC. IgG3 strongly activates ADCC,

but only weekly activates CDC [81].

While antibody class-switch is a complex and highly regulated process, it is known that

the cytokines that the B cell are exposed to are critical for the subclass of antibody that will

generate. For IgG1 class-switch the cytokine IL-4 is canonically known to be essential for

IgG1 class-switch [82]. For IgG2a/c and IgG3, IFN-γ promotes class-switch, and conversely

actually antagonizes IgG1 class-switch [82]. Lastly, IgG2b class switch is promoted by TGF-

β [83]. While various cell types can secrete the cytokines of interest, it is often CD4 T
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cells that are considered the most critical due to their established role in B cell help and

the existence of T folicular helper (Tfh) cells which are necessary for the germinal center

reaction. CD4 T cells can produce both IL-4 that promotes IgG1 as well as IFN-γ that

promotes IgG2 [84].

IgG1 is more often associated with the type 2 immune response due to it’s association

with IL-4 and allergic sensitization while the more effector-like IgG2 is more associated with

the Type 1 immune response and thus the clearance of intracellular pathogens [85, 86].

In short, while the generation of antibodies is critical for effective vaccines, the subclass

generated also may be relevant due to their distinct functions and various associations.

1.3.2 LN Lymphatics in Vaccination

In the lymph node (LN), LECs line the subcapsular sinus, but also penetrate into the

medullary sinus and the T cell rich paracortex [13, 87]. The absence of lymphatics in the

skin results in impaired humoral immunity [5]. LECs have many potentially interesting

functions as described earlier including their ability to present antigen through both MHC

I and MHC II, their role in coordinating cell trafficking, and their role in producing key

survival cytokines. Also due to their location, they are in prime location to interact with

immune populations. Despite all the key functions of lymphatics, the role of LN LECs in

coordinating a vaccine response has not been explored.
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CHAPTER 2

THE VEGF-C/VEGFR-3 AXIS MODULATES VACCINE

OUTCOMES IN AN MHC II DEPENDENT MANNER
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2.1 Abstract

Lymphatic vessels are the main transport routes for fluid, antigens, exosomes, and immune

cells from peripheral tissues to the lymph nodes (LNs). In addition to being pervasive

through tissue, lymphatic vessels are also abundant within the LN, where they route lymph

and cells around the B cell follicles and throughout the paracortical zone; thus, lymphatic

endothelial cells (LECs) have unique access to lymph-borne molecules and interactions with

immune cells. Upon acute inflammation or vaccination, LN LECs undergo expansion along

with lymphocyte proliferation, in a VEGFR-3 dependent manner; however, it is not well

understood how LN lymphatics and their expansion contribute to vaccine responses. Here,

we assessed how altering VEGFR-3 signaling in LN LECs affects the vaccine response, using

OVA + CpG (a TLR9 agonist) as a model. We found that deleting VEGFR-3 specifically in

LECs led to decreased plasma levels of α-OVA IgG1, while LN stimulation with exogenous

VEGF-CC156S , a VEGFR-3-specific agonist, prior to and during vaccination led to increased

α-OVA IgG1 and IgG1+ germinal center B cells as well as increased production of Th2

cytokines (IL-4, IL-5, and IL-13) upon restimulation. Lastly, we observed that deleting

MHC II specifically in LECs abrogates this VEGFR-3 dependent increase in Th2 cytokine

production and restricts secretion of the Th1 cytokine IFN-γ. Together, these findings

suggest that in response to vaccination, VEGFR-3 signaling in LN LECs promotes type 2

immunity.

2.2 Introduction

Lymphatic vessels are the critical connections that drain fluid from peripheral tissues to

the lymph node, and as such are key for the initiation of adaptive immune responses [88,

89]. In the lymph node (LN), LECs line the subcapsular sinus, but also penetrate into

the medullary sinus and the T cell rich paracortex [13, 87]. While previously, differences
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between tissue and LN LECs were not considered, it is now becoming more apparent that

LN LECs are distinct from peripheral tissue LECs, and that previous studies performed using

tissue LECs may not hold in LN LECs [13–15]. Under many inflammatory contexts, such as

infection or immunization, LECs undergo proliferation, a process termed lymphangiogenesis

[17, 90]. Canonically, the VEGF-C:VEGFR-3 axis is essential for lymphangiogenesis [17,

91, 92], though VEGFR-2 is also involved in lymphangiogenesis in many contexts it is also

involved in angiogenesis and is thus less specific [93, 94]. Furthermore, VEGFR-3 expression

is largely restricted to LECs, and thus serves as an attractive target for selective modulation

of lymphangiogenesis, either through stimulation or blockade [95–97].

Beyond their canonical role in draining to the lymph node, LECs can directly serve as

immunomodulators. LECs produce many chemokines such as CCL21, CCL2, and CXCL13

involving T cell, DC and B cell trafficking [10, 98, 99], as well as essential cytokines such as

IL-7 and CSF1, key T cell and macrophage survival factors respectively [24, 27]. LECs also

express many immunomodulatory molecules such as PD-L1 and TGF-β, but lack many cos-

timulatory molecules such as CD80 and CD86 and thus generally are considered suppressive

and tolerogenic at the steady state [29]. LECs can also directly serve as antigen presenting

cells (APCs), as they can cross-present antigen via MHC I and also express MHC II, in an

IFN-γ inducible manner, and therefore have the potential to interact with both CD4 and

CD8 T cells [29, 100]. LEC cross-presentation through MHC I promotes CD8 T cell apop-

tosis, but the surviving fraction of CD8 T cells have central memory phenotype [30, 101].

The role of LEC MHC II is less established, as it remains equivocal what types of antigen

LECs can present via MHC II [29, 32]. Recently it has been established that LEC MHC II

in the tumor microenvironment promotes intratumoral regulatory T cell (TReg) suppressive

functions, demonstrating that LECs can modulate CD4 T cells in an MHC II dependent

manner [102]. Another study showed that mice developed autoimmunity when lymph node

stromal cells, which include LECs, lacked MHC II [33]. In summary, while it remains clear
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that LECs serve critical roles in the adaptive immune response, it is understudied how LECs

can specifically modulate complex immune responses such as infection or immunization.

Due to this lack of knowledge, we investigated the hypothesis that the VEGFR-3 axis and

LECs could modulate the immunization response. We found that the VEGFR-3 axis regu-

lates antigen-specific IgG1 class switch, without altering class switch to other IgG subclasses.

Upon VEGFR-3 stimulation, we observe an increased number of lymph node LECs, and a

corresponding increase in Th2 cytokine production that coincides with an increase in IgG1.

With ablation of VEGFR-3 specifically on LECs, there is a reduction in IgG1 class-switch,

thus demonstrating the role of LECs as the key cell type modulating class-switch in this

model. Stimulation of VEGFR-3 during immunization further leads to increased accumula-

tion of CD4 T cells that express IL-4, but not in total IL-4 expressing immune infiltrates,

suggesting a selective interaction with CD4 T cells. We observe that MHC II on LECs drives

this VEGFR-3 dependent increase in Th2 cytokines that are likely to drive class switch, and

it further restricts IFN-γ secretion in restimulated T cells in a non-VEGFR-3 dependent

manner. Together, these data indicates the LECs are critical for directly modulating CD4 T

cell polarization in an MHC II dependent manner, and that this polarization has the down-

stream functional implication of increasing IgG1 class-switch, without substantial alterations

to total IgG class-switch.

2.3 Results

2.3.1 VEGFR-3 blockade selectively antagonizes IgG1 in an immunization

model

Previous work has shown that the presence of lymphatics in the skin promotes humoral

immunity, as mice that lacked dermal lymphatics have reduced antibody titers after immu-

nization with either LPS or alum [5]. Thus we first assessed whether VEGFR-3 blockade
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modulates antibody levels. We used CpG (ODN 1826, Trilink) and chicken ovalbumin (OVA)

as our model immunization. We blocked VEGFR-3 through intraperitoneal (i.p.)

Figure 2.1: VEGFR-3 blockade selectively antagonizes IgG1 in an immunization
model | (A) Schematic of experimental timeline. Mice were vaccinated with 10 µg CpG-B
(ODN 1826) and 10 µg OVA. Mice were treated with either α-VEGFR-3 blocking antibody
(clone mF4-31C1) or isotype control as shown. (B) Dilution curve showing α-OVA antibody
levels by ELISA (C) Quantification of area under the dilution curve (AUC) of α-OVA IgG,
IgG1, and IgG2b (D) Ratio of α-OVA IgG1 AUC to total α-OVA IgG AUC and α-OVA
IgG2b AUC (E) Sample flow plot showing IgG1+ Germinal Center (GC) B cells by flow
cytometry (B220+CD19+IgD-GL-7+CD95+) (F) Total counts of IgG1+ and IgG2b+ GC
B cells by flow cytometry

injections of a monoclonal α-VEGFR-3 blocking antibody (mF4-31C1, Eli Lilly) as shown

(Fig 2.1A). After waiting about two weeks for B cell class switch to occur and for antibodies

to be secreted, we bled mice to assess antigen specific antibody plasma levels via ELISA.

We observed that blocking VEGFR-3 did not alter total α-OVA IgG levels, nor did it alter

α-OVA IgG2b levels, but blocking did reduce α-OVA IgG1 levels (Fig 2.1B-C). To assess if
16



this reduction in α-OVA IgG1 was indeed selective, the ratio of α-OVA IgG1 was normalized

to the total α-OVA IgG amount, and indeed we observed a selective decrease in this ratio

upon VEGFR-3 blockade (Fig 2.1D). We subsequently normalized α-OVA IgG1 to α-OVA

IgG2b levels to assess whether this decrease in IgG1 did not correspond with a decrease

in IgG2, and we still observed this selective decrease (Fig 2.1D). Next, to ascertain if this

decrease of antigen specific IgG1 levels by blockade of the VEGFR-3 axis also corresponded to

decrease of IgG1+ B cells in the immunization draining lymph node (idLN), flow cytometry

was performed on the idLN and GC B cell subclass was assessed. Consistent with the α-

OVA plasma antibody levels, we also observed a decrease in IgG1+ germinal center B cell

numbers, but not IgG2b+ germinal center B cells (Fig 2.1E-F). Thus VEGFR-3 blockade

antagonizes IgG1 formation as evidenced by selective decreases in antigen specific IgG1 and

a decrease in IgG1+ GC B cells in the immunization draining LN.

2.3.2 VEGFR-3 blockade reduces LN LECs and promotes secretion of

interferon gamma independent of CCL21

We next verified that VEGFR-3 blockade actually reduced idLN LEC expansion. We immu-

nized mice and blocked VEGFR-3 as shown (Fig 2.2A). Near the peak of the inflammatory

phase, idLN were harvested, digested and analyzed by flow cytometry for LECs. Validating

the efficacy of our VEGFR-3 blockade, we did observe a decrease in LECs as a fraction of

all CD45- cells (Fig 2.2B). With the efficacy of the VEGFR-3 blockade verified, we next

probed for what may explain this difference in antibody subclass.
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Figure 2.2: VEGFR-3 blockade reduces LN LECs and promotes secretion of IFN-γ
independent of CCL21| (A) Schematic of experimental timeline. Mice were vaccinated
with 10 µg CpG-B (ODN 1826) and 10 µg OVA. Mice were treated with either α-VEGFR-3
blocking antibody (clone mF4-31C1) or isotype control as shown (A). (B) LECs (CD45-
CD31+gp38+) quantified via flow cytometry. (C) LEC CCL21 quantified as the CCL21 MFI
on the Lyve1+ area as determined by immunofluorescence. (D) Representative immunoflu-
orescence of Lyve1 (green), CCL21 (red), and MHC II (blue) of lymph node sections. Scale
bar= 500 µm. (E-F) LNs were restimulated with OVA protein for 4 days and supernatant
was assessed by Legendplex for cytokine production. (E) Interferon gamma (IFN-γ) and
Th2 cytokine production by OVA-restimulated lymph node cells as quantified by ELISA.
(F) Individual Th2 cytokines from LN restimulations shown.

We hypothesized the cytokines derived from T cells in the lymph node during the inflam-

matory peak could be involved in antagonizing this class-switch to IgG1: specifically IFN-γ

and the Th2 cytokines: IL-4, IL-5, and IL-13. Canonically, IFN-γ antagonizes IgG1 class-
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switch and IL-4 promotes IgG1 class-switch [103]. Furthermore, IL-13 has certain homology

to IL-4 promotes subclass switch IgG1 and IL-4-/- mice can even produce modest amounts

of IgG1 in an IL-4-independent methods [82]. Lastly, IL-5 can both induce some IgG1

class-switch by itself and augment IL-4 induced IgG1 class-switch [104, 105]. We immunized

mice and blocked VEGFR-3 as shown (Fig 2.2A). We harvested, digested, and restimulated

idLNs ex vivo with the immunization antigen, OVA. We observed in these restimulated LNs

that IFN-γ secretion was increased upon VEGFR-3 blockade, with no corresponding alter-

ation in the type 2 cytokines, as shown by a “Th2 score” or the normalized summation of

IL-4, IL-5, and IL-13 (Fig 2.2E). Furthermore, if we focus on the Th2 cytokines individu-

ally, we saw no individual differences in any of these cytokines. Thus, an increase in IFN-γ,

with no corresponding change in the type 2 cytokines could be sufficient to antagonize IgG1

formation (Fig 2.2F).

We lastly assessed LEC CCL21 as we hypothesized whether VEGFR-3 blockade altered

CCL21 expression by LECs and whether this could have downstream effects that could alter

the recruitment of IFN-γ producing cells. LECs are a major source of CCL21, and CCL21

is essentially for the migration of CCR7+ cells which include dendritic cells and naive and

memory T cells [98, 106]. We performed immunofluorescence on parrafin sections to assess

CCL21 levels, and specifically to assess CCL21 expression by Lyve1+ cells (LECs). Interest-

ingly, though we did observe an increase in expression by LECs CCL21 due to immunization,

we did not observe an alteration in LEC CCL21 levels upon VEGFR-3 blockade (Fig 2.2C).

Of note, it is clear that other cells are producing CCL21 since there is substantial CCL21

staining distal to LECs near MHC II+ cells (Fig 2.2D). Thus, VEGFR-3 blockade reduces

LN LECs as a fraction of CD45- cells, promotes IFN-γ secretion in restimulated LNs, but

does not alter LEC expression of CCL21.
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2.3.3 VEGFR-3 stimulation via a VEGFR-3 selective agonist has dose

dependent effects on LN LECs

We next queried whether VEGFR-3 stimulation would lead to the reciprocal phenomenon,

and thus lead to an increase in IgG1. However, we first needed to ascertain what dose of

VEGF-CC156S would induce LEC expansion via local delivery as we had no preliminary

data to indicate the ideal dose. We injected VEGF-CC156S locally in all 4 hocks, just

as we would vaccinate the mice, either 50 ng or 250 ng of VEGF-CC156S per hock, or

PBS as a negative control (Fig 2.3A). We injected 5 total times to maintain VEGF-C

levels and maximize potential LEC proliferation. Interestingly we found that only the 50

ng dose of VEGF-CC156S induced LN LEC expansion, without substantial alterations to

other stromal cells (fibroblastic reticular cells (FRCs) and blood endothelial cells (BECs))

(Fig 2.3B). When normalizing LEC numbers to other stromal subsets, we observe that this

expansion of LECs is specific (Fig 2.3C). It is an interesting to note that while VEGFR-

3 stimulation specifically expands LECs in the stromal compartment, the 50 ng dose also

led to increased total immune infiltrates (Fig 2.3D); however, due to the essential role

of LECs in immune cell trafficking, we hypothesize this enhanced immune trafficking is an

unavoidable effect of expanding LECs. Thus, this is likely not some direct effect of VEGFR-3

stimulation on immune cells. We do not see alteration in immune cells with the high dose of

VEGF-CC156S and LECs were not expanded compared to control mice. It has been reported

that high doses of VEGF-C can condition LECs to downregulate VEGFR-3 and thus lose

responsiveness to VEGFR-3 stimulation and downstream proliferation [107]. Thus it may be

critical note for future work that there may be a "Goldilocks zone" of VEGFR-3 stimulation

appropriate to induce lymphangiogenesis: too little, and there is not sufficient VEGFR-3

stimulation and downstream phosphorylation and signalling, while too much would lead to

the downregulation of responsiveness towards VEGFR-3 stimulation. In both cases, the

result would be a lack of lymphangiogenesis. Fortunately, we found that 50 ng of VEGF-
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CC156S is sufficient to induce LN lymphangiogenesis in a non-inflammatory environment,

and we will proceed using this dose for all future experiments.

Figure 2.3: 50 ng of VEGF-CC156S is sufficient to induce LN LEC Proliferation
while 250 ng is not | C57BL/6 mice were injected in all 4 hocks with either 50 ng VEGF-
CC156S , 250 ng VEGF-CC156S , or 25 µL of PBS as shown. (A) Experimental schedule
(B) Stromal subset counts as quantified via flow cytometry: LECs (CD31+gp38+), BECs
(CD31+gp38-), and FRCs (CD31-gp38+) (C) Ratio of LECs to the LN stromal FRCs and
BECs. (D) Counts of CD45+ cells and T Cells (CD45+CD3+) cells as quantified by flow
cytometry

2.3.4 VEGFR-3 stimulation selectively enhances IgG1 formation due to

immunization

Using this dose of VEGF-CC156S , we queried whether VEGFR-3 stimulation would lead to

the reciprocal phenomenon, and thus lead to an increase in IgG1. We stimulated VEGFR-3

with VEGF-CC156S and immunized mice as shown (Fig 2.4A). We observed increases in

α-OVA IgG1 levels in the plasma but did not observe significant increases in total α-OVA
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IgG (Fig 2.4B-C). When normalizing α-OVA IgG1 to total α-OVA IgG, we observed an

increase in this ratio upon VEGFR-3 stimulation, thus confirming the selectivity of this

increase (Fig 2.4D). Consistently, we further saw an increase in IgG1+ germinal center B

cell numbers (Fig 2.4E). Together, this demonstrates that VEGFR-3 stimulation promotes

IgG1 class-switch and that the VEGFR-3 axis selectively modulates antigen specific IgG1

plasma levels, but not total antigen specific antibodies.

Figure 2.4: VEGFR-3 stimulation during immunization promotes increased IgG1
class switch| Schematic of experimental timeline. Mice were vaccinated with 10 µg CpG-B
(ODN 1826) and 10 µg OVA. Mice were treated with either VEGFR-3 agonist (VEGF-
CC156S) or PBS in vaccine site as shown.(B) Dilution curve showing α-OVA antibody levels
by ELISA (C) Quantification of area under the dilution curve (AUC) (D) Ratio of α-OVA
IgG1 AUC to total α-OVA IgG AUC (E) Total counts of IgG1+ Germinal Center (GC) B
cells by flow cytometry (B220+CD19+IgD-GL-7+CD95+)

2.3.5 VEGFR-3 stimulation selectively upregulates Th2 cytokine secretion in

restimulated lymph nodes but does not alter LEC CCL21 expression

We next analyzed the cytokine secretion during the peak of the inflammatory response using

the experimental schedule shown (Fig 2.5A), but first wanted to assess whether VEGFR-

3 stimulation was actually expanding idLN LECs. We already established this dose of

VEGF-CC156S is sufficient to increase LEC numbers in the draining LN, but wanted to

verify that this dose still increased LEC numbers in the context of the immunization. We

22



performed immunofluorescence to stain for LECs and performed microscopy of whole LN

sections. Using this imaging, we quantified Lyve1 to ascertain the LEC area relative to

the LN area, and observed a significant increase in LECs by area using this quantification

(Fig 2.5B,D). Thus this 50 ng of VEGF-CC156S still expands LECs in the immunization

context. Next, we restimulated lymph nodes with OVA to assess the cytokine secretion as

done previously. Since VEGFR-3 blockade increases IFN-γ, we hypothesized that VEGFR-3

stimulation would reduce it and that this reduction of an IgG1 antagonist would be sufficient

to increase IgG1 levels. Surprisingly, we actually observed an increase in IFN-γ secretion,

but critically also observed an increase in the Th2 cytokine score (Fig 2.5E). Individually,

we see a significant increase in IL-13, though IL-4 and IL-5 may follow this trend as well

(Fig 2.5F). This increase in type 2 cytokines collectively may be sufficient to drive the

increased IgG1 class-switch we observe due to VEGFR-3 stimulation, even in the context

of more IFN-γ. Thus our initial hypothesis was incorrect, but the observed increase in Th2

cytokines may be sufficient to explain the phenomenon.

While we posit that this increase in Th2 cytokines would promote IgG1 class switch, we

wanted to assess in the context of VEGFR-3 stimulation if CCL21 was altered. Even though

VEGFR-3 blockade did not alter CCL21 expression, it has been published that VEGF-C

increases LEC secretion of CCL21 [108]. Thus, despite our previous data, we still decided to

assess if this phenomenon was occurring in our model. Using the same immunofluorescence

microscopy as described previously, we assessed the expression of CCL21 on the Lyve1+

area as quantified by MFI, and did not observe any change in LEC CCL21 due to VEGFR-3

blockade (Fig 2.5C. Thus we observed that while VEGFR-3 stimulation expands LN LECs

and increases Th2 cytokines, this effect appears to be independent on any regulation of

CCL21.
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Figure 2.5: VEGFR-3 stimulation selectively upregulates Th2 cytokine secretion
in restimulated lymph nodes but does not alter LEC CCL21 expression| (A)
Schematic of experimental timeline. Mice were vaccinated with 10 µg CpG-B (ODN 1826)
and 10 µg OVA. Mice were treated with either VEGFR-3 agonist (VEGF-CC156S) or PBS
in vaccine site as shown. (B) LECs quantified from immunofluorescence (Lyve1+ % area)
(C) LEC CCL21 quantified as the CCL21 MFI on the Lyve1+ area as determined by im-
munofluorescence. (D) Representative immunofluorescence of Lyve1 (green), CCL21 (red),
and MHC II (blue) of lymph node sections. Scale bar= 500 µm. (E) Interferon gamma
(IFN-γ) and Th2 cytokine production by OVA-restimulated lymph node cells as quantified
by ELISA. (F) Individual Th2 cytokines from LN restimulations shown.

2.3.6 VEGFR-3 stimulation during immunization increases Th2 cytokine

secretion by CD4 T cells, but the addition of OT-IIs has unclear effects

To look more specifically at CD4 T cells, which would be the key cell type involving in

“helping” B cells and can make all the Th2 cytokines, we utilized the OT-II transgenic CD4

T cells. OT-II CD4 T cells are specific to the peptide OVA323−339, which is the immun-
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odominant CD4 T cell epitope to OVA. Furthermore, these transgenic T cells are labelled

with the CD45.1 congenic marker, which allows for easy identification by flow cytometry.

This gives us the ability to analyze antigen specific CD4 T cell responses by flow cytometry.

We performed the experiment as shown (Fig 2.4A), except that one day before immu-

nization, we adoptively transferred in 100,000 isolated OT-II CD4 T cells by i.v. injection.

At endpoint, we evaluated the cytokine secretion by restimulating using the OVA323−339

peptide, we observed an increase in the Th2 cytokines, both collectively and individually

(Fig 2.6A-B). Interestingly, we did not observe any increase in IFN-γ (Fig 2.6A) Thus,

VEGFR-3 stimulation enhances Th2 cytokine secretion of CD4 T cells, but does not alter

IFN-γ secretion.

While we observed an increased in CD4 T cell secretion of Th2 cytokines, we next wanted

to assess the phenotype of these antigen specific CD4 T cells. We observe that VEGFR-3

stimulation induces a trending increase in OT-II infiltration in the lymph node but that it

does not alter TRegs and Th1 polarization (Fig 2.6C). Interestingly, VEGFR-3 stimula-

tion may lead to a trending increase in both the Th2 and Tfh compartments (Fig 2.6C).

Furthermore, we do not detect any difference in central memory or effector/memory pheno-

types of these OT-IIs (Fig 2.6D). Thus VEGFR-3 does not have a dramatic effect on the

polarization or phenotype of OT-IIs, but it may enrich for Th2s.

For a more unbiased analysis, we next performed supervised clustering using FlowSom.

We observe 3 distinct TReg clusters out of 8 total clusters as shown by the expression of

Foxp3 and CD25. We observe two distinct clusters that express Rorγt (Cluster 2 and Cluster

5), as well as an undifferentiated naive like cluster (Cluster 1) and a Tfh-like cluster (Cluster

0) (Fig 2.7A). While we observe a distinct Th1 cluster (Cluster 4), we do not observe a

distinct Th2 cluster (Fig 2.7A). When quantifying the clusters as a fraction of total OT-IIs,

we do not observe any notable differences in the clusters (Fig 2.7B). Thus while clustering

does produce distinct clusters, further insights into the phenotype of the OT-IIs are not
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unveiled.

Figure 2.6: VEGFR-3 stimulation during immunization increases Th2 cytokine
secretion by CD4 T cells, but does not substantially alter the phenotype of
adoptive transferred antigen specific CD4 T cells and disrupts IgG1 class switch
| C57BL/6 mice were injected in all 4 hocks with either 50 ng VEGF-CC156S or 25 µL of
PBS as shown in Fig 2.4A. One day before immunization, 100,000 isolated OT-II CD4 T cells
were i.v. injected into all mice. (A) Cytokine secretion of IFN-γ and total Th2 cytokines
of OVA323−339 restimulated LNs by ELISA (B) Individual Th2 cytokines of restimulated
LNs (C-D) OT-IIs (CD45.1+CD3+CD4+) analyzed via flow cytometry see Figure 2.16 for
complete gating strategy (E) Day 18 plasma levels of antigen-specific antibodies analyzed
by ELISA
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Figure 2.7: Unsupervised clustering of exogenous antigen specific CD4 T cells
does not reveal differences in T cell polarization | Mice were treated as described
in Fig 2.6A. LNs were digested, filtered, and resuspended in a single cell suspension (A)
Heatmap of expression of FlowSom clusters of concatenated OT-IIs (B) Proportions of each
cluster as a fraction of total OT-IIs

What makes this data more difficult to interpret, is that the transfer of OT-IIs disrupted

the VEGFR-3 dependent increase in IgG1 (Fig 2.6E). Thus we hesitate to perform sub-

sequent experiments to attempt to elucidate further insights about VEGFR-3 stimulation’s

effect on antigen specific CD4 T cells. In the future, it may be useful to titrate down the
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transferred dose of OT-IIs until we still observe the increase in IgG1, and then perform the

phenotyping analysis by flow cytometry. However, for now we decided to move on using

OVA323−339 peptide restimulations as our main readout for antigen specific CD4 T cell

responses.

Figure 2.8: VEGFR-3 on LECs is Necessary to Promote Elevated IgG1 Levels after
VEGFR-3 Stimulation | LEC-specific (Prox1) inducible VEGFR-3 KO (Prox1CreERT2-
VEGFR-3lox/lox) or VEGFR-3lox/lox littermate control mice were subjected to CpG-driven
inflammation and modulated with VEGF-CC156S as shown in Fig 2.4A. 2 weeks before
vaccination mice were given tamoxifen daily for 7 days to activate Cre recombinase activity.
α-OVA IgG and IgG1 shown as quantified by ELISA.

2.3.7 VEGFR-3 on LECs is necessary to promote elevated IgG1 levels after

VEGFR-3 stimulation

While VEGFR-3 is generally considered selective towards LECs, it can be expressed by other

cell types in inflammatory contexts [109]. To ensure that this IgG1 class-switch induced by

VEGFR-3 stimulation was LEC VEGFR-3 dependent, we used an inducible, conditional

knockout of VEGFR-3 in Prox1 expressing cells (LECs). After tamoxifen application for 7

consecutive days and subsequent resting for 7 days, mice were injected with VEGF-CC156S

and vaccinated as shown (Fig 2.4A). Mice were bled at endpoint and plasma antibodies

were analyzed by ELISA. We observed that upon loss of VEGFR-3 in Prox1-expressing cells,
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that α-OVA IgG1 levels were decreased while total α-OVA IgG levels were unaltered (Fig

2.8). Thus LEC VEGFR-3 is necessary to promote maximal α-OVA IgG1, but not total

α-OVA IgG levels, in this model.

Figure 2.9: VEGFR-3 dependent type 2 biasing persists after recall| (A) Schematic
of experimental timeline. Mice were vaccinated with CpG/OVA or PBS and were injected
with either VEGF-CC156S or PBS. All mice were challenged 5 days before endpoint with
CpG/OVA. (B) Dilution curve showing α-OVA antibody levels by ELISA (C) AUC of α-
OVA antibodies from plasma as quantified by ELISA at endpoint (D) Ratios of α-OVA IgG1
to total of α-OVA IgG and α-OVA IgG2b. (E-F) Quantification of cytokine secretion by
OVA323−339 restimulated lymph node cells as measured by ELISA
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2.3.8 VEGFR-3 dependent type 2 biasing persists after recall

We next assessed if this polarization would still be maintained with a secondary inflammatory

stimulus. We treated the mice as shown and all mice were recalled in vivo with CpG/OVA

(Fig 2.9A). Mice were euthanized in the inflammatory phase and plasma antibodies and

cytokine secretion of T cells were assessed. We first analyzed the plasma antibody levels

and observed the same increase in α-OVA IgG1, but no change in total α-OVA IgG (Fig

2.9B-C). When normalizing to total α-OVA IgG and α-OVA IgG2b, we observe that this

increase is still selective, as we have observed previously without recall (Fig 2.9D). Next,

we assessed the cytokine secretion of the CD4 T cells via restimulation with OVA323−339.

We observed an increase in the Th2 cytokine score and of IL-4 and IL-13 individually, but

no alterations in the antagonistic IFN-γ (Fig 2.9E-F). Thus, after recall in vivo this type 2

polarization due to VEGFR-3 stimulation persists.

2.3.9 VEGFR-3 stimulation increases IL-4 expressing CD4 T cells after

immunization

Though we have established that VEGFR-3 stimulation during immunization promotes type

2 immunity, we wanted to explore what could cause this elevated Th2 cytokine secretion

that drives this increased class-switch. This led us to first look more in depth at IL-4. One

of the old paradoxes of immunology is that you need IL-4 to make more IL-4 [110] and IL-4

is one of the most potent factors involved in differentiation CD4 T cells into Th2 effectors

that would produce the canonical Th2 cytokines: IL-4, IL-5 and IL-13 [111]. We queried

whether VEGFR-3 stimulation could alter early IL-4 producing populations in the acute

inflammatory phase, which could seed the idLN with IL-4 to promote Th2 polarization and

further increases in Th2 cytokines.

To assess the cell populations that express IL-4 in vivo, we utilized an IL-4 reporter mouse

(4get) upon which enhanced green fluorescence protein (EGFP) is expressed under the IL-4
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promoter [112], allowing reliable in vivo tracking of IL-4 producing cells. We treated mice as

previously shown (Fig 2.5A), digested lymph nodes, and analyzed by flow cytometry (Fig

2.10A). First, we assessed the proportion of all immune cells that expressed IL-4, and showed

that the dominant fraction was CD4 T cells (Fig 2.10B). Upon immunization, the fraction of

IL-4 expressing cells that are CD4 T cells does not substantially change, but upon VEGFR-3

stimulation the fraction of IL-4 expressing cells that are CD4 T cells increases while VEGFR-

3 stimulation doesn’t appear to substantially alter other IL-4 expressing populations (Fig

2.10B). Next we analyzed the number of IL-4 expressing cells to quantify this difference, and

we observed a trending increase in IL-4 expressing CD4 T cells; however, when we phenotype

these cells using CD44 and CD62L, we see a significant increase in IL-4 expressing effector-

memory (CD44+CD62L-) CD4 T cells (Fig 2.10C). We next assessed if the expression

level of IL-4 was altered as well, and did not observe any difference in the MFI of EGFP

on the IL-4 expressing (EGFP+) cells (Fig 2.10E). Lastly, we did not detect differences

in many other IL-4 expressing populations including macrophages and CD8 T cells (Fig

2.10C-D). Interestingly, we did observe an increase in IL-4 expression by LECs due to

VEGFR-3 stimulation, but as LECs are a very small fraction of not a large population of

cells, this results in less than 1% of total IL-4 expressing cells (Fig 2.10D). We also do

not observe alterations to total CD45+ infiltrates that express IL-4 (Fig 2.10C). Thus,

VEGFR-3 stimulation specifically increases the numbers of IL-4 expressing CD4 T cells, but

not the expression level of IL-4, during the acute inflammatory phase of the immunization.

We next performed immunofluorescence microscopy to assess if LECs were in contact with

IL-4 expressing cells as well as attempting to assess through a secondary method whether

LECs were actually expressing IL-4. While we see clear colocalization of Lyve1+ LECs and
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Figure 2.10: VEGFR-3 stimulation increases accumulation of IL-4 expressing CD4
T cells in the lymph node, but does not alter expression level of IL-4 | (A) IL-4
reporter (4get) mice were immunized and dosed with VEGF-CC156S as shown in Fig 2.5A.
(A) Sample flow plot showing IL-4 expressing (EGFP+) cells (B) Pie chart showing IL-4
expressing populations (C) Numbers of IL-4 expressing cell populations as quantified by flow
cytometry (D) MFI on EGFP on IL-4 expressing CD4 T cells as quantified by flow cytometry
(E) Representative immunofluorescence images of IL-4 expression in lymphatic rich areas of
idLN. EGFP (green), Lyve1 (red), CD4 (white), B220 (blue). Scale bar= 100 µm

IL-4 expressing CD4 T cells, we did not observe IL-4 expression directly by the LECs in any of
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the images (Fig 2.10F). This colocalization was independent of VEGFR-3 stimulation as it

occurred in all three conditions (Fig 2.10F), but due to the fact that VEGFR-3 stimulation

promoted increased effector-memory IL-4 expressing CD4 T cells as well as expanding LECs,

it is likely that this interaction would occur more frequently. Thus, VEGFR-3 stimulation

promotes increased numbers of IL-4 expressing effector-memory CD4 T cells and these IL-4

expressing cells can be in contact with LECs.

2.3.10 MHC II on LECs is required for the VEGFR-3 dependent

upregulation of Th2 cytokine secretion by CD4 T cells

Due to the observed colocalization of LECs and IL-4-expressing CD4+ cells, we next assessed

whether there was a direct interaction with the LEC and CD4 T cell that could cause

this skewing towards IL-4 expression and downstream type 2 cytokine production. LECs

express MHC II, and thus potentially LECs could interact with with CD4 T cells as APCs

and cause this increased Th2 polarization of CD4 T cells [102]. To address this question,

we crossed Prox-1-CreERT2 mice with MHC IIfl/fl mice (MHC II∆Prox1 mice) to allow

selective deletion of MHC II in LECs upon tamoxifen treatment. MHC IIfl/fl mice were

used as controls (MHC IIWT ). MHC II∆Prox1 mice and MHC IIWT mice were all treated

with tamoxifen for 5 consecutive days and then rested for a week before experimental onset.

Mice were treated as shown (Fig 2.11A). Lymph nodes were restimulated with OVA and

cytokine secretion was analyzed. We observed that littermate control mice had increased

Th2 cytokine secretion upon VEGFR-3 stimulation, but no alteration of IFN-γ secretion.

However, in mice that lacked MHC II on LECs, there was no corresponding increase in

Th2 cytokine secretion due to VEGFR-3 stimulation (Fig 2.11C-D). Most critically, when

looking at IL-4 separately, we observe that this holds (Fig 2.11D). Surprisingly, we observed

an increase in secreted IFN-γ in these mice compared to controls, but that this increase was

not VEGFR-3 dependent (Fig 2.11C). Thus, MHC II on LECs is required for this
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Figure 2.11: MHC II on LECs restrains IFN-γ secretion by CD4 T cells and is re-
quired for the VEGFR-3 dependent upregulation of Th2 cytokines| Prox1CreERT2-
MHC IIlox/lox or MHC IIlox/lox littermate control mice were treated as shown in Fig 2.4A.
(A) Experimental schematic. (B) MHC II MFI on LECs quantified via flow cytometry (C-D)
Quantification by ELISA of cytokine secretion by OVA restimulated lymph node cells
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VEGFR-3 dependent increase in Th2 cytokines, particularly IL-4, and furthermore sup-

pressed IFN-γ secretion in a non-VEGFR-3 dependent manner.

2.3.11 LEC MHC II is necessary in vitro for optimal Th2 polarization in

LEC:DC:OT-II tri-cultures

Lastly, we tested this MHC II on LEC requirement in vitro. Due to their low levels of

costimulation, LECs are not sufficient in vitro to activate naïve CD4 T cells [92]. Thus we

used tricultures of bone marrow dendritic cells (BMDCs), LECs, and OT-IIs to determine

the role of MHC II on LECs in vitro in modulating DC activation of CD4 T cells. Briefly,

we first isolated lymph node stromal cells from WT and MHC II KO mice. After expanding

the cells ex vivo, LECs were enriched through negative selection and seeded. LECs were

then pre-treated with OVA323−339 with and without IFN-γ, to upregulate MHC II.

Figure 2.12: In vitro LEC MHC II is necessary for Th2 polarization of α-OVA
CD4 T Cells| (A) Experimental schematic of in vitro LEC:DC:OT-II triculture (B) Sample
gating of Th2 and Th1 cells by flow cytometry (pregated on CD45.1+CD3e+CD4+) (C)
Quantification of Th2 and Th1 cells by flow cytometry

Concurrently, BMDCs were matured using CpG and OVA overnight. BMDCs were washed
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and added to LEC coated wells. Isolated OT-II CD4 T cells specific for the OVA323−339

epitope were lastly added. After 5 days, cells were harvested for analysis by flow cytometry of

Th1 and Th2 polarization (Fig 2.12A-B). We observed that MHC II on LECs has no effect

on Th1 polarization, though Th1 polarization was increased in the condition pretreated with

IFN-γ; however, we observed that in LECs that lacked MHC II, maximal formation of Th2

cells was hindered and this effect was not dependent on IFN-γ pretreatment (Fig 2.12C).

Thus, in vitro, MHC II is necessary for optimal Th2 conversation of OT-II CD4 T cells.

2.3.12 VEGFR-3 stimulation selectively decreases IgG2c, but not other

subclasses, in an MPLA-based vaccine model

Lastly, we wanted to assess whether this VEGFR-3 dependent modulation of type 2 immu-

nity was adjuvant dependent. Thus we used the exact experimental schedule as we have

previously, but used monophosphoryl-lipid A (MPLA) as an adjuvant. MPLA is a TLR4

agonist, and as opposed to CpG which binds TLR9 expressed in the endosome of the cell,

TLR4 is expressed on the surface and is more representative of a bacterial rather than viral

pathogen. After assessing plasma antibody levels, we did not observe a phenocopy of CpG

as there was no VEGFR-3 dependent increase in antigen-specific IgG1. However, we did

observe a decrease in α-OVA IgG2c, which we have previously never observed (Fig 2.13).

IgG2c is one of the subclasses associated with the type 1 immune response, so as opposed

to promoting the type 2 immune response directly through increase in IgG1, VEGFR-3

stimulation in this different model slightly antagonizes the type 1 response.
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Figure 2.13: VEGFR-3 stimulation selectively decreases IgG2c, but not other
subclasses, in an MPLA-based vaccine model| Experimental timeline was followed as
shown in Fig 2.4A, using 5 µg of MPLA and 10 µg of OVA was used as the immunization.
Quantification of area under the dilution curve (AUC) of α-OVA IgG, IgG1, IgG2b, and
IgG2c

2.4 Discussion

In this present study, we uncovered a novel role of LECs as immunological players due to

their ability to alter CD4 T cell polarization. Our data demonstrated that upon VEGFR-

3 blockade during immunization, antigen-specific IgG1 is selectively antagonized and that

restimulated lymph nodes secrete more IFN-γ. IFN-γ antagonizes IgG1 class switch and thus

we find it is likely this increase IFN-γ, without increases in cytokines which may promote

IgG1 class-switch, drives this decrease in IgG1. Conversely, when stimulating VEGFR-3

during immunization, we see a selective increase in antigen-specific IgG1. In the restimulated

lymph node, we observe an increase in type 2 cytokines, which could explain the increased

IgG1 as all three of the type 2 cytokines, especially IL-4, can induce IgG1 class-switch

in various contexts. We then demonstrated through an inducible, conditional knock-out of

VEGFR-3 on LECs, that it was VEGFR-3 expression by LECs that was required for maximal

IgG1 class-switch. Using an IL-4 reporter mouse, we observed that VEGFR-3 stimulation
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led to an increased accumulation of IL-4 expressing effector-memory CD4 T cells and that

IL-4 expressing CD4 T cells were in close association with LECs. We lastly showed that

MHC II expression by LECs is required for this VEGFR-3 induced Th2 cytokine secretion,

and that it further suppressed IFN-γ in a VEGFR-3 independent manner.

Our work grows upon the increasing body of work demonstrating the key role LECs have

as immunological players and in interacting with CD4 T cells. Previous work highlights the

important of LECs in maintaining peripheral tolerance towards CD4 T cells, by serving as

antigen reservoirs [113] while other work has shown that LECs can acquire peptide-MHC

II complexes from dendritic cells, which also induces CD4 T cell tolerance [100]. Tumoral

LEC MHC II promotes TReg-mediated suppression, and in mice that lacked MHC II in

LECs, tumor growth was substantial impaired [102]. Another publication demonstrates

that the absence of MHC II on lymph node-stromal cells (which include LECs) leads to

autoimmunity [33]. Thus our work demonstrates a new role for LECs, not as “suppressors”,

but as “polarizers”, as it had not been shown that LECs can polarize CD4 T cells.

It remains an open question what specifically about LECs make them able to polarize

CD4 T cell responses in this way. One hypothesis is that LEC expression of PD-L1 with

the low levels of costimulation polarizes away from the Th1 response induced by CpG [35].

ILC2s that lack PD-L1 lead to defective Th2 priming [114]. Thus, potentially this MHC II

dependent interaction in the context of PD-L1 expression by LECs may be sufficient to alter

this polarization. Other studies highlight the role of PD-L1 in promoting M2 macrophage

infiltration, which could promote a type 2 permissive environment for Th2 polarization

[115, 116]. Thus potentially PD-L1 may directly promote Th2 polarization or indirectly

promote a Th2 permissive environment, but whether LEC PD-L1 is actually the mechanism

remains and interesting avenue for future exploration.

While we did not observe a direct phenocopy using MPLA as an alternative adjuvant, we

did still observe a slight antagonism in IgG2c, a type 1 associating subclass. It is relevant
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to note that this dose of MPLA used (5 µg) induces a much more robust antibody response

compared to our CpG dose, and MPLA also induces much higher levels of total α-OVA

IgG compared to CpG. Since the effects of LECs are relatively subtle, it may be worth

further exploration by lowering the dose of MPLA to match the levels of antibodies induced

by CpG, and to see if this case VEGFR-3 stimulation could also promote IgG1 increases.

It may be that the adjuvant dose is too high compared to the ability of LECs to assert

their immunomodulatory affect and thus no change above the much higher baseline can be

detected.

In human, there is substantial variability in plasma and serum VEGF-C levels. In healthy

women, VEGF-C levels ranged from 700 pg/mL to 2800 pg/mL [117], while a separate study

demonstrated that serum VEGF-C levels ranged from 2500 to 13000 pg/mL [118]. Thus

even at steady-state there is a wide range of VEGF-C that would be available in various

contexts. Furthermore, various inflammatory pathologies such as lymphedema and septic

shock are associated with increased circulating VEGF-C levels [119, 120]. There is already

evidence that links increased VEGF-C with increased IL-4 and IL-13 in lymphedema [119].

More than simply showing this association, our work directly links LECs with this type

2 polarization. Thus, our work has elucidated the mechanism to a previously unstudied

association in lymphedema, which highlights the importance of LECs as an immunological

player and demonstrates that this ability seems to be relevant in human, and not only in mice.

It remains to be seen if this association is preserved across other inflammatory pathologies

upon which VEGF-C is upregulated, but it is worth further exploration.

In conclusion, our study broaden the role of LECs as immunological players, highlight-

ing their ability to alter CD4 T cell polarization in an immunization model, and that this

polarization can functionally alter antibody class-switch towards IgG1.
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2.5 Materials and Methods

2.5.1 Animals

Wild-type (WT) mice (C57BL/6J) were purchased from The Jackson Laboratory. IL-4 re-

porter (4get, C.129-Il4tm1Lky/J) were purchased from The Jackson Laboratory and then

bred in house. MHCII-/- mice (B6.129-H2-Ab1tm1Gru) were bred in house. Prox1Cre-

ERT2-VEGFR-3lox/lox mice (or referred to as Prox1-VEGFR-3 mice) were generated through

crossing of Prox1-Cre-ERT2 mice [121] to with VEGFR-3lox/lox mice [91]. Mice were main-

tained homozygous for the floxed allele, and heterozygous for the Prox1 transgene (i.e. Prox1-

Cre-ERT2 Tg/0-VEGFR-3lox/lox). Littermate controls are homozygous for the VEGFR-3

floxed sequences but with no Prox1 transgene. For phenotypic induction, mice were injected

intraperitoneally with 1 mg tamoxifen (Sigma Aldrich) daily for seven days, and mice were en-

rolled in experiments 1 week after the last injection. Prox1Cre-ERT2-MHCIIlox/lox mice (or

referred to as Prox1-MHC II mice) were generated through crossing of Prox1-Cre-ERT2 mice

(Prox1tm3(cre/ERT2)Gco/J) with MHCIIlox/lox mice (B6.129-H2-Ab1tm1Koni/J) [121].

Prox1-MHC II mice were maintained heterogeneous for the Prox1 transgene and homozy-

gous for the MHC II floxed sequences (i.e. Prox1-Cre-ERT2 Tg/0-MHCIIlox/lox). Littermate

controls are homozygous for the floxed alleles. For phenotypic induction, mice were injected

intraperitoneally with 1 mg tamoxifen (Sigma Aldrich, St. Louis, Missouri, USA) daily for

five days, and mice were enrolled in experiments 1 week after the last injection. All mice

were used at age 8-16 weeks at the beginning of experiments. All animal experimentation

was approved by the Institutional Animal Care and Use Committee of the University of

Chicago (72551).
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2.5.2 Genotyping

DNA was extracted from tail clips or ear punch biopsies. PCR was carried out Prox1-Cre-

ERT2 transgene. For the Prox1 transgene, primers used were 5’-TGT CTG TGC CTC CAT

CTC AG-3‘ and 5’-AGG CAA ATT TTG GTG TAC GG-3’ for forward and reverse, respec-

tively. The transgene band yields a 730 bp long amplicon. Since the MHC-II and VEGFR-3

floxes were maintained homozygously in all mice (conditional knockout and littermate), no

genotyping was necessary.

2.5.3 Immunization and VEGFR-3 modulation

Mice were immunized subcutaneously in all for hocks with a total with 10 µg of CpG-B

and 10 µg of EndoFit chicken ovalbumin (Invivogen) split evenly between all four hocks.

Alternatively, instead of CpG, 5 µg of MPLA (Invivogen) with 10 µg of OVA could be used

to assess the effect of another adjuvant. To stimulate VEGFR-3, mice were injected with

VEGF-CC156S at a dose of 50 ng per hock in all 4 hocks. To block VEGFR-3, 500 µg

of α-VEGFR-3 (clone mF4-31C1, Eli Lilly) or Rat IgG (Sigma) as a control in 100 µL of

PBS was administered intraperitoneally (i.p.) and is given every 4 days up until Day 6 post

immunization.

2.5.4 Lymph node digestion

Lymph nodes were dissected from euthanized animals and digested with following a protocol

adapted from Broggi et al [122]. Briefly, lymph nodes were cut with scissors and digested

in 1 mg/mL collagenase IV (Worthington-Biochem) and 40 µg/mL DNAse I (Worthington-

Biochem) for 30 min at 37◦C with magnetic stirring. 3.3 mg/mL collagenase D (Sigma)

was then added to the mix for an additional 15 min. After repeated pipetting, enzymatic

digestion was quenched with EDTA at a final concentration of 5 mM followed by addition

of full media. Cells were then filtered twice through a 70 µm strainer to obtain single cell
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suspensions for subsequent processing.

2.5.5 Flow cytometry

Single cell suspensions were stained in 96-well round bottom plates. Live/dead staining along

with CD16/32 Fc (93, Biolegend) receptor blocking was performed in PBS for 15 min on ice

at 1:100 dilution, simultaneosly cells were viability stained using Live/Dead Blue (Thermo

Fisher)at 1:500 dilution. CXCR5 was stained separately for 1 hr at 37 ◦C in FACs Buffer

(PBS supplemented with 2% FBS). Surface staining was performed in Brilliant Stain Buffer

(BD) for 15 min on ice. Fixation performed using the FoxP3 fixation/permeabilization kit

(eBioscience) for 30 min at 50 µL. For nuclear transcription factor and IgG subclass staining,

staining was performed in permeabilization buffer (eBioscience). Cells were then washed one

last time in FACs Buffer and resuspended in 100 µL FACs buffer before samples were run on

the Cytek Aurora. Data analysis was performed using FlowJo (TBD) and statistical analysis

performed using Prism v9 (Graphpad). To see flow panels, refer to Tables 2.1-2.4 below

for further information.

Fluorophore Specificity Clone Purpose Dilution

CD45 AF532 30-F11 Pan-Immune 400
CD31 BUV615 1D3 LECs 400
gp38 APC-Cy7 8.1.1 LECs 200
F4/80 AF647 BM8 Macrophages 400
CD169 BV605 3D6.112 SCS Macrophages 150
CD49b PE DX5 NK Cells 400
CD3e BUV395 145-2C11 T Cells 100
CD4 BUV496 GK1.5 CD4 T Cells 400
CD8a BUV805 53-6.7 CD8 T Cells 400
CD44 PerCp-Cy5.5 IM7 Antigen experience 400
CD62L BUV737 MEL-14 Naive/Memory T Cells 400

Table 2.1: Flow cytometry panel for identification of IL-4 expressing cells
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Fluorophore Specificity Clone Purpose Dilution

CD45 AF532 30-F11 Pan-Immune 400
CD31 BUV615 1D3 LECs 400
gp38 APC-Cy7 8.1.1 LECs 200
F4/80 AF647 BM8 Macrophages 400
CD169 BV605 3D6.112 SCS Macrophages 150
CD11b BV785 M1/70 CD11b Subsets 400
CD19 BUV395 1D3 B Cells 300
B220 BUV496 RA3-6B2 B Cells 400
IgM BUV563 II/41 B Cell Subsets 150
IgD AF700 11-26c.2a B Cell Subsets 200
GL-7 PacBlue GL7 GC B Cells 200
CD95 BUV737 JO2 GC B Cells 200
IgG1 BV421 RMG1-1 IgG1+ B Cells 400
IgG2b AF594 RMG2b-1 IgG2b+ B Cells 200
CD8a BUV805 53-6.7 CD8 T Cells 400
CD11c BV480 N418 APCs 400
I-A/I-E PerCp-Cy5.5 M5/114 Naive/Memory T Cells 400

Table 2.2: Flow cytometry panel for identification of IgG1+ GC B Cells and Stromal Cells

Fluorophore Specificity Clone Purpose Dilution

CD45 AF532 30-F11 Pan-Immune 400
CD3e BUV395 145-2C11 T Cells 100
CD4 BUV496 GK1.5 CD4 T Cells 400

CD62L BUV737 MEL-14 Naive/Memory T Cells 400
Rorγt BV421 C9B7W Th17 400
CD8a BV480 53-6.7 CD8 T Cells 400
PD-1 BV605 29F.1A12 Activation/Exhaustion 200
ICOS BV650 C398.4A Activation 200
CD25 BV785 PC61 Activation/TReg 200
Foxp3 AF488 MF23 TRegs 200
CD44 PerCp-Cy5.5 IM7 Antigen experience 400
Gata3 PE/Dazzle-594 L50 Th2 Polarization 400
Tbet PE-Cy7 4B10 Th1 Polarization 400

CXCR5 AF647 L138D7 Tfh 400
CD45.1 AF700 A20 Congenic Marker 400

Bcl6 APC-Cy7 K112-91 Tfh 400

Table 2.3: Flow cytometry panel for OT-II Analysis In Vivo
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Fluorophore Specificity Clone Purpose Dilution

CD45 AF532 30-F11 Pan-Immune 400
CD3e BUV395 145-2C11 T Cells 100
CD4 BUV496 GK1.5 CD4 T Cells 400

Gata3 PE/Dazzle-594 L50 Th2 Polarization 400
Tbet PE-Cy7 4B10 Th1 Polarization 400

CD45.1 AF700 A20 Congenic Marker 400
CD44 PerCp-Cy5.5 IM7 Antigen experience 400

Table 2.4: Flow cytometry panel for OT-II Analysis In Vitro

2.5.6 Flow cytometry clustering

After spectral unmixing and conventional compensation was performed using a combination

of single stained cells and compensation beads (Cat 01-3333-42, Thermo Fisher Scientific),

OT-IIs were gated as shown (Fig 2.15). Samples of all OT-IIs from each sample were then

concatenated together into one file, and all subsequent analysis was performed. Individual

samples could be identified from the concatenated file due to unique keyword identifiers

added to the individual samples before concatenation. At first, unsupervised clustering

using Flowsom was performed, but as the number of clusters was deemed too small to reflect

the diversity of the system (4), supervised clustering was then performed where the number

of clusters was manually selected. Clustering was performed using the default number of

clusters to start (8), and the quality of the cluster was assessed using Cluster Explorer. The

number of clusters was found satisfactory when the expression patterns of each clusters was

unique and that when increasing the number of clusters led to overclustering while decreasing

the number of clusters led to losing the diversity of the populations. In the end, 8 clusters

was chosen. Both FlowSom and Cluster Explorer are available as plugins to FlowJo and

freely downloadable through the FlowJo Exchange. Clustering were performed using the

following markers: CD44, CD62L, PD-1, ICOS, CD25, Foxp3, Gata3, Tbet, Rorγt, CXCR5,

and Bcl6.
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2.5.7 Microscopy

Immunization draining lymph nodes were fixed in 1% paraformaldehyde (PFA), embedded

in paraffin and cut into 6 µm sections using a microtome (Leica). After deparaffinization in

xylene and re-hydration in decreasing concentrations of ethanol, slides were incubated for

40 min in citrate buffer (10 mM citric acid, 0.05 % Tween 20, pH 6.0) at 95 ◦C. Slides are

then incubated for 10 min in tris-buffered saline (TBS) 10 % DMSO, 10 min in TBS 0.1 %

Triton, 30 min in TBS 0.5 % casein prior to immunostaining. Slides were incubated with

rat anti-mouse CCL21 (R&D, 59106) and goat anti-Lyve1 (R&D, AF2125) in TBS 0.5 %

casein overnight at 4 ◦C, followed by matching secondary antibodies (Invitrogen) for 1 hr

at room temperature. After vigorous washing, slides were lastly stained with AF647 anti-

I-A/I-E (BioLegend, M5/114.15.2) overnight at 4◦C. Sections were mounted with Prolong

Gold Antifade Reagent with DAPI (Invitrogen) and imaged using a Leica DMi8 fluorescent

microscope and 25x oil objective. Image processing was performed with ImageJ (NIH).

For the IL-4 reporter mice (4get), lymph nodes were fixed in 1 % PFA for 1 day, and were

subsequently incubated for at least 2 days in 15 % sucrose in TBS followed by 30 % sucrose

in TBS. Tissues were embedded in Tissue-Tek® OCT Compound (Electron Microscopy

Sciences) and frozen before being cut into 9 µm sections using a cryostat (ThermoFisher).

All sections were incubated for 10 min in TBS 10 % DMSO, 10 min in TBS 0.1 % Triton,

30 min in TBS 0.5 % casein prior to immunostaining. Slides were incubated with goat anti-

Lyve1 (R&D, AF2125), CD4 (BioLegend, GK1.5) and lastly rabbit anti-EGFP (Invitrogen)

for signal amplification in TBS 0.5 % casein overnight at 4◦C, followed by matching secondary

antibodies (Invitrogen) for 1 hr at room temperature. After vigorous washing, slides were

lastly stained with AF647 anti-B220 (BD, RA3 6B2) in TBS 0.5 % casein overnight at 4◦C.

Sections were mounted with Prolong Gold Antifade Reagent (Invitrogen) and imaged using

a Leica SP8 laser-scanning confocal microscope and 25x oil objective. Image processing was

performed with ImageJ (NIH).
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2.5.8 Restimulation

To assess cytokine secretion by T cells through antigen-specific restimulation. Briefly, single

cell suspensions of LNs were seeded in 96- well round bottom plates at 5 x 105 cells per

well, and restimulated or not with OVA323−339 (1 µg/mL) or full protein OVA (100 µg/mL)

depending on the experiment for a total of 4 days. After 4 days, the supernatant was collected

and frozen for subsequent analysis. For supernatant analysis, LEGENDplex™ Mouse Th1/2

Cytokine Panel kit (BioLegend) was performed according to the manufacturer’s instruction.

Approximately 300 events per cytokine was acquired using Fortessa 4-15 flow cytometer

(BD), and analyzed with LEGENDplex v8.0 software.

2.5.9 α-OVA Antibody ELISA

Blood was collected from immunized EDTA-K2-coated tubes (BD). Plasma was separated

by centrifugation at 15000xg for 10 min and stored at −80 ◦C. Plasma was assessed for

anti-OVA IgG as well as IgG subclasses IgG1, IgG2b, and IgG2c by ELISA. 96-well ELISA

plates (MaxiSorp Immuno plates, Thermo Scientific) were coated with 10 µg/mL OVA in

PBS overnight at 4 ◦C. The following day, plates were washed in PBS with 0.05 % Tween 20

(PBS-T) and then blocked with 1x casein (Sigma) diluted in PBS for 2 h at room tempera-

ture. Then, wells were washed with PBS-T and further incubated with various dilutions of

plasma for 2 h at room temperature. Plasma was first diluted 100-fold for the initial dilution

and then serially in 10 fold increments up to 6 times to create a dilution curve. After 6

washes with PBS-T, wells were incubated for 1 h at room temperature with horseradish

peroxide (HRP)-conjugated antibody against mouse IgG, IgG1, IgG2b, IgG2c, (Southern

Biotech). After 5 washes with PBS-T, bound anti-OVA antibodies were incubated with

tetramethylbenzidine substrate for 30 min. 3 % H2SO4 with 1 % HCl was added at that

time, and the absorbances at 450 nm and 570 nm were immediately measured (Epoch Mi-

croplate Spectrophotometer, BioTek). For all subsequent analysis, the absorbance at 570
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nm was subtracted from the absorbance at 450 nm. For AUC analysis, the Reimann’s sum

(trapezoidal rule) was calculated using the log transformed dilution versus the absorbance

for each sample.

2.5.10 Bone marrow-derived DC (BMDC) generation

BMDCs were generated as previously described [100]. Briefly, mouse femurs and tibiae

were harvested, and bone marrow was flushed out using a 27-gauge syringe needle or finer,

loaded with RPMI-1640 media. Bone marrow cells were seeded and expanded with GM-

CSF (2 ng/mL, Peprotech) and used between 7 and 9 days after seeding. BMDCs were then

matured with 1 µg/mL CpG-B (ODN-1826, Trilink) and 10 µg/mL OVA overnight.

2.5.11 Isolation of lymph node lymphatic endothelial cells

Axillary, brachial, inguinal and popliteal lymph nodes (LNs) were harvested from WT and

MHC II-/- mice and digested as previously described [123]. Briefly, LNs were mechanically

disrupted and digested in IMDM (Gibco) containing Liberase DH (Roche, 250 µg/mL) and

DNase I (Sigma, 100 µg/mL). After 1 hr of digestion at 37 ◦C, the mixture was homog-

enized by repeated pipetting. Cells were then passed through a 70 µm cell strainer and

the enzymatic digestion was quenched with IMDM containing 10% FBS, penicillin (100

U/mL), streptomycin (100 µg/mL), and EDTA at a final concentration of 5 mM. Cells were

washed and seeded on plates that were pre-coated with PBS containing human fibronectin

(10 µg/mL, Fisher Scientific) and bovine type-I collagen (PureCol; 10 µg/mL, Advanced

Biomatrix) for 30 min at 37 ◦C. Cells were cultured in αMEM (Gibco) supplemented with

10% FBS, penicillin (100 U/mL) and streptomycin (100 µg/mL). 24 hr after seeding, cells

in suspension were removed and replaced with fresh medium. After reaching around 80%

confluency, cells consisting mainly of LECs (CD45-CD31+gp38+CD140a-) and fibroblastic

reticular cells (FRCs; CD45-CD31-gp38+CD140a+) were harvested and used directly or
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sorted for LECs using a negative selection approach. For sorting, cells were incubated with

biotinylated antibodies against CD45, EpCam, and CD140a for negative selection and sorted

with streptavidin beads/magnet from EasySep, yielding a fraction enriched for LECs.

2.5.12 CD4+ T cell isolation

Spleens were harvested from OT-II transgenic mice and mechanically disrupted on a pre-wet

70 µm strainer using a syringe plunger. Red blood cells were lysed using ACK buffer (Gibco)

for 3-4 minutes. CD4+ T cells were then isolated using the negative selection kit for mouse

CD4+ T cells from Biolegend, yielding purity greater than 85%. For carboxyfluorescein

succinimidyl ester (CFSE) labeling, cells were washed with PBS and resuspended in PBS at

107 cells/mL. CFSE was diluted at 2 µM in PBS, and was mixed with the cell suspension at

1:1 for 7 minutes at room temperature in the dark. The labeling reaction was quenched with

FBS-containing medium on ice for several minutes before washing. For adoptive transfer,

cells were resuspended in PBS.

2.5.13 In vitro MHC II necessity

One day before the start of the tri-culture, BMDCs were matured with OVA and CpG-B

as described. Isolated LECs from the primary LNSC cultures were counted and seeded at

a density of 10,000 cells per well in a flat bottom TC-treated 96 well plates that were pre-

coated with PBS containing human fibronectin (10 µg/mL, Fisher Scientific) and bovine

type-I collagen (PureCol; 10 µg/mL, Advanced Biomatrix) for 30 min at 37 ◦C. Isolated

LECs were either treated with OVA323−339 (1 µg/mL) or OVA323−339 (1 µg/mL) and IFN-

γ (50 ng/mL). The next day, OT-II isolation was performed and cells were CFSE labelled

as described. Cells were counted and seeded at 100,000 cells/well into the wells that already

contained the seeded LECs from the day before. Matured BMDCs were then added to each

well at an amount of 10,000 cells/well giving a OT-II:DC:LEC ratio of 10:1:1. As a negative
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control, OT-IIs were incubated with IL-7 (10 ng/mL) without any LEC or BMDCs. Cells

were then incubated for 5 days and analyzed by flow cytometry at endpoint.

2.5.14 Statistics

For data in which there are three or more experimental groups of comparison, parametric

data were analyzed using one-way analysis of variance (ANOVA) Dunnett’s or Bonferroni’s

post hoc test for multiple comparisons. Non-parametric data was analysis using Kruskal-

Wallis with Dunn’s test for multiple comparisons. For data in which there are only two

experimental groups, an unpaired 2-tailed Student’s t test is performed for parametric data

while non-parametric data was tested using Mann-Whitney. The difference was considered

significant when P < 0.05. P values were classified as follows: ns, not significant; *P < 0.05;

**P < 0.01; and ***P < 0.001.
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2.5.15 Supplemental Figures

Figure 2.14: Gating strategy for the identification of IL-4 (EGFP) expressing Cells
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Figure 2.15: Gating strategy for the identification of immune and stromal popu-
lations in the lymph node after vaccination
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Figure 2.16: Gating strategy for the phenotyping of OT-IIs in the lymph node

Figure 2.17: Gating strategy for the analysis of Th1/Th2 polarization in vitro
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CHAPTER 3

THE VEGFR-C/VEGFR-3 AXIS MODULATES CD8 T CELLS

AND POTENTIATES IMMUNOTHERAPY IN A CXCR3

DEPENDENT MANNER
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3.1 Abstract

Vascular endothelial growth factor-C (VEGF-C) expression and subsequent lymphangiogen-

esis in the tumor microenvironment are associated with metastasis and poor prognosis in

melanoma. We have demonstrated that while VEGF-C promotes a highly immunosuppres-

sive microenvironment in the tumor, it paradoxically renders immunotherapy more effective

in mouse models and correlates with improved survival after checkpoint blockade therapy in

patients, a phenomenon we termed lymphangiogenic potentiation. We first queried whether

the T cells in the tumor immune microenvironment were altered in lymphangiogenic tumors,

and we observed that not only are lymphangiogenic tumors more T cell inflamed, but that

the phenotype of these immune infiltrates is also altered. Thus before immunotherapy, the T

cell infiltrates are already distinct. We utilized an adoptive cell transfer therapy model upon

which activated antigen specific CD8 T cells (OT-Is) were transferred as an immunotherapy.

We found that lymphangiogenic melanomas after adoptive transfer had increased CXCL9

levels, and that blocking CXCR3 reduced the benefit of immunotherapy efficacy on lymphan-

giogenic melanomas, suggesting that lymphangiogenic potentiation was partly dependent on

endogenous T cell recruitment. Taken together, our data demonstrates that intratumoral

lymphangiogenesis enhances the efficacy of immunotherapy by boosting immune infiltration

via enhanced T cell recruitment and priming.

3.2 Introduction

Historically, lymphatics have correlated poorly with survival in cancer. Tumors with higher

lymphatic vessel density are more metastatic and VEGFR-3 dependent lymphangiogenesis

has been reported to be required to initiate the early events of metastasis in a VEGF-D

overexpressing tumor model as lymphatics serve as routes of escape for tumor cells [60].

Furthermore, LECs themselves have many immunosuppressive functions restricting recruit-
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ment of inflammatory cells and decreasing levels of pro-inflammatory cytokines such as TNF

and IL-1β [64].

Current work highlights the more direct role lymphatics have as immunological players in

the tumor context. IFN-γ activation of dermal LECs was seen to inhibit cytotoxic T cells in

melanoma [124], and LEC PD-L1 has been shown to suppress CD8 T cells by inducing their

apoptosis in the draining LNs [125]. On the CD4 T cell side, LEC MHC II promoted in-

creased Treg suppressive function in the tumor [34]. As highlighted previously, LECs secrete

multiple inhibitory enzymes, including nitric oxide (NO) and indoleamine-2,3-dioxygenase

(IDO) and can suppress DC mediated T cell activation [65–67]. However, despite these many

negative associations, more recent research highlights that lymphatics actually are critical

in many contexts for immune cell trafficking to the tumors and their ability to respond to

various therapies. Meningeal lymphatics that surround the brain are critical for regulating

radiotherapy efficacy by regulating immune cell trafficking and CD8 T cell activation [126],

and VEGF-C promotes immune-surveillance and immunotherapy efficacy in glioblastoma

[70].

It is not only meningeal lymphatics that have been shown as beneficial in this regard.

We have shown that in melanoma, dermal lymphatic vessels are required to elicit a po-

tent adaptive immune response [127]. Moreover, we demonstrated that the blockade of the

VEGF-C/VEGFR-3 signaling axis resulted in a reduction of cancer immunotherapy effi-

cacy in several immunotherapy models including adoptive cell transfer (ACT) and tumor

peptide vaccines, indicating that tumor lymphangiogenesis plays beneficial roles in elicit-

ing antitumor immunity [69], an effect we refer to as lymphangiogenic potentiation of im-

munotherapies. We observed that lymphangiogenic murine melanomas are more inflamed

with immune cells, but particularly T cells. These tumors were enriched for naïve T cells

prior to immunotherapy, and that the CCL21-CCR7 signaling pathway was involved in this

process. Importantly, CCR7 inhibition reduced the therapeutic benefit provided by tumor
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VEGF-C signaling, indicating that the chemokine CCL21, which LECs are a main source of

citegunn1998chemokine, contributes to the therapeutic benefit of VEGF-C. This association

between lymphangiogenesis and immunotherapy outcome was also observed in melanoma

patients, where higher levels of serum VEGF-C prior to immunotherapy correlated with

a better clinical response in two independent clinical trials [69]. However, it remains un-

clear whether other pathways besides the CCL21:CCR7 axis are relevant in the generation

of lymphangiogenic potentiation in melanoma. Here, we address further mechanisms by

which the tumor lymphangiogenesis shapes antitumor immunity and affects the response to

immunotherapy.

3.3 Results

Previous work from the lab has demonstrated that lymphangiogenic tumors are more T

cell inflamed, with an increase in overall CD4 and CD8 T cell infiltration. However, we

wanted to probe whether lymphangiogenic tumors had altered phenotype of their T cell

infiltrates. To achieve this we used unbiased clustering approaches to use a broad array

of markers to assess the quality of the CD8 T cell compartment. To assess activation and

exhaustion we used CD44, ICOS, PD-1, Lag3, Tbet, and Tim3; Tox for terminal exhaustion,

Ki67 for proliferation; TCF1 and CXCR5 for T cell stemness; and CCR7, CD127, and

CD62L to assess memory phenotype. We identified 10 unique clusters using supervised

clustering using FlowSom (Fig 3.1A). We removed Pop5 from analysis due to the extremely

high autofluorescence, and thus is likely macrophage contamination. That leaves 9 bona

fide clusters. We observed 3 clusters that were upregulated in lymphangiogenic tumors

(Pop1, Pop3, Pop9) (Fig 3.1B). One cluster was downregulated (Pop2), while the rest were

unaffected. (Fig 3.1B)
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Figure 3.1: Lymphangiogenic tumors have altered CD8 T cell populations | 250e3
B16F10-CTRL or B16F10-VEGF-C tumor cells were inoculated and tumors were grown for
14 days. At endpoint, tumors were digested to a single cell suspension and stained for flow
cytometry. (A) Heatmap of expression of FlowSom clusters of concatenated CD8 T cells (B)
Proportions of each cluster as a fraction of total CD8 T cells

Annotations for all clusters can be viewed in (Table 3.1), but we will focus on the differ-

entially regulated clusters for more in-depth analysis. Interestingly, of the three populations

(Pop1, Pop3, and Pop9) that are enriched in the lymphangiogenic tumors, only one of them

(Pop1) expressed high levels of CCR7 while Pop3 expressed low CCR7 while Pop9 the low-

est expression. CCR7 is the receptor to CCL21, of which LECs are a key source. Pop1

are naive T cells expressing CD127, CD62L, CCR7, but not expressing activation markers
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such as CD44 or PD-1. Pop3 are proliferating central memory phenotype cells expressing

CD127, CCR7, and CD62L while also expressing low levels of the activation marker CD44

and effector transcription factor Tbet, but not expressing any exhaustion markers such as

PD-1 or Tox. Pop9 are highly exhausted as they express the highest levels of most activa-

tion and exhaustion markers, including Tox for terminal exhaustion, but they also express

CD127, which indicates they may be IL-7 responsive. This population does not express

CCR7. Interesting, the only cluster that was downregulated was Pop2, which while having

effector phenotype due to the expression of (low levels) of CD44, they did not express other

activation or exhaustion markers. Thus lymphangiogenic tumors have altered CD8 T cell

infiltrates compared to their non-lymphangiogenic counterparts.

Cluster Annotation

CD8: Pop0 Non-proliferation central memory
CD8: Pop1 Naive
CD8: Pop2 non-activated effectors
CD8: Pop3 Proliferating central memory
CD8: Pop4 CCR7+ Effectors
CD8: Pop5 Autofluorescent contamination
CD8: Pop6 CCR7- Exhausted Effectors
CD8: Pop7 Proliferating Effectors
CD8: Pop8 CCR7+ Exhausted Effectors
CD8: Pop9 Highly-activated IL-7Rα+ effectors

Table 3.1: Cluster Annotation for CD8 TILs

3.3.1 T cells colocalize in lymphatic rich areas in lymphangiogenic tumors

While we began our analysis on lymphangiogenic and non-lymphangiogenic tumors without

any treatment to assess baseline differences in the T cell phenotype, we next assessed the

mechanism for "lymphangiogenic potentiation" that we have observed previously. We first

assessed whether there was a more direct relationship between lymphatics and this T cell

inflammation. We chose the adoptive transfer model using B16-OVA-VEGF-C, a modified
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Figure 3.2: Localization of T cells within lymphangiogenic tumors |B16F10-OVA-
VEGF-C tumors, after adoptive transfer of activated OT-I CD8+ T cells on day 8, treatment
with IgG or α-VEGFR-3 and sacrifice at day 20. (A) Representative images of whole tumor
sections. Grey: DAPI. Red: LYVE-1. Green: CD3. Scale bar: 500 µm. (B) Inset image
of tumor sections. Grey: DAPI. Red: LYVE-1. Green: CD3. Scale bar: 100 µm. (C)
Percentage CD3+ area in lymphatic-poor (LYVE-1 low) and lymphatic-rich (LYVE-1 high)
regions in tumor sections of IgG-treated mice (n=3 mice, each n represents the average of
32 sub-images within the core of one tumor)

form of B16-VEGF-C that also express ovalbumin (OVA) protein to serve as an antigen. To

block lymphangiogenesis, we utilized a VEGFR-3 blocking antibody (mF4-31C1, Eli Lilly).

The use of OVA as a model antigen allows us to use OT-Is, which are transgenic CD8 T cells
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that are specific to an SIINFEKL, the immunodominant CD8 epitope of OVA. We activate

the OT-Is ex vivo and adoptive transfer them on Day 8. This therapy mimics other adoptive

transfer therapy such as CAR T cells or TIL adoptive transfers. At endpoint, we stained

paraffin sections for lymphatics (Lyve1) as well as T cells (CD3ϵ), and then assessed their

colocalization. As expected, in lymphangiogenic tumors, lymphatics penetrate throughout

the tumor, while after VEGFR-3 blockade, there is an almost entire absence of intratumoral

lymphatics (Fig 3.2A). In lymphangiogenic tumors, there is also large CD3 T cell infiltra-

tion, while α-VEGFR-3 treated mice have substantially less infiltration (Fig 3.2A-B). We

next quantified lymphatic rich and lymphatic poor regions, and we found that lymphatic rich

areas of the tumor had increased T cell infiltration compared to lymphatic poor regions, even

considering these tumors were all lymphangiogenic (Fig 3.2C). Qualitatively, the T cells are

very closely colocalized to the lymphatics (Fig 3.2B) compared to distal regions. Together,

this implies a direct relationship between lymphatics and T cells causing this colocalization.

3.3.2 Lymphangiogenic tumors are enriched in CXCL9, which is secreted by

LECs under inflammatory conditions

Previously the lab has established that lymphangiogenic tumors were enriched for CCL21

and that blockade of the receptor for CCL21, CCR7, led to the loss of lymphangiogenic

potentiation and decrease in naive and memory T cell accumulation in the tumor. Since we

observed that there were still subsets of T Cells that did not express high levels of CCR7,

we decided to probe if other chemokines from LECs could be involved [69]. To assess this,

we inoculated B16-OVA-VEGF-C tumors into mice and either treated with α-VEGFR-3

blocking antibody, using OT-Is as immunotherapy as described previously. At endpoint,

tumors were harvested and lysed for protein content, and chemokines were assessed via

Legendplex (Biolegend). We observe that lymphangiogenic tumors had increased CXCL9

and CCL22 compared to their non-lymphangiogenic counterparts (Fig 3.3A). However,
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Figure 3.3: Lymphangiogenic tumors are enriched with CXCL9, which LECs se-
crete upon IFN-γ stimulation| B16F10-OVA-VEGF-C cells injected into WT mice, with
adoptive transfer of activated OT-I CD8+ T cells on day 8. Mice treated with IgG or
α-VEGFR-3 and euthanized at day 18 for analysis. Tumor protein analysis using LEGEND-
plex. Representative of 2 independent experiments. (B)Supernatant analysis of primary
mouse LECs, stimulated or not with 50 ng/ml of recombinant murine IFN-γ. Data rep-
resentative of 3 experiments. (C) T cell transmigration. Experimental setup (left), and
quantification of transmigrated activated CD8+ T cells after 16 hr (right). Data represen-
tative of 3 experiments. Data represent mean±SEM.

this does not indicate whether LECs themselves are capable of making this chemokine. To

assess this we took LN LECs, expanded them in vitro, and stimulated them with or without

IFN-γ to assess their chemokine secretion at baseline and under inflammatory conditions.

Interestingly we found that even though CCL22 is enriched in lymphangiogenic tumors, it

was not found to be secreted by LECs either at baseline or after IFN-γ stimulation (Fig

3.3B). However, we did find that while CXCL9 was not produced at baseline by LECs, it

was produced by IFN-γ stimulated LECs (Fig 3.3B). Thus lymphangiogenic tumors are

enriched in CXCL9, which can be secreted by IFN-γ inflamed LECs. CXCL9 is the receptor
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for CXCR3, which is expressed by effector T cells and is important for their migration

[128]. To assess in vitro if the CXCL9/CXCR3 axis plays a role in functionally altering T

cell migration in our setup, we utilized a transwell setup where we seeded IFN-γ stimulated

LECs on one side of a transwell and added activated CD8 T cells onto the other side to assess

their ability to transmigrate, and blocked CXCR3 using a blocking antibody (Fig 3.3C). We

found that the addition of LECs significantly increased CD8 T cell transmigration, suggested

that LECs can directly facilitate CD8 T cell transmigration (Fig 3.3C). We observed that

upon CXCR3 blockade, there was a significant reduction in transmigration, which implicates

LEC CXCL9 as being functionally relevant in its potential to alter CD8 T cell migration (Fig

3.3C). Interestingly, transmigration did not get reduced to baseline levels without LECs,

which could indicate that there are other factors, potentially other LEC secreted chemokines

can alter transmigration of effector T cells.

3.3.3 CXCR3 blockade reduces lymphangiogenic potentiation of

immunotherapy

We next assessed whether CXCR3 had a functional role in vivo in altering lymphangiogenic

potentiation. Here we treated B16-OVA ± VEGF-C tumor bearing mice that were were

given OT-I ACT with α-CXCR3 or isotype control. However, since CXCR3 is so critical for

effector T cell homing, which include the effector OT-Is we transferred, we waited for 3 days

after therapy to allow for the T cells to traffic to the tumor properly. Here we confirmed

that the lymphangiogenic B16-OVA-VEGF-C responded to the immunotherapy much better

than their non-lymphangiogenic counterparts (Fig 3.4A). We found that by disrupting the

CXCR3 axis through antibody blockade we lost this therapeutic benefit, and the growth

curve for these mice looked almost identical to the non-lymphangiogenic counterparts without

any CXCR3 blockade (Fig 3.4A). Interestingly, we observed that CXCR3 blockade in non-

lymphangiogenic tumors did not effect the tumor growth (Fig 3.4A). To confirm the efficacy
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of the blockade, we assessed immune infiltration by flow cytometry. We observed that CXCR3

blockade reduced CD4 T cell, CD8 T cell, NK, and NKT cell infiltration, and that this affect

was independent the tumor type, but that it did not effect LEC numbers (Fig 3.4B-C).

CD4 T cells [129], CD8 T cells [128], NK cells [130], and NKT cells all can express CXCR3,

which is important for their trafficking to inflammatory sites [131]. Thus phenotypically, the

CXCR3 blockade alters the infiltration in both lymphangiogenic and non-lymphangiogenic

tumors, but only has a functional effect on the therapeutic efficacy of the lymphangiogenic

tumors. Thus, the CXCR3 axis reduces lymphangiogenic potentiation of immunotherapy,

but does not alter therapeutic efficacy in non-lymphagnigogenic tumors.

Figure 3.4: CXCR3 blockade reduces lymphangiogenic potentiation of im-
munotherapy |B16F10-OVA ± VEGF-C cells injected into WT mice, with adoptive trans-
fer of activated OT-I CD8+ T cells on day 8. Mice treated or not with α-CXCR3 from day
11 and analyzed at day 18. (A) Tumor growth curves. Flow cytometry analysis of (B) LECs,
(C) CD3+ T cells, CD8+ T cells, CD4+ T, NK and NKT cells. Quantification of cells per
mg of tumor. B16F10-OVA ± VEGF-C cells injected into WT mice, with adoptive transfer
of activated OT-I CD8+ T cells on day 8.
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3.3.4 Immunotherapy efficacy in lymphangiogenic tumors is dependent on

early presence of intratumoral T cells

Due to the specificity of CXCR3 blockade in abrogating the therapeutic efficacy in lymphan-

giogenic tumors, we next asked whether intratumoral T cells were sufficient for therapeutic

efficacy, or if there was a requirement for the continuous recruitment of new effector T cells

from the lymph node. This is not addressed by CXCR3 blockade alone as T cells are able to

leave the tumor under normal conditions and then CXCR3 blockade would prevent rehoming

of T cells to the tumor as all T cell infiltrates decrease (Fig 3.4C). This does not ellucidate

whether new populations of T cells must be recruited from the lymph node or whether the

populations in the lymph node would be sufficient on their own, were they not allowed to

exit the tumor. To ascertain which population of T cells is critical, we utilized FTY720 that

prevents T cell egress from the lymph node [132]. We can then give FTY720 in combination

with CXCR3 blockade to address this question.

Figure 3.5: Therapeutic efficacy of ACT in lymphangiogenic tumors is dependent
on intratumoral T cells |B16F10-OVA ± VEGF-C cells injected into WT mice, with
adoptive transfer of activated OT-I CD8+ T cells on day 8. Mice treated or not with α-
CXCR3 from day 11 every 3 days or FTY720 from day 8 and given daily (A) Tumor growth
curve. (B) Survival curve.

We observed that, as expected, CXCR3 substantially interfered with therapeutic effi-

cacy of ACT in B16-OVA-VEGF-C tumors (Fig 3.5A-B). As we have observed previously,

FTY720 alone does not affect therapeutic efficacy compared to the ACT only mice (Fig
64



3.5A-B) [69]. Interestingly we found that the addition of FTY720 rescued the antagonistic

effect of CXCR3 blockade and the combination treated mice look identical to the control

mice that received only ACT (Fig 3.5A-B). This would indicate that therapeutic efficacy

of ACT in lymphangiogenic tumors is dependent on the intratumoral T cell population and

not on the CXCR3-dependent circulation of new effector T cells, as long as the tumors are

initially unable to leave the tumor with FTY720.

3.4 Discussion

In this present study we demonstrate more of the mechanisms of lymphangiogenic potenti-

ation. While it is known that lymphangiogenic tumors are more T cell inflamed, we further

identified that the T cell infiltrates themselves are altered as we saw an increase in clusters

identified as naive, proliferating central memory, and high-activated IL-7Rα+ effectors as

well as a decrease in non-activated effectors. While previously it has been established that

CCL21 from LECs is important for the recruitment of CCR7+ T cells to the tumor in lym-

phangiogenic tumors, only one of the identified clusters that was enriched in lymphangiogenic

tumors expressed high levels of CCR7. This motivated us to look more into other chemokines

in the tumor microenvironment that may be involved in recruiting these other clusters. We

found that CXCL9 was upregulated in lymphangiogenic tumors and that in vitro primary

murine LECs produced CXCL9 upon IFN-γ stimulation. In vitro, we demonstrated that

LECs were able promote transmigration of activation CD8 T cells and that this effect was

partially CXCR3 dependent. In vivo we demonstrates that lymphangiogenic potentiation

was CXCR3 dependent. Lastly, we demonstrated that the TILs in the tumor upon the onset

of ACT were required for immunotherapy efficacy in lymphangiogenic tumors, and not on

the entry of new T cells from the lymph node as long as the TILs are unable to leave the

tumor, otherwise the CXCR3 dependent recirculation of T cells is required for efficacy.

Our work grows on the increasing body of work showing that as opposed to their classi-
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cal role associated with metastasis, that lymphatics also have an important role in immune

trafficking through the secretion of various chemokines. In some cases as we have found,

it is beneficial, and this has also been demonstrated in glioblastoma that VEGF-C drives

immunosurveilance and immunotherapy responsiveness [70]. Furthermore, LEC secreted

CXCL12 restricts CD8 T cells into the periphery of the tumor in the ICB responsive Yum-

mer1.7 melanoma cell line [133, 134]. It remains unclear what about these different models

would induce such different responses, but either way these implicates lymphatics as having a

direct role in modulating T cell trafficking to alter, either for better or worse, immunotherapy

responsiveness.

In short, we have demonstrated that lymphangiogenic tumors have altered CD8 T cell

infiltration, that LEC CXCL9 is important for CD8 T cell transmigration, and that the

CXCR3 axis is required for lymphangiogenic potentiation. Thus, lymphangiogenic tumors

can directly promote recruitment of relevant T cell populations through CXCL9 and CCL21,

thus opposed to their normally negative association with metastasis, there are benefits to

increased lymphatics in the tumor, in the context of immunotherapy.

3.5 Materials and Methods

3.5.1 Mice

Wild-type mice (WT, C57BL/6J) were purchased from the Jackson Laboratory (Bar Harbor,

Maine, USA). OT-I CD45.1.2 mice were crossed between CD45.1 mice (B6.SJL-PtprcaPepcb/BoyJ)

and OT-I mice (C57BL/6-Tg(TcraTcrb)1100Mjb/J), both from the Jackson Laboratory. All

mice were used at age 8-16 weeks at the beginning of experiments. All animal experimenta-

tion was approved by the Institutional Animal Care and Use Committee of the University

of Chicago (72414 and 72551).
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3.5.2 Tumor experiments

For the B16F10 experiments, recipient mice were anesthetized and shaved on the back.

For T cell analysis B16F10 ±VEGF-C was used while for ACT experiments B16F10-OVA ±

VEGF-C cells were maintained in DMEM high glucose (Gibco) supplemented with 10% FBS

(Gibco), as previously described [135]. Tumor cells were harvested around 80% of confluence,

washed three times with PBS, and 250,000 cells in 30 µL PBS were injected intradermally in

the mouse skin under anesthesia. Tumors were measured in 3 dimensions (x, y and z) with

a digital caliper and volume was computed as Volume = 4π*(x/2)*(y/2)*(z/2)/3. Tumor

cells were tested negative for mycoplasma.

3.5.3 Adoptive cell transfer

For the adoptive T cell transfer, spleens from OT-I mice were dissociated on a 70 µm strainer.

Red blood cells were lysed using ACK buffer (3 min at room temperature). After washing,

cells were seeded on non-tissue culture-treated 24- well plates in IMDM medium supple-

mented with 10% FBS, penicillin (100 U/mL), streptomycin (100 µg/mL), murine IL-2 (20

U/mL, Peprotech) and 1 µg/mL SIINFEKL peptide (GenScript). After 2 days, cells were

split 1:2 and IL-2-containing fresh medium was added. 2 days later, cells were harvested,

and washed several times with large volumes of PBS. 106 cells in 100 µL PBS were injected

in the tail vein.

3.5.4 Antibody treatment

500 µg of αVEGFR-3 antibody (clone mF4-31C1, Eli Lilly) or rat IgG control (Sigma) was

administered i.p. in 100 µL PBS every 4 days from day 0 (time of B16F10 cell injection).

200 µg of αNK1.1 (clone PK136, BioXCell) was administered i.p. with PBS every 3 days

from day 8. 200 µg of αCXCR3 (clone CXCR3-173, BioXCell) was administered i.p. with

PBS every 3 days from day 11 (3 days after the adoptive T cell transfer).
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3.5.5 FTY720

FTY720 (Sigma) was dissolved in sterile DI water at a concentration of 250 µg/mL. Mice

were injected at 1 mg/kg ( 25 µg per mouse) at each timepoint. FTY720 was injected i.p.

daily starting day 8 (the day of ACT) until mouse reached endpoint. Non-FTY treated mice

were injected with an equal volume of DI water for control. For mice that received CXCR3

blockade and FTY720, CXCR3 blockade was given via a separate i.p. injection every 3rd

day as described above.

3.5.6 Tumor digestion

Tumors were dissected from euthanized animals and digested with following a protocol

adapted from Broggi et al [122]. Briefly, tumors were cut with scissors and digested in

1 mg/mL collagenase IV (Worthington-Biochem) and 40 µg/mL DNAse I (Worthington-

Biochem) for 30 min at 37◦C with magnetic stirring. 3.3 mg/mL collagenase D (Sigma)

was then added to the mix for an additional 45 min. After repeatedly pipetting, enzymatic

digestion was quenched with EDTA at a final concentration of 5 mM, followed by addition

of full media. Cells were then filtered twice through a 70 µm strainer to obtain single cell

suspensions for subsequent processing.

3.5.7 Flow cytometry

Single cell suspensions were stained in 96-well round bottom plates. Live/dead staining along

with CD16/32 Fc (93, Biolegend) receptor blocking was performed in PBS for 15 min on ice

at 1:100 dilution, simultaneosly cells were viability stained using Live/Dead Blue (Thermo

Fisher) at 1:500 dilution. Surface staining was performed in Brilliant Stain Buffer (BD)

for 15 min on ice. Fixation was performed using the FoxP3 fixation/permeabilization kit

(eBioscience) for 30 min at 50 µL. For nuclear transcription factor staining, staining was

performed in permeabilization buffer (eBioscience). Cells were then washed one last time
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in FACs Buffer and resuspended in 100 µL FACs buffer before samples were run on the

Cytek Aurora. Data analysis was performed using FlowJo (BD) and statistical analysis

performed using Prism v9 (Graphpad). To see flow panel, refer to Table 3.2 below for

further information.

Fluorophore Specificity Clone Purpose Dilution

AF532 CD45 30-F11 Pan-Immune 400
CD3e BUV395 145-2C11 T Cells 100
CD4 BUV496 GK1.5 CD4 T Cells 400

CD62L BUV737 MEL-14 Naive/Memory T Cells 400
CD8a BUV805 53-6.7 CD8 T cells 400
Lag3 BV421 C9B7W Exhaustion 200
TCF1 Pacific Blue C63D9 Stemness 100
Tim3 BV480 5D12 Exhaustion 400
PD-1 BV605 29F.1A12 Activation/Exhaustion 200
ICOS BV650 C398.4A Activation 200
CD127 BV711 A7R34 IL-7R 200
CD25 BV785 PC61 Activation/Treg 200
Foxp3 AF488 MF23 Tregs 200
CD44 PerCp-Cy5.5 IM7 Antigen experience 400
Tbet PE 4B10 Effector Function 400
CCR7 PE/Dazzle594 4B12 CCL21 Responsiveness 400
Ki67 PE-Cy7 B56 Proliferation 400
Tox e660 TXRX10 Terminal Exhaustion 200

NK1.1 AF700 PK136 NK Cells 75
CXCR5 APC-Cy7 L138D7 Stemness 400

Table 3.2: Flow cytometry panel for TIL Analysis

3.5.8 Flow cytometry clustering

After spectral unmixing and conventional compensation was performed using a combination

of single stained cells and compensation beads (Cat 01-3333-42, Thermo Fisher Scientific),

cells were gated for viability then CD45+, CD3+, CD8+ to gate on CD8 T cells. Samples

of an equal number of downsampled CD8 T cells from each sample were then concatenated

together into one file, and all subsequent analysis was performed on this concatenated file.
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Individual samples could be identified from the concatenated file due to unique keyword

identifiers added to the individual samples before concatenation. At first, unsupervised

clustering using Flowsom was performed, but as the number of clusters was deemed too small

to reflect the diversity of the system (4), supervised clustering was then performed where

the number of clusters was manually selected. Clustering was performed using the default

number of clusters to start (8), and the quality of the cluster was assessed using Cluster

Explorer. The number of clusters was found satisfactorily when the expression patterns of

each clusters was unique and that when increasing the number of clusters led to overclustering

while decreasing the number of clusters led to losing the diversity of the populations. In the

end, 10 clusters was chosen. One cluster was identified to be contamination (Pop 5) due to

its extremely high autofluorescence, and was excluded from analysis. Both FlowSom and

Cluster Explorer are available as plugins to FlowJo and freely downloadable through the

FlowJo Exchange. Clustering were performed using the following markers: CXCR5, TCF1,

CD44, ICOS, PD-1, Lag3, Tim3, Tox, Tbet, Ki67, CCR7, CD127, and CD62L.

3.5.9 CXCR3 Transwell Assay

30,000 sorted primary LECs were seeded on the outer side of 5-µm porous inserts (Fisher

Scientific). 2 hr after seeding, the inserts were flipped and transferred into a 24-well plate.

600 µL and 100 µL of medium were added in the bottom and top chambers, respectively. The

next day, the medium was replaced with fresh medium, containing 50 ng/mL of recombinant

murine IFN-γ. After 24 hr of stimulation, 500,000 activated OT-I CD8+ T cells were added to

the top chamber. 16 hr after the addition of T cells, the medium in the bottom chamber was

collected and T cells were counted on a cell counting chamber. To block CXCR3 signaling,

2 µg/mL CXCR3 antibody (clone CXCR3-173) was added to the culture medium for the

duration of the transmigration assay.
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3.5.10 Microscopy

B16F10 tumors were fixed in 10% formalin, embedded in paraffin and cut into 6 µm sections

using a microtome (Leica). After deparaffinization, slides were incubated for 40 min in citrate

buffer (10 mM citric acid, 0.05% Tween 20, pH 6.0) at 95 ◦C . All sections were incubated

for 10 min in TBS 10% DMSO, 10 min in TBS 0.1% Triton, 30 min in TBS casein 0.5% prior

to immunostaining. They were then incubated with rat anti-Lyve-1 (ALY7, eBioscience),

rabbit anti-CD3ϵ (SP7, Abcam) in TBS Casein 0.5% overnight at 4◦C, followed by matching

secondary antibodies (Invitrogen) for 1 hr at room temperature. Slides were mounted with

Prolong Gold Antifade Reagent with DAPI (Invitrogen) and imaged using a Leica DMi8

fluorescent microscope and 25x oil objective. Image processing was performed with ImageJ

(NIH).

3.5.11 Statistics

Unless otherwise stated, statistical significance was analyzed by unpaired, 2- tailed Student’s

t test or by ANOVA followed by Tukey’s post- hoc test for group analysis using Prism

(GraphPad). Differences in survival curves were assessed using the log- rank (Mantel-Cox)

test. P-value < 0.05 was considered statistically significant.
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3.7 Supplementary Figures

Figure 3.6: Lymphangiogenic tumors are more T cell inflamed than their non-
lymphangiogenic counterparts, and have less Tregs |250e3 B16F10-CTRL or B16F10-
VEGF-C tumor cells were inoculated and tumors were grown for 14 days. At endpoint,
tumors were digested to a single cell suspension and stained for flow cytometry. Flow cy-
tometry plots demonstrating CD45+ cells, CD8 T cells, CD4 T cells, and Tregs as quantified
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CHAPTER 4

CHARACTERIZING MECHANISMS OF ANTI-TUMOR

EFFICACY FOR CBD-CYTOKINE IMMUNOTHERAPIES
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4.1 Abstract

Checkpoint-inhibitor (CPI) immunotherapy has achieved remarkable clinical success, yet it

only remains effective for a subset of patients. Interleukin-12 (IL-12) is a powerful cytokine

that activates the innate and adaptive arms of the immune system; however, the adminis-

tration of IL-12 has been associated with immune-related adverse events. Even a collagen

binding (CBD) variant that accumulates preferentially in the tumor has significant cytotoxic

potential due to the effective dose. However, the use of two distinct combination approaches

of less toxic therapeutic agents, CBD-GM-CSF and IL-7-CBD, led to to equivalent, if not

enhanced efficacy, and lowered toxicity due to the ability to reduce the total dose of IL-12

needed. However, it was unclear the exact mechanism of action for these distinct combi-

nation therapeutics. Here we assessed, using high-dimensional flow cytometry, the T cell

immune infiltrates in the IL-7-CBD and CBD-IL-12 therapeutics regimen. We observed an

increase in overall CD8 T cells infiltration in the CBD-IL-12 and combination therapy. We

further identified a specific decrease in terminal exhaustion and in increase in effector CD8

T cell subsets in the tumor in combination therapy. We posit these higher quality T cell are

responsible for the enhanced therapeutic efficacy and immunological memory. GM-CSF, on

the other hand acts on myeloid cells and thus, in combination with the CBD-IL-12, activates

both the myeloid and T cell arms of the immune system. As such, we assessed how both T

cells and myeloid cells change in the lymph node and tumor. In both the lymph node and

tumor we observed that GM-CSF and combination with IL-12 antagonizes M2 macrophage

polarization and increased cDC1 activation, without altering total DC numbers. On the T

cell side, we see that uniquely the combination therapy has an increased CD8 T cell infil-

tration compared to either monotherapies in the tumor (though there was no change in the

phenotype), and an increase in memory phenotype CD8 T cells in the draining LN. Thus

we have demonstrated two distinct mechanisms of action for two therapeutics that both

synergize with CBD-IL-12 to limit toxicity and increase efficacy.
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4.2 Introduction

The development of checkpoint inhibitors (CPI) into potent immunotherapeutics has dra-

matically altered the treatment regimen for patients with metastatic melanoma. For what

used to have a median survival of less than 6 months, now a fraction of patients can have

a longlasting, durable benefit [136]. The success of CPI has highlighting the importance of

the immune system in the anti-cancer response, but the challenge remains that only a small

fraction of cancer patients have a durable benefit among those who are treated. Thus over

the past decade there has been an explosion of immunotherapeutics that are being developed

to try to utilize the power of the immune system, but with more potency for a larger fraction

of people [47]. Over the years, it has been shown that patients needs to have infiltration of

immune cells to respond to CPI [137]. Without this pre-existing infiltration, patients are

unlikely to respond. Thus, novel immunotherapies aim to increase immune infiltration in

these tumors, or in more colloquial terms to "make a cold tumor hot", either to be used in

combination with CPI or as a monotherapy [138].

The laboratory of Jeffrey Hubbell has worked to develop one such immunotherapy: IL-12.

IL-12 is a cytokine, produced by dendritic cells, and canonically promotes Th1 polarization

and IFN-γ secretion by CD4 T cells while also activating cytotoxic CD8 T cells [52, 53].

Furthermore, IL-12 can also stimulate antigen presentation which could further enhance

CD4 and CD8 T cell activation and function [54, 55]. However, the use of IL-12 in it’s native

form has a two-fold issue: toxicity and a requirement for a high-enough local concentration to

have efficacy [54]. Especially in human, the severity of the toxicity supercedes its therapeutic

efficacy, and several human trials were discontinued for this reason. One of the major reasons

for IL-12’s high toxicity, is the strong induction of IFN-γ by T cells and NK cells [139]. While

IFN-γ has powerful anti-tumor effects, too much is highly toxic [140, 141].

Therefore to better utilize IL-12 safely, there needs to be a way to minimize the toxicity

without reducing efficacy. One potential method to achieve this is to modify IL-12 to localize
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preferentially to the tumor, concentrating the effect in the target site while minimizing

systemic side effects. Targeting the tumor site directly could allow for a lower therapeutic

dose since the dose in the tumor will be substantially higher than in off-target sites. The

Hubbell lab has previously published a collagen binding domain (CBD) CPI which fused

the A3 domain of Von-Willibrand factor (which naturally binds collagen) to α-PD-L1 and

α-CTLA-4 [142]. This demonstrated increased efficacy and preferentially targeted to the

tumor compared to the unmodified antibody. Subsequent to these findings, the Hubbell lab

then modified IL-12 with this collagen binding domain to make CBD-IL-12. They found

that CBD-IL-12 had remarkable antitumor efficacy, and reduced toxicity compared to the

wild-type IL-12 [143]. However, in spite of this progress, the therapeutic dose used was

25 µg per mouse, and in human trials repeated administration of a dose as low as 500

ng/kg of IL-12 led to severe toxicities [139]. Thus while this modification was necessary for

increased efficacy, this dose is still too toxic. This led to the next phase of development

for the IL-12 therapeutic: combination therapy strategies. The key idea being to lower the

required dose of IL-12 in combination with another, less toxic therapeutic cytokine. This

led to the development of two promising combination therapy strategies: IL-7-CBD and

CBD-GM-CSF.

Interleukin-7 (IL-7) is a common gamma chain (γc) cytokine that plays a crucial role in

T cell survival and homeostasis of both memory and naive T cells [144, 145]. Due to its

important role in T cell survival, IL-7 was tested as a monotherapy in a clinical trial. At a

dose of 60 µg/kg, IL-7 expanded peripheral CD8 T cells, but not Tregs or NK cells; however,

it did not demonstrate clinical benefit [146]. However, due to its immunomodulatory ability,

it still had potential to be paired with another immunomodulatory molecule and demonstrate

therapeutic efficacy. Due to the role of IL-7 as a T cell survival factor, it seemed a promising

candidate for rational combination immunotherapy design with IL-12. IL-12 can activate

T cells while IL-7 is important for survival, and can potentially promote memory. Thus,
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combined they may demonstrate a particularly potent synergy.

Granulocyte-monocyte colony stimulation factor (GM-CSF) was first identified as a

growth factor, but is now known to have a wide range of effects including promoting ac-

tivation, differentiation, and mobilization of various myeloid populations [147]. The re-

ceptor of GM-CSF, GM-CSFR, is expressed on many myeloid cell types including DCs,

macrophages, and monocytes, but furthermore is not expressed by lymphocytes such as T

cells [148]. In terms of anti-tumor immunity, GM-CSF can promote M1 macrophage polar-

ization [147], which are classically activated "pro-inflammatory" macrophages that can have

anti-tumor effects, especially compared to M2-macrophages which can help support tumor

growth [149, 150]. Furthermore, GM-CSF is able to activate DCs and potentially enhance T

cell activation [151], and the presence of Batf3 DCs, which are mostly cross-presenting cDC1s,

is required for immunotherapy responsiveness in an genetically engineered mouse model of

melanoma [137, 152]. Thus, GM-CSF has the potential to activate the myeloid arm of the

anti-tumor response and bridge the gap towards the adaptive arm through increased DC

activation. Our particular interest in GM-CSF lies in the fact that instead of acting on T

cells like IL-12, it would act on the macrophages and DCs and would thus activate both

the innate and adaptive arms of the anti-tumor immune response and could demonstrate

synergy in that manner. CBD-IL-12 can activate the T cells directly and the CBD-GM-CSF

may activate and/or recruit DCs to the tumor, which could downstream promote further

activation and accumulation of T cells.

For this chapter, we will restrict our analysis to B16F10 melanoma, which is an injectible

melanoma cell line of C57BL/6 background that does not respond to α-PD-L1, but that

does respond to CBD-IL-12. Thus, we think it is the ideal model for our studies.

77



4.3 Results

4.3.1 CBD-IL-12 and IL-7-CBD combination therapy is a potent therapeutic

that induces CD8 T cell memory

Using the CBD platform for tumor targeting, IL-7-CBD was tested in combination with

CBD-IL-12, using a 2 µg dose (over 10 fold lower than the dose used by Mansurov et al.). As

a monotherapy at this low dose CBD-IL-12 does demonstrate therapeutic effect by extending

survival, but when combined with IL-7-CBD this anti-tumor effect is even more dramatic and

led to tumor clearance in 20% of the mice (Fig 4.1A). Also, compared to the non-modified

version of the cytokines, the efficacy was substantially improved, as the combination therapy

of the unmodified versions of the cytokines only maintained similar efficacy as the CBD-

IL-12 monotherapy (Fig 4.1A). Next, a high dose of CBD-IL-12 (10 µg) was used as a

monotherapy to determine if the low dose of IL-12 used in the combination therapy still

allowed for similar efficacy of the high dose, without the associated toxicity of the higher

dose of IL-12. Furthermore, this was only using a single dose of therapy. With just this

Figure 4.1: CBD-IL-12 and IL-7-CBD combination therapy exhibit synergistic an-
titumor effect and reduce toxicity compared to high dose of CBD-IL-12 | C57BL/6
mice were inoculated with 5 x 105 B16F10 melanoma cells intradermally on day 0 and treated
with either i.v. with PBS, IL-12 + IL-7, CBD-IL-12 or with CBD-IL-12 + IL-7-CBD on day
7, 13, 19, and 25. Survival curves (A) are shown. B. C57BL/6 mice were inoculated with 5 x
105 B16F10 melanoma cells intradermally on day 0 and treated with either i.v. with PBS, 2
µg CBD-IL-12, 10 µg CBD-IL-12, or with 2 µg CBD-IL-12 + IL-7-CBD on day 9. Survival
curves (D) are shown. Data Provided by Dr. Seounghun Kang
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single dose, the low dose of CBD-IL-12 does not demonstrate much therapeutic benefit (Fig

4.1B). However, the combination therapy using the same dose has a very similar therapeutic

benefit to that of the high dose of CBD-IL-12 used (Fig 4.1B). Thus the addition of IL-7-

CBD allows for a dramatic reduction in the required dose of IL-12, without compromising

on efficacy.

Next, it was assessed if this therapeutic could induce bona-fide immunological memory.

Using intratumoral injections of the combination therapeuic and high-dose CBD-IL-12, tu-

mor free mice were re-innoculated with tumors that were let to grow untreated, to see if they

had developed memory and would reject the tumor (Fig4.2A). Even though high dose CBD-

IL-12 mice could reject the primary tumor, they were unable to reject the secondary tumor;

however, all the combination therapy treated mice were able to reject the re-challenge, even

in the absence of additional therapeutic (Fig4.2B). To ascertain which key factor led to this

protection from rechallenge, mice from the combination therapy treatment that had rejected

their primary tumor were depleted of either CD4 or CD8 T cells, or treated with an IFN-γ

neutralizing antibody both before and during the early phase of tumor implantation. It was

only the mice treated with the α-CD8 depleting antibody that lost almost all benefit of the

combination therapy treatment, and all mice succumbed to the tumor while CD4 depletion

and IFN-γ neutralization only had modest effects (Fig4.2C). Thus, combination therapy

leads to an induction of memory largely mediated by CD8 T cells.

4.3.2 CBD-IL-12 and IL-7-CBD induce differential changes in intratumoral

immune cell infiltration

Due to the induction of immunological memory by combination treatment, changes in the

immmune infiltrates in the tumor were analyzed to better understand the mechanism of

action for this therapeutic benefit. B16F10 tumor-bearing mice were treated with a single

dose intratumorally of PBS, IL-7-CBD, CBD-IL-12, and IL-7-CBD+CBD-IL-12 combina-
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tion. After 6 days, tumors were harvested, digested to a single cell suspension, stained and

then analyzed by flow cytometry. IL-7-CBD monotherapy did not alter total CD45+ im-

mune cell infiltration, but CBD-IL-12 strongly induced an increase in total CD45+ immune

cell infiltration (Fig. 4.3), but the addition of IL-7-CBD did not further increase this.

CBD-IL-12 increases conventional (Foxp3-) CD4 T cell counts, though not significantly, and

decreases Treg infiltration, but IL-7-CBD did not further alter either of these populations in

the combination therapy or as a monotherapy compared to PBS (Fig. 4.3). Interestingly,

the addition of IL-7-CBD did not alter CD8 T cell infiltration either as a monotherapy,

compared to untreated mice, or as a combination therapy when compared to the CBD-IL-12

monotherapy (Fig. 4.3).

Figure 4.2: IL-7-CBD and CBD-IL-12 combination promotes CD8 T cell memory
| C57BL/6 mice were inoculated with 5 x 105 B16F10 melanoma cells intradermally on day
0 and treated with either CBD-IL-12, or with CBD-IL-12 + IL-7-CBD as shown. After 60
days of the melanoma inoculation, tumor-free mice were rechallenged with 2 x 105 B16F10
melanoma (A). Overall survival shown of the rechallenged mice with no subsequent thera-
peutic intervention (B) The tumor-free mice due to CBD-IL-12 + IL-7-CBD combination
therapeutic schedule, were rechallenged with 2 x 105 B16F10 melanoma and injected i.p
with either 300 µg IgG isotype,α-CD8 depleting antibody, 300 µg α-CD4 depleting, or 300
µg α-IFN-γ blocking on day -1, 2, 5, and 8. The overall survival rate (C) is shown. Data
Provided by Dr. Seounghun Kang
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Figure 4.3: Combination therapy reduces NK and NKT cell numbers compared to
CBD-IL-12 monotherapy, but does not alter T cell population numbers | B16F10
bearing mice were treated i.t. with either PBS, 33.3 pmol CBD-IL-12, 333 pmol IL-7-CBD,
or 33.3 pmol CBD-IL-12 + 333 pmol IL-7-CBD, on day 7 and tumors were harvested day
13. Cells were digested into a single cell suspension, stained, and run by flow cytometry.
Counts per mg tumor of relevant immune populations shown.

Interestingly, neither IL-7-CBD nor CBD-IL-12 monotherapies altered NK or NK T cell

infiltration, but combination therapy decreased both NK and NKT cell infiltration compared

to CBD-IL-12 monotherapy. (Fig 4.3). This highlights that the therapeutic efficacy of CBD-

IL-12 and IL-7-CBD combination therapy is likely independent of NK and NKT cells, and

thus would be reliant on T cells, which is consistent with rechallenge model experiments.
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4.3.3 IL-7-CBD combination differentially regulates CD127 on NK Cells

and CD8 T cells

IL-12 stimulation on NK cells promotes IFN-γ secretion, which can also potentiate their

anti-tumor properties [153]; however, IL-7R is expressed by NK cells as well, and thus

leads to an interested question: does IL-7-CBD alter IL-7R differentialy between NK cells

and CD8 T cells, and could this partially explain the alteration in NK cell numbers upon

combination therapy. Interestingly, we observed that IL-7 monotherapy slighly increased

CD127+ NK cells, but that this increase is abrogated with the addition of CBD-IL-12,

which strongly decreases CD127+ NK cells (Fig 4.4A); however, on these CD127+ NK

cells, the expression level of CD127 (as quantified by MFI) is substantially lower in the

combination group compared to CBD-IL-12 (Fig 4.4B). In NKT cells we see that CBD-IL-

12 reduces CD127+ expression, and that IL-7-CBD in combination reduces it even further

(Fig 4.4A), and that the expression level of CD127 decreases compared to PBS and IL-

7-CBD monotherapy, but not CBD-IL-12 monotherapy groups (Fig 4.4B). Contrastingly,

we see the opposite phenomena with CD127 expression on CD8 T cells, that CBD-IL-12

increases CD127 expression on CD8 T cells by both MFI and percentage, but that IL-7-

CBD does not substantially later this further (Fig 4.4A-B). This data seems to explain the

differences in infiltration seen since the addition of IL-7-CBD to CBD-IL-12 lowers NK and

NKT cell CD127 expression and thus we observe a decrease in NK and NKT cell infiltration

(Fig 4.3). Thus even though we introduce a large pool of IL-7 as a therapy, the cells are less

primed to respond to it due to downregulation of the receptor and thus their is less effective

in vivo responsiveness to IL-7, which could explain their lack of expansion of NK and NKT

cells even in the context of added IL-7 [154].
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Figure 4.4: IL-7-CBD combination therapy differentially alters CD127 on NK,
NKT cells, compared to CD8 T cells | B16F10 bearing mice were treated i.t. with
either PBS, 33.3 pmol CBD-IL-12, 333 pmol IL-7-CBD, or 33.3 pmol CBD-IL-12 + 333
pmol IL-7-CBD, on day 7 and tumors were harvested day 13. Cells were digested into a
single cell suspension, stained, and run by flow cytometry (A) Percentage of NK, NKT, and
CD8 T cells that are CD127+. (B) MFI of CD127 of each of the CD127+ populations.

4.3.4 IL-7-CBD and CBD-IL-12 differentially alter the CD8 T cell

phenotype

Because it is known that the quality of the T cell, and not just the total infiltration, is critical

to immunotherapy responsiveness [39], we next assessed if the specific phenotype of the CD8

infiltrates was altered using unsupervised clustering via FlowSom, an algorithm specifically

developed to analyze flow cytometry data, on CD8 T cells. We observed 7 distinct clusters as
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determined by the algorithm, and they segregated distinctly when displayed on the UMAP

(a way of visualizing high dimensional data in 2 dimensions) of the same CD8 T cells (Fig.

4.5A). The UMAP demonstrated that, while IL-7-CBD monotherapy does not seem to alter

the CD8 T cell phenotype significantly compared to PBS treatment, IL-12 monotherapy does

substantially modify the T cell landscape as we see a massive shift away from the clusters on

the top of the UMAP (Cluster 6) and an enrichment of T cells in the clusters on the bottom

of the UMAP (clusters 2-4) (Fig. 4.5B-C). The addition of IL-7-CBD further shifts the T

cell landscape away from Cluster 6 and even more towards Cluster 2 and 4 (Fig. 4.5B-C).

CBD-IL-12 monotherapy and combination therapy substantially increase Cluster 2, 3, 4,

and 5 and substantially decrease Cluster 6 compared to PBS or IL-7 monotherapy treated

groups while Clusters 0 and 1 are not substantially altered by CBD-IL-12 monotherapy (Fig.

4.5C,F).

We focused subsequent analysis on Clusters 2, 4, and 6 as they were significantly influ-

enced by the IL-7-CBD combination when compared against CBD-IL-12 monotherapy (Fig

4.5F). Cluster 6 expressed high levels of canonical exhaustion markers such as Tim3 and

PD-1 (30, 31), and it also uniquely expressed high levels of Tox, a marker known to be

associated with terminal exhaustion (Fig. 4.5E) [42]. This indicates that supplementing

CBD-IL-12 therapy with IL-7-CBD significantly reduces the frequency of exhausted CD8 T

cells. Contrastingly, Cluster 2 and 4 both express high levels of KLRG1, a marker of effec-

tor function (Fig. 4.5D-E) [45]. Additionally, Cluster 4 has higher expression of IL-7Rα

(CD127) as well as activation markers such as CD44, CD25 and ICOS and higher expression

of PD-1, Lag3, and Tim3 compared to Cluster 2(Fig. 4.5E). Both Clusters 2 and 4 are

distinctly enriched upon CBD-IL-12 treatment, but upon the addition of IL-7-CBD, these

clusters are enriched even further and constitute about 70% of total CD8 T cells. (Fig.

4.5F). Thus, IL-7-CBD + CBD-IL-12 combination therapy alters the CD8 T cell landscape

as evidenced by reduced abundance of the terminally exhausted Cluster 6 and increased
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abundance of the “effector-like” Clusters 2 and 4.

Figure 4.5: IL-7-CBD synergizes with CBD-IL-12 to antagonize CD8 T cell ex-
haustion and promote CD8 effector T cells| , B16F10 bearing mice were treated with
either PBS (i.t., n=7), 33.3 pmol CBD-IL-12, 333 pmol IL-7-CBD (i.t., n=7), or 33.3 pmol
CBD-IL-12 + 333 pmol IL-7-CBD (i.t., n=7) on day 7 and tumors were harvested day 13.
Cells were digested into a single cell suspension, stained, and run by flow cytometry. (A)
UMAP of concatenated CD8 T cells with FlowSom clustering displayed as an overlay. (B)
UMAP displaying individual groups as labelled with clusters overlaid. (C) Stacked bar graph
displaying the percentage of each group per cluster. (D) Expression of KLRG1 and Tox for
each FlowSom cluster. (E) Heatmap of FlowSom clusters. (F) Percent population of each
cluster for each sample.
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4.3.5 CBD-GM-CSF and CBD-IL-12 combination therapy is a potent

therapeutic that induces CD8 T cell memory

GM-CSF was explored in a very similar manner to IL-7-CBD as another potential combi-

nation therapeutic with CBD-IL-12. Using the same low dose of CBD-IL-12, the potential

of CBD-GM-CSF was evaluated. When CBD-GM-CSF is combined with CBD-IL-12 we

see an extension of survival compared to both the low-dose CBD-IL-12 (Fig 4.6A). We

subsequently observed that this effect is dependent on the ability of CBD-IL-12 and CBD-

GM-CSF to accumulate in the tumor as the unmodified versions of the cytokines did not

substantially alter survival compared to CBD-IL-12 monotherapy (Fig 4.6A). We next as-

sessed a high-dose (10 µg) single dose regimen as a monotherapy to determine if the low dose

of IL-12 used in the combination therapy still allowed for similar efficacy of the high dose,

without the associated toxicity of the higher dose of IL-12. With just this single dose, the

low dose of CBD-IL-12 does not demonstrate much therapeutic benefit (Fig 4.6B). How-

ever, the combination therapy using the same dose has a very similar therapeutic benefit to

that of the high dose of CBD-IL-12. Thus the addition of GM-CSF allows for a dramatic

reduction in the required dose of IL-12, without compromising on efficacy.

Next, it was assessed if combination therapy could induce immunology memory, which

we know from previous work that the high dose CBD-IL-12 monotherapy does not induce

immunological memory, even though it can cure the tumors. Using the same approach

as with the IL-7-CBD memory experiments, we observed that combination therapy mice

that rejected the primary tumor, also could reject the secondary tumor in all cases, while

high-dose CBD-IL-12 monotherapy mice that could reject the primary tumor succumbed to

the rechallenge (Fig 4.7B). Thus the additional of CBD-GM-CSF with the lower dose of

CBD-IL-12 allows for the formation of immunological memory. To determine which was the

critical factor that determined this protection, mice from the combination therapy treatment

that had cleared their primary tumor were the depleted of either CD4 or CD8 T cells, or
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treated with an INFγ neutralizing antibody both before and during the early phase of tumor

implantation. It was only the mice treated with the α-CD8 depleting antibody that lost

almost all benefit of the combination therapy treatment, and all mice succumbed to the

tumor while CD4 depletion and IFN-γ neutralization only had modest effects and behave

very similar to the isotype control treated groups (Fig4.7C). Thus, combination therapy

with CBD-GM-CSF also leads to an induction in CD8 T cell memory.

Figure 4.6: CBD-GM-CSF and CBD-IL-12 combination therapy exhibit synergis-
tic antitumor effect and reduce toxicity compared to high dose of CBD-IL-12|
C57BL/6 mice were inoculated with 5 x 105 B16F10 cells intradermally on day 0 and treated
with either i.v. with PBS, IL-12 + GM-CSF, CBD-IL-12 or with CBD-IL-12 + CBD-GM-
CSF on day 7, 13, 19, and 25. (A) Overall survival shown. C57BL/6 mice were inoculated
with 5 x 105 B16F10 melanoma cells intradermally on day 0 and treated with either i.v.
with PBS, 2 µg CBD-IL-12, 10 µg CBD-IL-12, or with 2 µg CBD-IL-12 + CBD-GM-CSF
on day 9. (B) Overall survival shown. Data Provided by Dr. Seounghun Kang

4.3.6 Characterization of changes in immune populations in the tumor and

tdLN due to CBD-IL-12 and CBD-GM-CSF

GM-CSF acts on a distinct immune population as IL-12, and thus to better assess the

immunomodulatory effects of combination therapy, we assessed both the myeloid and the T

cell aspects of the immune infiltrates after a single dose therapeutic regiment. CBD-GM-CSF

and combination therapy have increased total CD45+ infiltrates and total macrophage
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Figure 4.7: CBD-GM-CSF and CBD-IL-12 combination promotes CD8 T cell
memory | C57BL/6 mice were inoculated with 5 x 105 B16F10 melanoma cells intradermally
on day 0 and treated with either CBD-IL-12, or with CBD-IL-12 + CBD-GM-CSF as shown.
After 60 days of the melanoma inoculation, tumor-free mice were rechallenged with 2 x 105
B16F10 melanoma (A) Experimental timeline (B) Overall survival shown of the rechallenged
mice with no subsequent therapeutic intervention The tumor-free mice due to combination
therapy, were rechallenged with 2 x 105 B16F10 melanoma and injected i.p with either 300 µg
IgG isotype,α-CD8 depleting antibody, 300 µg α-CD4 depleting, or 300 µg α-IFN-γ blocking
on day -1, 2, 5, and 8. The overall survival rate (C) is shown. Data Provided by Dr.
Seounghun Kang

infiltration (Fig 4.8A). When analyzing the ratio of M1 (pro-inflammatory) to M2 (anti-

inflammatory/tumor promoting), we observe that CBD-GM-CSF and combination induce

massive increases in the proportion of M1 macrophages compared to CBD-IL-12 monother-

apy (Fig 4.8B). We next assessed cDC1 infiltration of both CD8α+ and CD103+ DCs as

these subsets are critical in the initiation of an anti-tumor immune response [152], and found

no difference in cDC infiltration in any of the groups (Fig 4.8C). However, we observed a

striking increase in cDC1 activation as assessed by CD86 expression in both CD103+ and

CD8α+ DCs by the CBD-GM-CSF and combination, but not CBD-IL-12 ((Fig 4.8D-E).

For all of this myeloid analysis, the CBD-GM-CSF affect dominates and there is no differ-
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ence between CBD-GM-CSF monotherapy and combination. Thus CBD-GM-CSF promotes

macrophage infiltration, M1 polarization, and DC activation and that this effect is dominant

even in the presence of CBD-IL-12.

We next assessed if the T cell infiltration was altered. As shown previously, CBD-IL-12

monotherapy leads to dramatic increase in CD8 T cell infiltration and a decrease in Treg

infiltration (Fig 4.8F). CBD-GM-CSF monotherapy does not increase CD8 T cell infiltra-

tion, and may slightly increase Treg infiltration (Fig 4.8F). With combination therapy, we

observe a stark increase in CD8 T cell infiltration compared to either monotherapy, but

no alteration in Treg infiltration compared to CBD-IL-12 (Fig 4.8F). Furthermore, when

quantifying the ratio of CD8 T cells to Tregs in the tumor, we see that while CBD-IL-12

increases the CD8/Treg ratio dramatically from baseline, that the addition of CBD-GM-CSF

in the combination therapy increases this ratio even further (Fig 4.8G). Thus, the addition

of CBD-GM-CSF to CBD-IL-12 increases CD8 T cell infiltration, but does not alter Treg

infiltration compared to CBD-IL-12 monotherapy, thus leading to a start increase in CD8 T

cells compared to Treg (Fig 4.8G)).

We next wanted to assess if the CD8 T cell infiltrate quality changes substantially, so we

performed clustering as described for IL-7-CBD. We observed 8 distinct clusters (Fig 4.9A),

and that as shown previously, CBD-IL-12 substantially alters the T cell landscape ((Fig

4.9B). CBD-GM-CSF monotherapy does not alter the CD8 T cell landscape substantially

(Fig 4.9B); however, with the addition as a combination therapy, we see only a clear shift

in Cluster 7, which decreases in combination therapy compared to CBD-IL-12 monotherapy

(Fig 4.9B). We observe that these clusters segregate nicely on the UMAP, which indicates

that they do represent distinct populations of cells, and that when analyzing the expression

profile of each cluster, they do have distinct patters of expression ((Fig 4.9B-C). We observe

that Cluster 0 appears to be terminally exhausted to due the expression of all the canonical

exhaustion markers such as Tim3, PD-1, and Tox (Fig 4.9C). Cluster 4 and 5 express
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Figure 4.8: CBD-GM-CSF increases intratumoral immune infiltration, antago-
nizes M2-macrophages, and increased cDC1 activation, which synergizes with
CBD-IL-12 to enhance CD8 T cell infiltration| B16F10 bearing mice were treated in-
tratumorally with either PBS, CBD-IL-12, CBD-GM-CSF, or CBD-IL-12 + CBD-GM-CSF
on day 7 and tumors were harvested day 13. Cells were digested into a single cell suspension,
stained, and run by flow cytometry. (A) CD45+ and macrophage counts per mg of tumor
(B) M1 /M2 macrophage ratio (C) CD103+ and CD8α+ DCs per mg of tumor (D) CD86
median fluorescence intensity (MFI) quantified forCD103 and CD8α+DCs (F) CD8 T cells
and Tregs per mg of tumor (G) CD8 T cells to Treg ratio.
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Figure 4.9: CBD-GM-CSF does not substantially alter CD8 TIL populations|
B16F10 bearing mice were treated intratumorally with either PBS, CBD-IL-12, CBD-GM-
CSF, or CBD-IL-12 + CBD-GM-CSF on day 7 and tumors were harvested day 13. Cells
were digested into a single cell suspension, stained, and run by flow cytometry. (A) UMAP
of concatenated CD8 T cells with FlowSom clustering displayed as an overlay. (B) UMAP
displaying individual groups as labelled with clusters overlaid. (C) Heatmap of FlowSom
clusters. (D) Percent population of each cluster for each sample.
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high levels of KLRG1, and may be a more "effector-like" functional cell population (Fig

4.9C). The other clusters recommend various other activation and exhaustion states due

to the varied expression of PD-1, CD44 and CD62L to name a few (Fig 4.9B). Thus this

clustering does represent the diversity of the cell populations. When quantified individually,

Cluster 7 is the only cluster that significantly changes compared to CBD-IL-12 monotherapy

(Fig 4.9D). When looking at the holistic expression profile of this Cluster, they appear

to be naive CD8 T cells as they express CD127 and CD62L, but do not express CD44 or

any other activation markers (Fig 4.9C). Thus CBD-GM-CSF reduces the proportion of

naive T cells in the tumor, but it is a modest effect (Fig 4.9D). Thus CBD-GM-CSF in

combination increase CD8 T cell infiltration overall compared to either monotherapy, but

does not substantially alter the phenotype of the CD8 T cell.

4.3.7 GM-CSF induces changes in immune cell populations in the tdLN

Lastly, since we see difference in DC activation in the T cell infiltrates, we wanted to assess

the tumor draining lymph node (tdLN) to ascertain if there are differences in the lymph

node APCs that could also help explain the difference in immune infiltrates in the tumor.

We analyzed both the myeloid and T cell infiltrates in the tdLN by flow cytometry using

the same experimental schedule as previosly described. Similar to the tumor, we observe an

increase in macrophages (Fig 4.10A) and in M1 polarization (Fig 4.10B) with CBD-GM-

CSF and combination compared to PBS and CBD-IL-12. Furthermore, while we did not

observe alterations in DC infiltration in the tumor previously, we did observe an increase

in DCs in the tdLN, and while there was no clear increase in migratory CD103+ DCs,

there is a clear increase in lymph node resident CD8α+ DCs with combination therapy

compared to CBD-IL-12 alone, though there is no further increase between CBD-GM-CSF

monotherapy and combination (Fig 4.10C). When analyzing the activation state of these

cDC1s through CD86 expression we observe that CD8α+ DCs strongly upregulate CD86
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with CBD-GM-CSF and combination compared to PBS or CBD-IL-12 (Fig 4.10D). With

CD103+ migratory cDC1s we see a similar, but not as striking trend where CBD-GM-

CSF upregulates CD86 slightly compared to CBD-IL-12 and there is no difference between

monotherapy and combination, but due to an increase in variance in the population, there

is no statistical difference between combination therapy and CBD-IL-12 monotherapy either

(Fig 4.10D). Thus CBD-GM-CSF therapy increases in macrophage infiltration in the tdLN

and M1 polarization, and increased DCs and their activation. While we see slight difference

in the CD103+ DCs, the more striking difference is LN-resident CD8α+ DCs, which implies

that potentially T cells in the lymph node may be better activated in the CBD-GM-CSF

and combination therapy groups.

When we analyze the T cell infiltrates in the lymph node, we see an increase in Tregs

with CBD-GM-CSF monotherapy, but that this increase is lost with either CBD-IL-12 or

combination therapy (Fig 4.10E). Furthermore, we observe that CBD-IL-12 enriches effector

CD8 T cells and that this enrichment is preserved in the combination therapy as well while

CBD-GM-CSF does not have any visible difference from PBS (Fig 4.10E). Lastly, we observe

that CBD-IL-12 slightly increases the proportion of central memory CD8 T cells as well

compared to PBS or CBD-GM-CSF, but uniquely combination therapy increases central

memory formation in the lymph node compared to either monotherapy (Fig 4.10F). Thus

combination therapy has overall more CD8 T cell activation, but no increase in Tregs that is

seen by CBD-GM-CSF monotherapy. In the tdLN, combination therapy gets all the benefits

of CBD-GM-CSF in the myeloid component and the benefits of the T cell activation of the

CBD-IL-12 which synergize together for increases in central memory CD8 T cells in the

tdLN. Furthermore, the CBD-IL-12 addition also counteracts the pitfalls of CBD-GM-CSF

such as increases in Tregs, as CBD-IL-12 strongly antagonizes Tregs.
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Figure 4.10: In the tdLN, CBD-GM-CSF increases macrophage and DC infil-
tration, CBD-IL-12 increases CD8 T Cell activation while both these effects are
observed upon combination therapy | B16F10 bearing mice were treated intratumorally
with either PBS, CBD-IL-12, CBD-GM-CSF, or CBD-IL-12 + CBD-GM-CSF on day 7 and
tumors and tdLNs were harvested on day 13. Cells were digested into a single cell suspension,
stained, and run by flow cytometry. (A) Macrophages as a percentage of CD45+ cells(B)
M1/M2 Macrophage ratio (C) DC and DC subsets (CD8α+ and CD103+) as a percentage of
CD45+ cells (D) CD86 median fluorescence intensity (MFI) quantified for both CD103 and
CD8α+DCs (E) Tregs, effector CD8 and central memory CD8 quantified as a percentage of
parental T cells

4.4 Discussion

IL-7-CBD and CBD-GM-CSF both potently synergize with CBD-IL-12 to lower the dose and

thus reduce the toxicity of IL-12 without compromising efficacy. Furthermore, both are able

to produce immunological memory in the B16F10 melanoma model that is CD8 dependent

and that high dose CBD-IL-12 monotherapy is unable to induce. However, despite both of

these achievements, it is interesting to observe that they clearly have distinct mechanisms

of achieving this benefit.

IL-7-CBD acts in concert with CBD-IL-12 to alter the TILs directly. CBD-IL-12 and

combination therapy reduced Treg infiltration but increased total CD45+ infiltration and
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CD8 T cell infiltration (Fig 4.3). The addition of IL-7-CBD to the CBD-IL-12 also uniquely

reduced NK and NKT cell infiltration and that their expression of CD127 is decreased as well

(Fig 4.3, 4.4A-B). This is relevant since both NK and NKT cells can be producers of IFN-γ

[155, 156], and its strong induction is one of the main reasons for the toxicity of IL-12 [139,

141]. Thus by reducing NK and NKT cell infiltration, there may be a decrease in offtarget

IFN-γ induction. While NK cells may have some role in the anti-tumor response [157], it is

likely not essential for the therapeutic efficacy of IL-7-CBD/CBD-IL-12 as even the blockade

of INFγ did not substantially effect the protective effect of the immunological memory upon

rechallenge (Fig 4.2C). Thus IL-7-CBD in combination seems to lower presence of cell types

that could be making additional IFN-γ producing NK and NKT cells and thus could serve

as sources of toxicity. Interestingly, even though IL-7 is a T cell survival cytokine, it did not

alter CD8 T cell infiltration either as a monotherapy compared to PBS or a combination

therapy compared to CBD-IL-12 (Fig 4.3); however, the addition of IL-7-CBD to CBD-

IL-12 alters the T cell quality by reducing the presence of exhausted T cells and increasing

the presence of "effector-like" KLRG1+ TILs compared to CBD-IL-12 monotherapy (Fig

4.5F). Thus IL-7-CBD and CBD-IL-12 act directly on the lymphocytes to reduce NK and

NKT cells and enhance the quality of the CD8 TILs and this likely drives the therapeutic

efficacy, reduced toxicity, and the CD8 T cell memory observed.

In contrast, GM-CSF works very differently. CBD-GM-CSF increases macrophage infil-

tration in the tumor and promotes the polarization of M1-macrophages (Fig 4.8A), which

are classical pro-inflammatory macrophages and can have important anti-cancer effects while

M2-macrophages generally promote tumor progression [149, 150]. Thus we posit this increase

in M1-macrophage infiltration may contribute to the therapeutic efficacy of the combination

therapy. Interestingly, while there was no increase in cDC1s, there was enhanced cDC1

activation due to CBD-GM-CSF and combination (Fig 4.8C-E). While we do not see sub-

stantial alterations in the CD8 T cell quality in the tumor in combination therapy compared
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to CBD-IL-12 (Fig 4.9), we do see an increase in CD8 T cell infiltration and in the CD8/Treg

ratio (Fig 4.8F-G). Thus CBD-GM-CSF enhanced DC activation and the accumulation of

pro-inflammatory macrophages, and when combined with the T cell activating ability of

CBD-IL-12 leads to a synergistic increase in CD8 T cell infiltration.

Interestingly, while CBD-GM-CSF alters all cDC1s in the tumor, it selectively targeting

CD8α+ DCs in the tdLN as we see a clear increase and enhanced activation of CD8α+ DCs

in the tdLN (Fig 4.10C-D). Thus, we hypothesize that with CBD-GM-CSF, T cells that

traffic to the lymph node are able to get more strongly activated by cDC1s. Combined with

the ability of CBD-IL-12 to activate the T cells directly, this leads to a synergistic effect

of activation that leads to increased accumulation of these CD8 T cells in the tumor due

to enhanced priming in the lymph node as well as the tumor. In short, GM-CSF induces

activation of cDC1s in the tumor and the lymph node which synergize with CBD-IL-12 to

lead to increases in CD8 T cell infiltration, without altering Tregs, compared to CBD-IL-12.

There are several limitations to these studies. First of all, though sophisticated methods

were used to analyze the immune CD8 T cell infiltrates in both the therapeutic approaches,

we cannot make any claims that these T cells are tumor-specific since we did not adoptive

transfer in tumor-specific T cells that we could track nor did we use tetramers to look at

the endogenous antigen specific component. We chose not to transfer in transgenic T cells

since it is known that the affinity of the TCR can alter the ability of the T cell to get

exhausted and we did not want to make broad claims about the ability of the therapeutic on

one single affinity versus a pool of variable affinities that would be more like the endogenous

repertoire [158]. While tetramers would avoid this complication, since they only represent

one given peptide-MHC I epitope, the quantity of cells specific to that epitope would be

quite small since the tumor has many associated antigens. Thus, we only make claims about

how the infiltrates change, but deliberately have not made any claims of antigen-specificity

from this data. For the CBD-GM-CSF characterization of the myeloid cells, a more rigorous
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analysis of the DC’s could have been performed including looking at antigen processing and

presentation by using (for example) a tumor with a trackable fluorescent protein of these

DCs and if CBD-GM-CSF can alter DC ability to process and present antigen. Furthermore,

while we can say the DCs have a more activated phenotype with CBD-GM-CSF, without

performing complex studies involving sorting out DCs from the tumor and determining if

these DCs are better able to activate tumor specific T cells, we cannot make conclusive

claims about if CBD-GM-CSF truly enhanced the activation of CD8 T cells, though based

on the literature that does seem likely. Thus, while we are making these observations about

the myeloid compartment and how that could explain the differences in the lymphocyte

compartment, they would have to be tested more rigorously to truly show causation.

This chapter serves to highlight two different strategies for combination therapeutics

with the aim of lowering the toxicity of IL-12 by lowering the required dose. Both IL-

7-CBD and CBD-GM-CSF lower the required dose of CBD-IL-12 substantially, without

altering efficacy, and promote bona fide CD8 T cell memory; however, these therapies have

distinct immunomodulatory capabilities. IL-7-CBD acts on the side of the lymphocytes to

directly promote T cell survival of these "effector-like" T cells and the reduction of terminally

exhausted T cells while CBD-GM-CSF acts on the myeloid cells to increase M1-macrophage

polarization and increase cDC1 activation in the tumor and the tdLN, which cause enhanced

priming of CD8 T cells and thus overall increase CD8 T cell infiltrates. It would be interesting

to probe if there could be any potential synergy by combining CBD-IL-12, IL-7-CBD, and

CBD-GM-CSF into one therapeutic regimen. Potentially we could lower the dose of CBD-

IL-12 even further.
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4.5 Methods

4.5.1 Tumor size measurements and survival

For all experiments testing therapeutic efficacy, tumor size was calculated using the following

formula: height x width x thickness x (π/6) for all experiments. The mice were euthanized

when the tumor size reached 1,000 m3 and/or based on humane end-point criteria.

4.5.2 Therapeutic evaluation of CBD-IL-12 + IL-7-CBD

To test for the synergystic effect of CBD-IL-12 with IL-7-CBD, C57BL/6 mice were in-

oculated with 5 x 105 B16F10 melanoma cells intradermally on day 0 and injected with

intravenously (i.v.) with 100 µL PBS, 33.3 pmol CBD-IL-12, 33.3 pmol IL-12 + 1.3 nmol

IL-7, or 33.3 pmol CBD-IL-12 + 1.3 nmol IL-7-CBD on day day 7, 13, 19, and 25. Tumors

were measured until mice reached endpoint to generate survival curve.

To test the efficacy of combination therapy compared to high dose CBD-IL-12, C57BL/6

mice were inoculated with 5 x 105 B16F10 melanoma cells intradermally on day 0 and

injected i.v. with 100 µL PBS, 33.3 pmol CBD-IL-12, 166.5 pmol CBD-IL-12, or 33.3 pmol

CBD-IL-12 + 1.3 nmol IL-7-CBD on day 8. Tumors were measured until mice reached

endpoint to generate survival curve.

4.5.3 Therapeutic evaluation of CBD-IL-12 + CBD-GM-CSF

C57BL/6 mice were inoculated with 5 x 105 B16F10 melanoma cells intradermally on day

0. To verify the synergistic effect of CBD-GM-CSF with CBD-IL-12, mice were treated

i.v. with 100 µL PBS, 33.3 pmol CBD-IL-12, 657.9 pmol GM-CSF + 33.3 pmol IL-12, and

657.9 pmol CBD-GM-CSF + 33.3 pmol CBD-IL-12 on day 7, 13, 19, and 25. Tumors were

measured until mice reached endpoint criteria to generate survival curve.

To test the efficacy of combination therapy compared to high dose CBD-IL-12, mice were
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treated i.v. on day 9 with a single dose of 100 µL PBS, 33.3 pmol CBD-IL-12, 166.5 pmol

CBD-IL-12, and 2.6 nmol CBD-GM-CSF + 33.3 pmol CBD-IL-12. Tumors were measured

until mice reached endpoint criteria to generate survival curve.

4.5.4 Assaying for the development of immunological memory and

identifying the key cell subsets involved in

To study the development of immunological memory formation, mice that were cured from

either 10 µg CBD- IL-12 monotherapy or 2 µg CBD-IL-12 + IL-7-CBD combination therapy

given intratumorally on days 7, 13, 19, and 25 were rechallenged with 2 x 105 B16F10 tumor

cells on day 60 (60 days after the primary tumor inoculation) on the contralateral side of

the back.

To understand which immune cell subsets were responsible for the rejection of B16F10

rechallenge, mice that were cured with intratumorally administered CBD-IL-12 + IL-7-CBD

combination therapy were rechallenged with 2 x 105 B16F10 melanoma cells intradermally

on day 60 (60 days after primary tumor inoculation) and injected intraperitoneally with IgG

isotype antibody, 300 µg CD8 antibody, 300 µg CD4 antibody, and 300 µg IFN-γ antibody

on days 59, 62, 65, and 68 (post primary tumor inoculation). The following anti- mouse

antibodies were used for inhibition: IgG isotype antibody (clone: MOPC-21, BioXCell),

αCD8 (clone: 2.43, BioXCell), αCD4 (clone: GK1.5, BioXCell), αIFN-γ (clone: XMG1.2,

BioXCell).

For the CBD-GM-CSF experiments, the exact same experimental schedule is used, but

the IL-7-CBD is replaced with a dose of 657.9 pmol of CBD-GM-CSF. Experiments to test

the memory recall ability compared to the CBD-IL-12 high dose and to identify the subset

involving using the depletion/blocking antibodies were both performed as described above.
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4.5.5 Experimental model and sample preparation for analysis of immune

infiltrates by flow cytometry in B16F10 melanoma

C57BL/6 mice were inoculated with 5 x 105 B16F10 melanoma cells intradermally on day

0 and injected with 30 µL PBS (n=8), 33.3 pmol CBD-IL-12 (n=8), 333 pmol IL-7-CBD,

or 33.3 pmol CBD- IL-12 + 333 pmol IL-7-CBD on day 7. The exact dosing regimen was

followed as well with CBD-GM-CSF, but just replace the presence of IL-7-CBD with 657.9

pmol of CBD-GM-CSF. The tumors were harvested and digested on day 13. In brief, the

tumors were cut into small pieces and then digested in 1 mL digest solution (DMEM with

2 % FBS, 1 mg/mL collagenase IV (Worthington Biochemical), 3.3 mg/mL collagenase D

(Sigma-Aldrich), 20 µg per mL DNase I (Worthington Biochemical), and 1.2 mM CaCl2

for 60 min at 37°C on a shaker. Then, the tumor mixture was quenched by 5 mM EDTA,

and single cell suspension was prepared using a cell strainer (70 µm). The single cells were

resuspended in DMEM with 2 % FBS, and cell staining was performed. Lymph nodes were

digested in 500 µL of the same digestion buffer, quenched with 5 mM EDTA and subsequently

smashed through a 70 µm cell strainer.

4.5.6 Flow cytometry staining

20 mg of tumor is plated per sample per panel for both the IL-7-CBD and CBD-GM-

CSF analysis. Analysis on the tdLN was performed as well for only the CBD-GM-CSF

experiments. Cells were washed in PBS and then CD16/32 Fc block (Clone 93, Biolegend)

at 1:100 dilution along with viability stain at 1:500 was performed for 15 min at 4◦C in PBS.

For the T cell panel, Live/Dead Blue (Thermo Fisher Scientific) was used. Cells were then

washed in FACs Buffer (2 % FBS in PBS) and stained for all surface markers in 50 µL 15 min

at 4◦C in Brilliant Stain Buffer (BD). Single stains are stained in FACs Buffer during this

step. Cells were washed again in PBS and fixed in 50 µL of Foxp3 Fixation/Permeabilization

Kit (eBioscience) for 30 min at 4◦C. Cells were then washed in 1x permeabilization buffer
100



(eBioscience) and cells were stained for intracellular markers overnight at 4◦C. Cells were

then washed one last time in FACs Buffer and resuspended in 100 µL FACs buffer before

samples were run on the Cytek Aurora. Data analysis was performed using FlowJo (BD)

and statistical analysis performed using Prism v9 (Graphpad). To see flow panel, refer to

Table 4.1 below for further information.

Fluorophore Specificity Clone Purpose Dilution

AF532 CD45 30-F11 Pan-Immune 400
CD3e BUV395 145-2C11 T Cells 100
CD4 BUV496 GK1.5 CD4 T Cells 400

CD62L BUV737 MEL-14 Naive/Memory T Cells 400
CD8a BUV805 53-6.7 CD8 T cells 4400
Lag3 BV421 C9B7W Exhaustion 200
TCF1 Pacific Blue C63D9 Stemness 100
Tim3 BV480 5D12 Exhaustion 400
PD-1 BV605 29F.1A12 Activation/Exhaustion 200
ICOS BV650 C398.4A Activation 200
CD25 BV785 PC61 Activation/Treg 200
Foxp3 AF488 MF23 Tregs 200
CD44 PerCp-Cy5.5 IM7 Antigen experience 400
Tox PE TXRX10 Terminal Exhaustion 400

CD69 PE/Dazzle594 H1.2F3 Activation 400
Ki67 PE-Cy7 B56 Proliferation 400

CD127 AF647 A7R34 IL-7R 200
KLRG1 APC-Cy7 2F1/KLRG1 Effector-function 400
NK1.1 APC/Fire810 S17061D NK Cells 400

Table 4.1: Flow cytometry panel for TIL Analysis

The myeloid panel was only utilized for the CBD-GM-CSF experiments in both the tumor

and tdLN. All steps were as described above, with the following modifications. Viability was

performed using Live/Dead Aqua (Thermo Fisher Scientific) at 1:500. Since there are no

intracellular markers, cells were stained for surface markers, and then fixed in 2 % PFA for

15 min at 4◦C. Cells were then washed in FACs buffer, resuspended in 100 µL, and samples

were run on the BD Fortessa 4-15. Data analysis was performed using FlowJo (TreeStar

Inc) and statistical analysis performed using Prism v9 (Graphpad). To see flow panel, refer
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to Table 4.2 below for further information.

Fluorophore Specificity Clone Purpose Concentration

ef450 CD103 2E7 DC Subsetting 1:400
BV605 Gr1 RB6-8C5 MDSC 1:400
BV650 CD11c N418 DCs 1:400
FITC CD11b M1/70 Myeloid 1:400

PerCp-Cy5.5 MHC II M5/114.15.2 DCs 1:400
PE CD206 C068C2 M2-Macrophages 1:400

PE/Dazzle-594 CD86 GL-1 DC Activation 1:400
PE-Cy7 PD-L1 10F.9G2 Immunosuppression 1:400
CD8a AF647 53-6.7 DC Subsetting 1:400

APC-R700 F4/80 T45-2342 Macrophages 1:400
APC-Cy7 CD45 30-F11 Pan-Immune 1:400

Table 4.2: Flow cytometry panel for Myeloid Analysis

4.5.7 Flow cytometry clustering

After spectral unmixing and conventional compensation was performed using a combination

of single stained cells and compensation beads (Cat 01-3333-42, Thermo Fisher Scientific),

CD8 T cells were manually gated as shown (Fig 4.11). Equal sampling of 1800 CD8 T

cells per sample were then concatenated together into one file, and all subsequent analy-

sis was performed. Individual samples could be identified from the concatenated file due

to unique keyword identifiers added to the individual samples before concatenation. Di-

mensionality reduction was performed via Uniform Manifold Approximation and Projection

(UMAP) while FlowSom was used for unsupervised clustering. Both UMAP and FlowSom

are available as FlowJo plugins and can be freely downloaded from the FlowJo Exchange.

Both dimensionality reduction and clustering were performed using the following markers:

CD44, CD62L, Lag3, PD-1, Tim3, TCF1, Tox, CD69, CD127, CD25, ICOS, Ki67, KLRG1.

UMAP was used to visualize the high-dimensional data into one 2-dimensional space. Unsu-

pervised clustering was performed using FlowSom. The number of clusters was determined

automatically by the algorithm, but the quality of the clustering was also visually confirmed
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by overlaying the FlowSom clusters on the UMAP. Thus, no modifications to the FlowSom

default program were necessary for this data.

4.5.8 Statistics

Unless otherwise stated, statistical significance was analyzed by unpaired, 2- tailed Student’s

t test or by ANOVA followed by Tukey’s post- hoc test for group analysis using Prism

(GraphPad). Differences in survival curves were assessed using the log- rank (Mantel-Cox)

test. P-value < 0.05 was considered statistically significant.
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4.7 Supplemental Figures

Figure 4.11: Gating strategy for the identification of TILs

Figure 4.12: Gating strategy for the identification of myeloid cells in the tumor
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Figure 4.13: Gating strategy for the identification of T Cells in the tdLN

Figure 4.14: Gating strategy for the identification of myeloid cells in the tdLN
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CHAPTER 5

FUTURE DIRECTIONS
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5.1 Future exploration of mechanisms of LEC immunomodulation

of immunization

In Chapter 2, I demonstrated that the VEGFR-3 axis modulates type 2 immunity in a CpG-

based immunization mode. What remains to be established is if this phenomena is more

generalizable to other types of adjuvants. We demonstrated using MPLA that VEGFR-3

stimulation led to a reduction of IgG2c, but no increase in IgG1 as we previously observed;

however, we observed that the levels of IgG1 induced by MPLA were much higher than

those induced by CpG. The immunological affect of LECs can be somewhat subtle and

context dependent, thus it is possible that in this case the dose of MPLA was too high for

LECs to be able to exert a measurable affect. Thus, to more definitively probe if this LEC

immunomodulatory role is more generalizable, we could titrate the dose of MPLA down

until levels of IgG1 are similar to those induced by CpG. Furthermore, we can test other

adjuvants beyond MPLA and CpG. Another adjuvant that would be useful to explore as well

would be alum, which has been FDA approved for decades. However alum is not a strong

Type 1 adjuvant such as MPLA or CpG, and thus the ability of VEGFR-3 stimulation to

increase Type 2 immunity may not hold with a non-Type 1 skewing adjuvant, but it would

be relevant to explore either way.

We demonstrated that with CpG, MHC II on LECs was necessary for this VEGFR-3

dependent increase in Th2 cytokines that would promote elevated IgG1 levels. However,

while we showed it was necessary, this does not mean that this is the only relevant fac-

tor expressed or produced by LECs that is critical for this phenotype. To further explore

this phenomenon, we can use our inducible, conditional knockout system using our Prox1-

CreERT2 mice. One promising LEC immunomodulatory candidate is PD-L1. LEC PD-L1

is particularly promising because there are two potential hypothesis that could explain our

phenotype. One hypothesis is due to LEC expression of PD-L1 with the low levels of costim-

ulation polarizes away from the Th1 response induced by CpG [35]. ILC2s that lack PD-L1
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lead to defective Th2 priming [114]. Thus, potentially this MHC-II dependent interaction in

the context of PD-L1 expression by LECs may be sufficient to alter this polarization. Other

studies highlight the role of PD-L1 in promoting M2 macrophage infiltration and polariza-

tion [115, 116], and thus it is potentially some other mechanism indirectly involving this

LEC specific PD-L1 interacting with macrophages that then would downstream produce a

permissive environment for Th2 polarization near the LECs. Thus potentially PD-L1 could

either directly promote Th2 cytokine secretion through cellular contact with T cells, or may

indirectly promote a Th2 permissive environment.

5.2 Future directions for the study of lymphangiogenic

potentiation of immunotherapy

While I demonstrated in Chapter 3 that T cells in lymphangiogenic tumors are phenotypically

distinct, since exhaustion is epigenetically encoded [41], it would be useful to look at the

chromatin accessibility using single cell assay for transposase-accessible chromatin (sc-ATAC-

seq). Exhausted cells of various abilities to be reactivated by immunotherapy can look similar

phenotypically, but would look very different epigenetically as they will have totally different

chromatin accessibility [41]. Thus it would be informative to assess the epigenetic state of

the intratumoral CD8 T cells to assess if the exhaustion profiles are truly distinct.

As demonstrated, the CXCR3 axis is critical for lymphangiogenic potentiation, and lym-

phangiogenic tumors are enriched in CXCL9. Furthermore LECs are able to make CXCL9

upon IFN-γ stimulation. However, we did not demonstrate that LECs were a substantial

source of CXCL9 in the tumor. It would be relevant to quantify CXCL9 produced by LECs

in the tumor, compared to other populations that are known to produce CXCL9 such as DCs

[152]. This could be assessed by sorting out populations by flow cytometry, isolating RNA,

and assess CXCL9 transcription using qRT-PCR. This would demonstrate more directly that

LECs in the tumor make CXCL9, instead of only showing they have the potential. To show
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definitely that LEC CXCL9 is the key source of CXCL9 in the tumor for this potentiation

effect, the generation of a conditional LEC specific CXCL9 knockout is required. Currently

the CXCL9 flox does not exist, to this author’s knowledge, and thus it would have to be

generated internally, which takes both considerable time and resources. However, this is the

only way of showing definitely the importance of LEC CXCL9. Less specifically, but more

achievable currently, is the use of the total CXCL9 knockout, which is currently available.

We can utilized bone marrow chimeras upon which the CXCL9 KO mice are lethally irra-

diated, and bone marrow from WT mice is infused. This way the hematopoietic cells will

express CXCL9, but the radio-resistant stromal and non-hematopoietic cells will be unable

to make CXCL9. This at least would demonstrate the role of non-hematopoietic CXCL9 in

lymphangiogenic potentiation.

The application of these findings towards a therapeutic goal remains difficult. While

lymphangiogenic tumors are more responsive to immunotherapy, they are also more prone

to metastasize, which means that promoting intratumoral lymphangiogenesis a non-starter

for clinical therapy. However, since we demonstrated the importance of the CXCR3 axis

in this potentiation, it would be interesting to explore the effect of CXCL9 (or the other

CXCR3 ligand, CXCL10) based therapeutics and if that would be sufficient on it’s own to

potentiate immunotherapy efficacy without the negative aspects of lymphangiogenesis.

5.3 Future directions for CBD-IL-12 combination therapies

We demonstrated that IL-7-CBD in combination with CBD-IL-12 promotes effector T cell

formation, and reduces T cell exhaustion on intratumoral CD8 T cells; however, while these

populations were identified in an unbiased manner, it would be a worthwhile effort to explore

the functionality of these cell populations and how combination therapy alters their function,

and not just phenotype. Critically looking at cytokine production such as TNF-α and IFN-γ

among these CD8 T cells in vivo as well as their ability to degranulate and kill target cells
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would more directly show how combination therapy improves T cell function and cytotoxicity.

For CBD-GM-CSF combination with CBD-IL-12, we demonstrated that cDC1s in the

tumor and lymph node are more activated by CD86 expression. However, it would be

relevant to look more holistically at the DCs to assess several characteristics, which could be

relevant for the increased efficacy we observe. First, using fluorescent particles, we can assess

if combination therapy or CBD-GM-CSF monotherapy alters DC migration to the lymph

node by looking at fluorescent DCs in the lymph node. Also, we can look if these DCs are

truly more capable of activating CD8 T cells. We can isolate CD8α+ and CD103+ DCs

from the lymph node or tumor, incubate them with OVA, and then add isolated naive OT-Is

that would be specific to the antigen. Then we can assess the ability of the DCs to activate

naive antigen-specific CD8 T cells and to determine if functionally GM-CSF combination

therapy functionally alters cDC1s.

Also, since IL-7-CBD and the CBD-GM-CSF were both highly effective in combination

with CBD-IL-12, but had distinct mechanisms of action, it would be interesting to assess

whether therapy combining IL-7-CBD, CBD-IL-12, and CBD-GM-CSF together could lower

the required dose of IL-12 even further. While the dose of CBD-IL-12 in combination therapy

is much lower than with monotherapy for CBD-IL-12, it is still in the µg range, and thus

would be more desirable to lower the dose even further due to how toxicity of IL-12.
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