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ABSTRACT

Checkpoint blockade immunotherapy (CBI) is a cornerstone of modern cancer treat-

ment, but efficacy is not universal, partly due to a wide variation in baseline immune cell

infiltration in the tumor microenvironment (TME). One mechanism contributing to this

variability is tumor cell-intrinsic activation of the β-catenin signaling pathway, which has

been shown to drive a non-T cell-inflamed TME leading to a loss of therapeutic efficacy of a

range of immunotherapies. There is great interest in drugging the Wnt/β-catenin pathway in

an effort to restore immune interactions in β-catenin-active tumors. As a proof-of-concept,

we reasoned that a genetic experiment eliminating β-catenin expression after establishment

of a non-T cell-inflamed TME would illustrate the maximal biologic effect that could be

expected with total blockade of the pathway. We developed a genetically engineered mouse

(GEM) model that allows for dynamic regulation of β-catenin on and off via doxycycline.

We observed that administration of doxycycline resulted in robust nuclear accumulation of

melanocyte-specific β-catenin which was accompanied by a reduction in CD3+ T cell in-

filtration. Discontinuing doxycycline treatment led to loss of nuclear β-catenin expression,

associated with a substantial return of CD3+ T cells into the TME. However, despite the

re-infiltration of CD3+ T cells, the tumors previously expressing β-catenin did not regain

therapeutic responsiveness to anti-CTLA-4 plus anti-PD-L1 therapy. Single cell RNA se-

quencing of the ex-β-catenin tumors indicated the enrichment of an immunosuppressive-like

macrophage population, characterized by the expression of Ccl8, Gas6, Cd163 and Cd209g.

Moreover, spatial transcriptomic analysis demonstrated that CD3+ T cells are in close con-

tact with these M2-like macrophages, likely resulting in their inhibition. This finding sug-

gests that the prior presence of β-catenin may induce long-lasting changes in the TME that

continue to suppress the immune response even after β-catenin levels are reduced, having

important therapeutic implications.
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CHAPTER 1

INTRODUCTION

1.1 From melanocyte activation to metastatic progression

Melanoma accounts for only 1.7% of all skin cancers, however it is the leading cause of

all skin cancer-related deaths. With a five-year survival rate seen in approximately 94% of

all patients with localized primary melanoma, this prognosis has been reported to drop to

less than 18% once the disease progresses to metastasis [1].

1.1.1 UV radiation and melanoma

Melanoma emerges from melanocytes, a cell type that resides within the skin’s basal

layer and gives our skin its color. Ultraviolet (UV) radiation is a major player in the devel-

opment of melanoma and the factor responsible for approximately half of all skin cancers.

Exposure to UV radiation initiates a cellular cascade that induces carcinogenesis, but also

protection via melanin production [2]. UV radiation activates keratinocyte which in turn ac-

tivates melanocytes via the melanocyte-stimulating hormone (MSH)/melanocortin receptor

1 (MC1R) signaling pathway. This signaling cascade kick-starts the production and release

of melanin within melanocytes. While melanin is responsible for skin pigmentation, it also

plays a major role as a photoprotective agent by absorbing and dispersing UV radiation [3].

Melanin acts as a shield to help protect cellular DNA from UV-induced damage. Melanin’s

multiple roles within the cell emphasize its essential part in maintaining skin health and

preventing melanoma [4, 5].

Downstream from the activation of the MSH/MC1R pathway, the activation of the

microphthalmia-associated transcription factor (MITF) has been demonstrated to be essen-

tial for melanocyte development and is also linked to melanoma progression [6, 7]. MITF is

involved in regulating the expression of key survival proteins in melanocytes and melanoma
1



cells, such as anti-apoptotic proteins BCL2 and BCL2A1, and the cell cycle regulator

CDK2. Additionally, MITF overexpression has been shown to increase the risk of devel-

oping melanoma [8].

1.1.2 The path to malignant melanoma

BRAF and NRAS mutations rank among the most prevalent genetic alterations in pri-

mary tumors, with BRAF playing a leading role in melanoma generation [9]. Activating

mutations in BRAF are detected in up to 80% of benign nevi; however, alone these are

not sufficient to gain a malignant phenotype [4]. It is the acquisition of further mutations,

particularly the loss-of-function alterations in tumor suppressor genes, that triggers trans-

formation into malignant melanoma. Among these, the inactivation of the tumor suppressor

genes PTEN and p53 are some of the frequent mutations strongly linked to the aggressive

and invasive characteristics of metastatic melanoma (MM) [10, 11]. It has been reported

that the second most common genetic change linked to the non-T-cell inflamed phenotype

in MM is the loss of PTEN. [12].

Approximately 50% of both primary and metastatic melanomas present with BRAF

mutations, with over 90% consisting of a specific mutation - a valine to glutamate change at

position 600 - which significantly increases the enzyme’s activity [13, 9]. Moreover, activating

mutations in BRAF typically occur early in the development of melanoma, whereas loss of

PTEN has been shown to accumulated over the course of the disease making it more common

in advanced stages of melanomas and metastasis [14, 15]. Interestingly, mutations in both

PTEN and BRAF have been shown to co-occur, suggesting that PTEN silencing is a potential

predicting factor of BRAF inhibitor therapy resistance [16].

2



1.2 The tumor microenvironment

In both the clinic and in laboratory settings, solid tumors are often classified into dis-

tinct categories based on their spontaneous immune infiltration at baseline. This catego-

rization is primarily into two main groups: the T cell-inflamed and the non-T cell-inflamed

tumors [17, 18]. Characterization of 31 solid tumor types using the TCGA dataset, identi-

fied approximately one third of all human tumor samples as non-T-cell-inflamed. Similarly,

approximately one third of the remaining tumors were identified as T-cell-inflamed [19].

This baseline immune infiltrate within solid tumors has been shown to not only be a critical

predictor of overall survival but is also predictive of responsiveness to checkpoint blockade

immunotherapy.

1.2.1 The T cell-inflamed tumor microenvironment

The T cell-inflamed tumor microenvironment is characterized by a complex immune

landscape. Central to the T cell-inflamed tumor is the spontaneous infiltration of CD8+

T cells at baseline. This phenotype usually is accompanied by an augmented expression of

cytokines and chemokines necessary for a successful adaptive immune response [20, 21]. Fur-

thermore, these tumors are often characterized by a dominant type I interferon (IFN) tran-

scriptional signature, indicative of innate immune pathway activation. As a consequence of

this ongoing tissue-based adaptive immune response, many immunosuppressive mechanisms

become upregulated such as augmented PD-L1 expression on tumor cells and increased in-

filtration of regulatory FoxP3+ T cells, apparently as a negative feedback loop to control

chronic inflammation [22].

Preclinical mouse studies combined with correlative data from human tumor samples

have identified several key steps involved with the spontaneous generation of a T cell-inflamed

tumor microenvironment. One critical cell population is Batf3-lineage dendritic cells (DCs).

These cells acquire tumor antigens and subsequently migrate to the tumor-draining lymph
3



node, where they prime and activate naïve CD8+ T cells. This leads to their activation

and differentiation into cytotoxic effector cells, which exit the lymph node an have the

opportunity to traffic back into the tumor site (Fig 1.1). Batf3 DCs are also pivotal in this

step, as they produce chemokines such as CXCL9 and CXCL10 that facilitate recruitment of

activated CD8+ T cells within the tumor microenvironment (TME) [23, 24]. However, once

these T cells infiltrate, they become functionally dampened by negative regulatory pathways

that ultimately enable tumor growth.

Nonetheless, the presence of these mechanisms within T cell-inflamed tumors forms

the basis of their sensitivity to immunotherapy. Immunotherapies take advantage of the

pre-existing immune response by re-engaging the immune system to recognize and destroy

cancer cells, currently by blockade of negative regulatory pathways. The responsiveness

of the T cell-inflamed tumors to checkpoint inhibitions can be attributed to the immune

activities facilitated by the action of Batf3 DCs, infiltration with CD8+ T cells, and the

complex network of chemokines and cytokines already present within the tumor which can

be leveraged against the tumor. This complex interplay of immune responses within the

TME reflects a significant effort by the immune system to counteract the tumor, despite the

ultimate evasion from immune detection and destruction via inhibitory pathways (Fig 1.3).
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Figure 1.1: The anti-tumor immune response. In a successful, spontaneous immune
response, Batf3 DCs get recruited to an early malignancy where they acquire antigen and
become activated via STING and type I IFN. Subsequent to their activation, these Batf3
DCs migrate to the tumor-draining lymph node where they interact with CD8+ T cells. Pro-
ductive interactions between these two cell populations, result in CD8+ T cell priming and
activation. The effector CD8+ T cells then traffic back into the TME via a CXCL9/CXCL10
chemokine gradient. In addition to the priming and activation of CD8+ T cell, Batf3 DCs
are also major producers of chemoattractants CXCL9 and CXCL10, which help effector T
cells home to the TME.
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1.2.2 The non-T cell-inflamed tumor microenvironment

In contrast to T cell-inflamed tumors, the non-T cell-inflamed tumors are characterized

by a marked decrease in CD8+ T cell infiltration as well as lower numbers of cDC1 cells.

Additionally, these exhibit lower expression of type I IFN gene signatures [21]. Despite

a lack of baseline CD8+ T cell infiltration, these tumors are highly infiltrated by tumor-

associated macrophages (TAMs) which have been associated with immune suppression and

play a critical role in tumor promotion and progression [25, 26]. Since checkpoint blockade

immunotherapy acts on the existing immune compartment within solid tumors, the marked

reduction of CD8+ T cells and cDC1 cell infiltrates in the non-T cell-inflamed tumors renders

them relatively resistant to checkpoint blockade therapies [27, 28, 29].

Investigation into potential tumor cell-intrinsic mechanisms leading to a non-T cell-

inflamed tumor phenotype revealed activation of the Wnt/β-catenin signaling pathway in a

major subset of human cancers [27, 19, 30]. Mechanistic studies in mice revealed that β-

catenin induces expression of the transcriptional regulator ATF3, which suppresses of CCL4,

a chemokine crucial for the recruitment of Batf3 DCs to the tumor microenvironment. This

impaired recruitment of Batf3 DCs results in a failed adaptive immune response as these

cDC1s are essential for CD8+ T cell priming and also contribute to effector T cell recruitment

(Fig 1.2) [23].

In addition to the tumor cell-intrinsic activation of β-catenin signaling pathway, another

mechanism implicated in driving the non-T cell-inflamed TME is loss of tumor suppressor

gene PTEN. [31, 32].
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Figure 1.2: Mechanisms for immune exclusion. One mechanism for the immune exclu-
sion of melanoma tumors is tumor-cell intrinsic activation of β-catenin signaling. Activation
of the β-catenin signaling pathway results in activation of ATF3. ATF3 suppresses the pro-
duction of chemokine CCL4 by tumor cells, which is crucial in recruiting Batf3 DCs to the
TME. Tumors with reduced abundance of Batf3 DCs exhibit impaired effector T cell priming
and activation. As a result, these tumors exhibit no effector T cell expansion or recruitment
into the TME.

7



Figure 1.3: The T cell-inflamed vs the non-T cell-inflamed tumor microenviron-
ment. The T cell-inflamed microenvironment (left) is characterized by the presence of CD8+

T cells and cytokine and chemokines associated with a productive anti-tumor immune re-
sponse and recruitment of other immune subsets within the TME. Additionally, these tumors
exhibit increased type I IFN gene signatures. As consequence to the pro-inflammatory mech-
anisms observed, the T-cell inflamed tumors upregulate immune inhibitory mechanisms such
as the upregulation of PD-L1 on tumor and myeloid cells and increased presence of regula-
tory T cells. The non-T cell-inflamed tumor (right) is characterized by the absence of CD8+

T cell infiltration and an overall diminished inflammatory signature. These tumors show
evidence of increased TAM and MDSC presence.
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1.2.3 Immune profiles and therapy outcomes

Beyond assessing immune infiltration status, consideration of the activation and spatial

arrangement of these cells within the tumor microenvironment has become paramount for

understanding immunotherapy efficacy. Gene expression profiles that enrich for inflamed

and non-inflamed tumors have aided in predicting therapy response rates to single agent

anti-PD-1 treatment. This gene signature includes transcripts related to activated T cells,

chemokines for immune cell recruitment, type I IFN-induced transcripts indicative of innate

immune signaling, as well as transcripts associated with DCs and macrophages [33]. While

the immune-infiltrated phenotype enriches for responders due to the presence of CD8+ T

cells and DCs in the TME, the non-T cell-inflamed phenotype is associated with primary

resistance to anti-PD-1 [34].

In addition to these two well-established categories of solid tumor types, recent anal-

ysis of human tumor samples has revealed a third intermediate category, termed immune-

excluded tumors. These tumors are characterized by the presence of immune cells on the

periphery of the tumor mass, spatially segregated from the tumor cells themselves. This

observation suggests a defective immune cell infiltration and activity within the tumor, ren-

dering these tumors also resistant to immunotherapies [35].

1.3 The multifaceted role of β-catenin

β-catenin, an evolutionarily conserved molecule, is involved in several critical functions

within the cell. It is not only vital for the integrity of the epithelial barrier and serves as

a fundamental structural element of cadherin-based adherens junctions, but β-catenin also

plays a key role in the Wnt signaling pathway. [36, 37].
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Figure 1.4: The multifaceted role of β-catenin. β-catenin is a multifunctional molecule
involved in both structural support as well as signaling pathways within the cell. As a
structural protein, β-catenin mediates the attachment to actin filaments by anchoring to
the cytoplasmic tail of E-Cadherin on one side and to α-Catenin on the other side. The
formation of this cadherin/catenin complex is crucial in maintaining cellular integrity and
architecture. As a signaling molecule, β-catenin plays a key role within the Wnt signaling
pathway. Engagement of Frizzled/LRP receptors activates the Wnt signaling pathway and
recruits the destruction complex to the plasma membrane. Without the destruction com-
plex to sequester and target for degradation, β-catenin accumulates in the cytoplasm. This
accumulation of β-catenin in the cytoplasm enables its nuclear translocation. Once in the
nucleus, β-catenin interacts with TCF/LEF transcription factors and initiates the transcrip-
tion of multiple downstream target genes, which have been linked to be involved in essential
cellular responses. The dual role of β-catenin in both maintaining cellular structure and
transcriptional regulation, underscores its unique role in cellular physiology.
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1.3.1 β-catenin structure

The β-catenin protein consists of a core region containing 12 Armadillo repeats which

are flanked by distinct N-terminal (NTD) and C-terminal (CTD) domains. Both the NTD

and CTD exhibit structural flexibility, allowing for diverse interactions. However, the central

region forms a relatively rigid scaffold essential for the interaction of β-catenin with various

binding partners. This central scaffold is where most interactions occur and facilitates its

roles across different cellular locations, including the membrane, cytosol, and nucleus [38, 39].

Many studies have demonstrated that β-catenin’s dual roles in cell adhesion and nuclear

signaling are mediated by its two molecular forms, both of which possess unique binding

capabilities. β-catenin exists as a monomer or a dimer. When activated by Wnt signaling,

the monomeric form of β-catenin does not bind cadherins. However, the principal cadherin-

binding variant of β-catenin is a dimer, partnering with α-catenin. This reveals a competitive

dynamic between the two forms of β-catenin, with their respective roles in cell adhesion

and transcriptional activities being governed by these specific molecular configurations [40].

Additionally, the spatial distribution of β-catenin’s binding partners within the cell likely

plays a crucial role in facilitating the distinct functions of these proteins.

1.3.2 β-catenin in cell adhesion

As a structural protein, β-catenin collaborates with α-catenin and E-cadherin to form

the cadherin/catenin complex. The formation of this scaffold is critical in maintaining the

cohesion and adhesive characteristics of epithelial cells. On one side, β-catenin attaches to

the intracellular domain of E-cadherin, while on the other it binds to α-catenin facilitating

the interaction and linking to actin filaments. This complex triggers the additional clustering

of adherens junctions and enhances the stability of cellular adhesion.[41].
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1.3.3 β-catenin in the Wnt signaling pathway

The Wnt signaling pathway is a complex pathway that has been studied for over 40 years.

The Wnt signaling pathway can be categorized into two major arms: the canonical, also

known as the Wnt/β-catenin dependent pathway, and the non-canonical or the β-catenin-

independent pathway. The non-canonical Wnt pathway has been primarily implicated in cell

polarity and mobility, while the β-catenin-dependent pathway is involved in cell proliferation

and migration [42, 43].

The Wnt ligands themselves are cysteine-rich glycoproteins which are key mediators of

cell-to-cell communication. Thus far, there have been 19 secreted glycoproteins identified

[44, 45]. These proteins interact with at least 15 types of cell membrane receptors and

co-receptors (Frizzled or LRP5/6) to initiate downstream signaling cascades [46].

The canonical, β-catenin-dependent signaling pathway is the most studied of the two.

The activation of this signaling pathway begins with the stabilization of β-catenin which

subsequently results in its transcription-promoting activities. In the absence of Wnt ac-

tivation, the concentration of β-catenin is kept at low levels by the destruction complex,

which is constituted by APC, GSK3-β, Axin and CK1. In this scenario, β-catenin gets

phosphorylated at a preferential site, Ser33 and Ser37, by GSK-3 which in turn marks it

for proteolytic degradation [47]. However, when Wnt ligands bind their cognate surface

receptors, the destruction complex gets recruited to the membrane allowing for β-catenin

to escape degradation and accumulate in the cytoplasm. Accumulation of β-catenin in the

cytoplasm allows for its translocation into the nucleus where it binds TCF/LEF and controls

downstream target gene expression such as myc, Mift, Axin2, and cyclinD1 [48, 49, 50, 51].

1.3.4 β-catenin signaling pathway dysregulation in melanoma

Recent studies have identified mutations in the Wnt/β-catenin signaling pathway in

many types of solid cancers such as melanoma, colorectal cancer, breast cancer, hepato-
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cellular carcinoma, and others. Furthermore, activating mutations in the Wnt/β-catenin

signaling pathway or inhibitory mutation in negative regulators of this pathway have been

linked to aberrant cellular functions such as proliferation, apoptosis, cell renewal, migration,

and differentiation [52]. Tumor cell-intrinsic β-catenin activation in melanoma has been

causally linked to lack of immune infiltration, specifically CD8+ T cells and Batf3-lineage

dendritic cells (cDC1s). The underlying mechanism demonstrated was that activation of

β-catenin signaling pathway drives expression of ATF3, a transcriptional repressor. Further-

more, ATF3 has been shown to inhibit the expression CCL4, a crucial chemokine recruiting

Batf3 DCs. The reduced expression of tumor-intrinsic CCL4 impaired the recruitment of

Batf3 DCs to these tumors resulting in a failed spontaneous immune response [53]. Fur-

thermore, β-catenin-expressing melanomas have been shown to be resistant to checkpoint

blockade therapy with anti-PD-L1 plus anti-CTLA-4, likely due to the lack of spontaneous

immune cell engagement. Collectively, these data suggest that tumor cell-intrinsic β-catenin

pathway activation can mediate primary resistance to checkpoint blockade immunotherapy.

In addition to priming an anti-tumor immune response, Batf3 DCs were also shown to be

major producers of chemokines CXCL9 and CXCL10. These key chemokines are responsible

for successful effector CD8+ T cell recruitment [23]. These additional data implicate β-

catenin pathway activation in a secondary mechanism in which activated T cells fail to be

recruited into the TME.

1.3.5 Therapeutic targeting of β-catenin in cancer

The involvement of Wnt signaling in carcinogenesis has been most studied in the context

of colorectal cancer. Aberrant Wnt signaling has been implicated in many aspects of onco-

genesis, from driving cancer stem cell maintenance all the way to metastasis [54]. The main

driver of colon cancer is loss of function mutations within the adenomatous polyposis coli

(APC) gene. This tumor suppressor gene has been shown to interact not only with β-catenin
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but also with TCF and LEF leading to the regulation of the TCF/β-catenin pathway. Loss

of APC activity has been demonstrated to be positively correlated with augmented β-catenin

signaling. These findings suggest APC plays a major role in the pathogenesis of colorectal

cancer [55].

In addition to colorectal cancer, tumor-intrinsic aberrant β-catenin signaling has been

observed in more than half of all breast cancer and melanoma cases, as well as multiple other

cancer types. As previously mentioned, tumor cell-intrinsic activation of β-catenin signaling

pathway has been shown to be sufficient in driving resistance to checkpoint blockade therapy

in metastatic melanoma [27]. Furthermore, activation of the β-catenin signaling pathway has

been associated with the onset, progression and spread in pancreatic ductal adenocarcinoma

(PDAC). In the context of ovarian cancer, the interplay between Wnt/β-catenin and STAT3

signaling pathways has been shown to support the growth, mobility, and invasion of ovarian

cancer cells [56, 57]. These data collectively highlight the widespread involvement of the

Wnt/β-catenin pathway in cancer onset, development and progression.

Despite its involvement in the pathology of multiple types of cancers, the Wnt/β-catenin

signaling pathway also plays a critical role in both embryonic development and adult phys-

iology. While there has been great interest in developing therapeutic interventions aimed

at inhibiting the pathogenic effects of β-catenin, its role in cellular and tissue homeostasis

have made this endeavor quite difficult [58]. There have been many promising results in

preclinical animal models, however, the transition of these therapeutics into humans has not

yet been successful. Many therapeutic agents fail to advance beyond early phase clinical

trials due to the severe adverse effects observed as a consequence of global Wnt/β-catenin

signaling blockade [59].
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1.4 Breakthroughs in melanoma therapies

Metastatic melanoma has traditionally been relatively resistant to standard chemother-

apies. For many years, overall survival rates remained unchanged due to a lack of truly

effective treatments [60, 61]. Early chemotherapies and the development of cytokines as

therapeutics (IFN-α and IL-2) demonstrated minimal benefit, increasing the five-year sur-

vival rate by only a few percent [62].

1.4.1 B-Raf-targeted therapies

The discovery that activated B-Raf serves as a driver oncogene in approximately 50% of

melanomas led to the development of targeted small molecule inhibitors of this kinase [63].

The B-RafV600E mutation, present in over 90% of all human melanomas, is particularly

notable [64]. Research has demonstrated that the B-RafV600E mutation promotes ERK

activation, essential for cell proliferation [65]. In vitro studies targeting B-RafV600E have

shown a marked reduction in tumor cell proliferation [66, 67].

Vemurafenib was the first BRAF inhibitor developed, and was FDA approved in 2011,

followed by dabrafenib in 2013 [68]. Vemurafenib demonstrated remarkable efficacy, with

approximately 50% of patients exhibiting tumor reduction and an overall survival rate of

84% at 6 months. Although dabrafenib also showed positive outcomes, phase III clinical

trials demonstrated that treatment with vemurafenib resulted in superior progression-free

survival [69, 70].

Interestingly, secondary resistance was found to develop in a median time of around

6 months, and these tumors were characterized as having re-activation of the Ras/MAPK

pathway [68]. Therefore, inhibitors of MEK were developed, to target the same pathway

at a second node. Combination B-Raf/MEK inhibitors demonstrate potent, long-lasting

responses as well as decreased toxicity compared to BRAF inhibitors alone [71, 72, 73, 74].

For this reason, combination B-Raf/MEK inhibitors are now a standard of care for treating
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metastatic melanoma. However, cures are uncommon, which prompted continued evaluation

of immunotherapeutic strategies against this disease.

1.4.2 Immune checkpoint blockade

The realization that activated T cells can be functionally held in check by negative

regulatory receptors has led to a collection of novel therapeutics referred to as immune

checkpoint blockade. These are monoclonal antibodies (mAbs) that block engagement of

specific inhibitory receptors by their cognate ligands.

The anti-CTLA-4 mAb ipilimumab was the first checkpoint blockade mAb to gain

recognition for the treatment of solid cancers and was FDA approved in 2011. Anti-CTLA-

4 monotherapy showed remarkable tumor control, even rejection in several transplantable

murine tumor models, including colon carcinoma, fibrosarcoma, prostatic carcinoma, lym-

phoma and renal carcinoma [75, 76, 77]. Furthermore, anti-CTLA-4 mediated rejection in

preestablished tumors as well as demonstrated effective immunological memory to secondary

challenge. Mechanistic studies in preclinical animal models revealed that anti-CTLA-4 in-

duces the expansion of two types of tumor-infiltrating T cells. First, an PD-1+ ICOS+

TBET+ Th1-like CD4+ effector T cell population and second, a phenotypically exhausted-

like CD8+ T cell population [78]. These data show that anti-CTLA-4 has a specific effect

on a subset of tumor infiltrating T cells within the tumor microenvironment rather than a

more generalized activating effect on all tumor infiltrating T cells [79]. In human clinical

trials, the inhibition of CTLA-4 showed melanoma tumor control and regression as well as

improved overall patient survival. However, single agent anti-CTLA-4 had a relatively low

response rate of only 13% [80].

A second mAb approved for human solid tumors, anti-PD-1 (nivolumab or pembrolizumab),

was FDA approved in 2014. The inhibition of the programmed cell death protein 1 (PD-1)

has demonstrated marked success with promising response rates of around 40%, with signif-
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icant durability [81]. PD-1, similar to CTLA-4, is a checkpoint molecule that keeps in check

the anti-tumor immune response against many cancers. Early in vitro studies demonstrated

that PD-1 blunted the effector T cell function by blocking cell proliferation and inhibiting

cytotoxic activity and pro-inflammatory cytokine production such as IFN-γ [81]. Anti-PD-1

primarily functions by driving the expansion of specific exhausted CD8+ T cells that are

found within the TME [78]. Studies in preclinical animal models demonstrated that tumor

cells and antigen presenting cells residing within the TME can upregulate the expression

of PD-L1. The increased tumor-specific PD-L1 has been shown to facilitate tumor-immune

escape due to negative regulation of T cells expressing PD-1 [82]. Inhibiting the PD-1/PD-

L1 axis in humans has shown success in the clinic [83]. Moreover, patients with increased

baseline CD8+ T cell infiltration or showing evidence for a T cell-inflamed tumor microen-

vironment by gene expression profiling were more likely to benefit the most from checkpoint

blockade therapies [34].

Despite increases in survival rates with single agent checkpoint blockade therapy, the

combination of anti-CTLA-4 and anti-PD-1 checkpoint blockade was shown to significantly

enhance tumor control and survival rates in many solid cancers, including metastatic melanoma

[84]. In clinical trials with advanced melanoma, combination checkpoint blockade with anti-

CTLA-4 plus anti-PD-1 resulted in unprecedented survival rates of over 80%. Additionally,

more than half of the patient in this trial exhibited robust tumor reduction. The response

to combination therapy was substantially enhanced compared to monotherapy, resulting in

FDA approval for combined nivolumab and ipilimumab therapy for metastatic melanoma in

2015 [81, 85].

1.4.3 Immunotherapy resistance in melanoma

Even with the remarkable tumor control and enhanced survival rates observed in re-

sponse to single agent or combination anti-CTLA-4 plus anti-PD-1 therapy, resistance to
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these treatments still occurs. Over 50% of melanoma patients demonstrate primary resis-

tance to single agent anti-PD-1 therapy, and approximately 40% show resistance to combined

anti-CTLA-4 plus anti-PD-1 therapy. Furthermore, approximately 25% of patients who ini-

tially respond develop secondary, acquired resistance to anti-PD-1 therapy [86].

Gene expression profiling of human melanoma samples indicates that an endogenous

anti-tumor immune response at baseline is essential for efficacy with combination checkpoint

blockade immunotherapy [87, 27]. Additionally, tumor-cell intrinsic activation of β-catenin,

which correlates with an absence of spontaneous immune infiltration, is a mechanism of

primary resistance to checkpoint blockade immunotherapy in metastatic melanoma. Fur-

thermore, the commensal microbiota has also been reported to have both pro- or anti-tumor

effects and be associated with clinical response. The anti-tumor effects of the commensal

microbiota have been associated with primary resistance to checkpoint blockade immunother-

apy [88, 89].

Secondary resistance to immune checkpoint blockade is incompletely understood, how-

ever loss of function mutations in JAK1/JAK2 signaling pathway resulting in impaired im-

mune responses to IFN-γ is one reported mechanism [90]. Furthermore, mutations within

beta-2-microglobulin (B2M) resulting in loss of antigen presentation have been associated

with acquired resistance to both single agent PD-1 blockade as well as combination anti-

CTLA-4 plus anti-PD-1 therapy [91].

Despite the advancements in the way we treat many solid tumors like metastatic melanoma

as well as the remarkable response rates that have been achieved, there remains a major frac-

tion of patients which do not respond to most available treatments. Identifying the molecular

characteristics of tumors resistant to available treatments is crucial to furthering the field

and developing additional strategies to target these non-responders.
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1.5 Navigating the dual landscapes of macrophage polarization

Macrophages are critical elements of the immune framework. These cells are distributed

in nearly every tissue within the host, where they are involved in tissue homeostasis. These

immune cells are highly malleable and exhibit remarkable heterogeneity. Their unique char-

acteristics enable them to execute a variety of functions that extend from innate immune

responses in defending against pathogens, to adaptive immune responses in mediating in-

flammatory responses, to facilitating tissue repair and remodeling [92]. Their remarkable

adaptability is further enhanced by their responsive nature to the surrounding environ-

mental cues. This allows them to quickly adjust their activation states in response to the

specific molecular context of their environment [93]. Notably, macrophages differentiate into

various phenotypes depending on environmental inputs. Two of the most common states

macrophages differentiate into are the M1-like or pro-inflammatory macrophages, and the

M2-like or anti-inflammatory macrophages. M1-like and M2-like macrophages perform dis-

tinct functions and exhibit unique transcriptional profiles showcasing their versatile role in

orchestrating immune responses [93].

1.5.1 M1 macrophages: the warriors of inflammation

M1-like macrophages, often labeled as pro-inflammatory or classically activated macrophages,

can be generated by polarization in vitro by lipopolysaccharide (LPS) alone or in combination

with pro-inflammatory cytokines such as IFN-γ. This process is also known to be induced

by GM-CSF, [94]. In vivo, these M1-like macrophages are thought to play role in innate and

adaptive immune responses by producing a range of pro-inflammatory cytokines, including

IL-1β, IL-6, IL-12, IL-23, and TNF-α [93]. In addition to cytokine production, M1-like

macrophages engage with other immune cells around them and augment the immune re-

sponse by upregulating co-stimulatory molecules such as CD80 and CD86. The involvement

of CD80/86 is crucial for antigen presentation and productive T cell activation [95]. Fur-
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thermore, they also secrete chemoattractants such as CXCL1, CXCL2, and CCL5, essential

for the recruitment of other immune cell subsets like neutrophils and CD8+ T cells. These

collective immune functions highlight the pivotal role of M1-like macrophages in mediating

both innate and adaptive immune responses [96].

1.5.2 M2 macrophages: healers and regulators

Alternatively activated macrophages, or M2-like macrophages, have been implicated in

immune regulation and tissue repair. This type of macrophage can be induced in vitro by

exposure to IL-4, IL-13, and M-CSF. In the literature, M2-like macrophages are characterized

by specific markers such as upregulation of MRC1 (CD206), Cd163, Arginase 1 (Arg1), and

CD209.

Arginase is a molecule primarily associated with wound healing, and was one of the first

markers used to characterize anti-inflammatory macrophages. Arginase activity is primarily

stimulated by transforming growth factor beta (TGF-β) family proteins, but its expression

can be further enhanced by cytokines IL-4 and IL-13. All these molecules have been associ-

ated with accelerated wound healing and tissue repair [97]. Moreover, IL-4 not only regulates

Arg1 expression, but it has also been linked to increased expression of dendritic cell-specific

ICAM-3 grabbing non integrin (DC-SIGN; also called CD209), CD206, as well as CD163

[98]. CD206 is increasingly recognized as a marker for tissue-resident macrophages. Further-

more, CD163 expression is upregulated by growth factor M-CSF, and cytokines IL-6, and

IL-10. Conversely, CD163 is downregulated by proinflammatory cytokines such as TNF-α,

IFN-γ, and LPS [99]. Furthermore, these M2-like macrophages are known to produce anti-

inflammatory cytokines, such as IL-10 and TGF-β, which provide a mechanism maintaining

the immune suppressive milieu [94].

From a metabolic standpoint, pro-inflammatory macrophages have been shown to pref-

erentially upregulate glycolysis, while M2-like macrophages utilize fatty acid oxidation and
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oxidative metabolism [100].

The stark differences between these two extremes of macrophages and their remarkable

ability to switch between activation states has intrigued scientists for decades. It has been

demonstrated that macrophages can very quickly and completely revert between phenotypes

in vitro. This provides evidence for their unique ability to sequentially contribute to both

the onset and resolution of inflammation [99].

1.6 Immunosuppression in melanoma

As cancers evolve, they adopt strategies to evade the immune system. A key mecha-

nism of immune evasion involves promoting an immunosuppressive microenvironment that

dampens the natural immune response. This environment has been characterized by the

presence of high concentrations of immunosuppressive molecules. Increased concentrations

of IL-10 and TGF-β as well as increased numbers of immune suppressive cells such as reg-

ulatory T cells, myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages

(TAMs), and cancer-associated fibroblasts (CAFs) have been all been linked to the immuno-

suppressive tumor microenvironment. Additionally, while melanoma tumors infiltrated by

immune-suppressive populations are also infiltrated by effector T cells, these T cells are often

found in dysfunctional states due to increased expression of immune-inhibitory/checkpoint

molecules.

1.6.1 Cellular and chemical components of the immunosuppressive TME

A tumor mass is not composed of cancer cells only, but rather is a mix of tumor cells

and additional host cells, such as vasculature and immune cells. The immune suppressive

component of the TME includes TAMs, cancer-associated fibroblasts (CAFs), and myeloid-

derived suppressor cells (MDSCs).

MDSCs are thought to play a crucial role in promoting tumor growth and metastasis
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by enhancing cancer cell stemness, proliferation, survival, angiogenesis, and invasiveness.

The abundance of MDSCs in solid tumors is correlated with cancer progression. MDSCs

contribute to an immune-inhibitory microenvironment that supports immune evasion of can-

cer cells. This effect is achieved, in part, by stimulating the proliferation and activation of

regulatory T cells. Moreover, MDSCs augment cancer stem-cell-like properties and cancer

cell survival by upregulating molecules such as the anti-apoptotic factors Bcl-2 and Mcl-1.

Furthermore, MDSCs are drawn to pre-metastatic niches, where they establish a cancer-

promoting microenvironment that supports the metastasis of solid tumors. [101, 102, 103].

Regulatory T cells are another type of immunosuppressive cell that reside in the TME.

Tregs exert their immunosuppressive function via multiple mechanisms: they consume avail-

able IL-2 from the TME, thus depriving this cytokine from effector T cells, and they produce

immune inhibitory cytokines such as TGF-β, IL-10, and IL-35. Additionally, a key suppres-

sive mechanism is the upregulation of immune checkpoint-related molecules which induce a

state of dysfunction in effector T cells [104, 105, 106, 107].

Cancer-associated fibroblasts (CAFs), another major subset of immunosuppressive cells

within the TME, also significantly contribute to tumor progression through the secretion

of various factors such as hepatocyte growth factor (HGF), TGF-β, stromal-derived fac-

tor 1 (SDF-1), platelet-derived growth factor (PDGF), and Sonic hedgehog (Shh). These

molecules have been demonstrated to promote tumor cell proliferation and enhancement

of stem cell-like properties of cancer cells. In metastatic melanoma, melanoma-associated

fibroblasts (MAFs), have been shown to impair cytotoxic T lymphocyte function. In vitro

studies with T cells exposed to MAF-conditioned media demonstrated a striking dysregula-

tion of the ERK1/2 and NF-κB signaling pathway, reduction in activation marker CD69 and

granzyme B production, and impaired cytotoxic activity. Moreover, it has been observed

that they can express immune checkpoint receptors such as T cell immunoreceptor with Ig

and ITIM domains (TIGIT) and B- and T- lymphocyte attenuator (BTLA). MAFs also dis-
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play higher levels of V-domain Ig suppressor of T cell activation (VISTA) and Herpesvirus

entry mediator (HVEM) and show increased production and secretion of CXCL12. All of

these have been implicated in the disruption of intracellular signaling in cytotoxic T cells,

potentially contributing to their dysfunction. [108, 109, 110].

1.7 Tumor-associated macrophages (TAMs) and cancer

progression

Another key immunosuppressive cell population identified in the microenvironment of

solid tumors are tumor-associated macrophages (TAMs). These are strikingly abundant

within the TME, and despite initially thought as being anti-tumor, TAMs are more recently

recognized as immune suppressive cells that favor tumor growth. This reconsideration was

brought upon by their ability to support the tumor by promoting tumor cell survival, inva-

sion, stem cell viability, and angiogenesis [111]. Furthermore, there is recent evidence that

TAMs have the ability to suppress cytotoxic T cells.

1.7.1 TAMs in tumorigenesis

As mentioned in earlier sections, macrophages are involved in many aspects of the host

response. They are involved in regulating the development of many tissues, they aid in wound

healing, and they contribute to tissue homeostasis. Furthermore, macrophages have been

implicated in regulating both innate and adaptive immune responses [112, 113]. Because of

their intimate involvement in so many aspects of tissue regulation, macrophages have been

linked to a variety of diseases, ranging from inflammation to cancer.

In the context of inflammation, monocytes are recruited from the blood to the site of

inflammation, and these will differentiate into pro-inflammatory macrophages at the inflam-

mation site. The pro-inflammatory macrophages have the capability of producing IFN-α/β,
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IL-6 and TNF-α that promote inflammation but also kick-start an adaptive immunological

cascade. These proinflammatory cytokines engage and recruit additional immune cells to the

site of inflammation resulting in the progression of an immune response. However, to avoid

harming the host and to keep the immune reaction from going overboard, macrophages

have the capability of shifting into a state that supports the resolution of inflammation,

which induces immune-suppressive responses to minimize the damage to the host [114]. The

macrophages involved in wound healing have been shown to produce Wnt ligands that are

involved tissue repair [115].

Within established tumors, TAMs are usually educated away from a pro-inflammatory

phenotype towards immune-suppressive phenotypes. These TAMs have been demonstrated

to promote tumor progression via induction of tumor cell migration, invasion and angiogen-

esis [116]. Additionally, immunosuppressive TAMs have been shown to remodel the tumor

microenvironment via the increased production of matrix metalloproteinases (MMPs) and

cathepsins. These molecules come together to form a scaffold/conduit type of system which

allows for the intentional release of growth factors aiding in tumor cell invasion and metas-

tasis [117, 118]. These TAMs have been shown to further support the TME by secreting

angiogenic factors that enhance the tumor vasculature such as VEGF family members, IL-8,

PDGF, and FGF [119].

Interestingly, the site where a specific type of tumor will metastasize has also been

linked to the presence of macrophages. Finding a suitable microenvironment, also known

as a pre-metastatic niche, is crucial for the tumor’s ability to leave the primary location,

disseminate, and establish at another site. Data suggest that pre-metastatic niches show a

type of "priming" of the area prior to tumor cell arrival. These areas are characterized by

an increase in growth factors that recruit tumor-associated cells to those sites. These cells,

many of which are macrophages, cluster to these areas and create an environment suitable

for tumor cell adhesion and invasion [120, 121, 122].
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1.7.2 Targeting TAMs for cancer therapy

The dominant current view in is that tumor-associated macrophages (TAMs) play a

tumor-promoting role. This nuanced understanding of TAMs has made them attractive

targets for therapeutic intervention. The two current strategies being explored for targeting

TAMs include to either reprogram them from an anti-inflammatory phenotype to a pro-

inflammatory one, or to ablate them entirely.

Recent studies suggest that TAMs can contribute to chemotherapy resistance. Cathepsin

expression within macrophages can contribute to therapy resistance. Additionally, TAMs

have been shown to be an active participant in post-chemotherapy recurrence of tumors.

This was demonstrated by linking the high expression of Vascular Endothelial Growth Factor

(VEGF) on TAMs which is a key molecule in supporting the revascularization of recurrent

tumors.

An important focus as a potential therapeutic target has been Colony-Stimulating Fac-

tor 1 Receptor (CSF1R), because the inhibition of this myeloid growth factor receptor has

been shown to synergize with immune checkpoint inhibitors in preclinical models. Studies

have shown that administration of CSF1R inhibitors increased tumor antigen presentation

and amplified antigen presentation within macrophages resulting in an improved anti-tumor

T cell responses [123]. Importantly, CSF1R inhibition in combination with checkpoint block-

ade resulted in tumor control in models unresponsive to checkpoint inhibitors alone. Re-

cent findings reveal that the mechanism of action of CSF1R inhibition is not to deplete

macrophages but rather it induces a phenotypic shift towards a pro-inflammatory state.

This transcriptional and phenotypic change within these macrophages then acts on the im-

mune system already present in the TME by engaging natural killer cells and dendritic cells

for a reinvigorated immune response. [123, 124].

An additional molecule of interest is CD40, often expressed on a subset of TAMs. Activa-

tion of CD40 has shown encouraging outcomes due to its ability to induce a phenotypic shift
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TAMs. Treatment with anti-CD40 in animal models has demonstrated that engaging this

receptor induces a shift from anti-inflammatory TAMs to pro-inflammatory macrophages.

Moreover, these exhibit augmented production of proinflammatory cytokine IL-12. This

fundamental transition within macrophages also leads to the activation of CD8+ T cells

and DCs, ultimately potentiating an anti-tumor response [125, 126]. Furthermore, CD40-

activated macrophages have been shown to infiltrate and degrade tumor stroma. These data

provide evidence for immune therapies that do not directly involve T cells [127]. Intrigu-

ingly, combining CSF1R inhibition with CD40 stimulation synergizes to induce a striking

effect on TAMs. The combination of these therapies promotes a highly proinflammatory

microenvironment further enhancing checkpoint blockade therapy efficacy [128].

These early findings provide evidence that TAM-targeted therapies have the potential

to be developed towards clinical translation, with the aim of expanding the efficacy of im-

munotherapy in patients. However, clinical results have been limited to date.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Genetically engineered mouse model

Our animal model was created by crossing two established genetically engineered mouse

models. The first, contains a tyrosinase driven Cre recombinase, an activation mutation

within the BRAF gene, BRAFV600E, and a bi-allelic deletion of the tumor suppressor gene

PTEN. The last two are integrated in their respective loci. To this background, we inte-

grated a TET-ON system for the regulation of an active variant of β-catenin. This second

genetically engineered animal was altered to include the expression of a reverse transactiva-

tor (rtTA) under the Rosa26 promoter, and a mutated β-catenin gene (β-cateninS33Y) under

the collagen type I alpha 1 (Col1a) promoter.

The final mouse model harbored the active BRAFV600E, deletion of PTEN, and the

expression of the reverse transactivator and the β-cateninS33Y. This was achieved by breed-

ing these animals across several generations to ensure homozygosity of the critical alleles

(BRAFV600E, PTEN, rtTA, and indβ-cateninS33Y), thereby guaranteeing that the genetic

modifications were uniformly present in every cell. A comprehensive genotyping protocol

followed the breeding program (Table 2.1), confirming the presence of the Cre-ER transgene

in all offspring, which is crucial for the constitutive activation of the oncogenes and the

model’s overall functionality.

2.2 Tumor induction and measurement

Preparation of 4-OH-Tamoxifen: A solution of 4-hydroxytamoxifen (catalog number

H7904-25MG) was prepared by reconstituting it in 100% ethanol to a final concentration of

2.5 µg/mL. If there was visible precipitate, the 4-hydroxytamoxifen plus ethanol was placed
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on a shaker at 37°Celsius for 15 minutes to ensure everything dissolved and the solution was

the proper concentration.

All experiments were performed on animals aged between 8 to 14 weeks. We pre-

pared the animals by shaving their dorsal surface using an electric shaver. 5µL of the

4-hydroxytamoxifen was applied to the prepared area on each animal using a micro-pipette.

This application is performed under ambient conditions, with the animals awake and mini-

mally restrained.

The tumor growth was monitored by measuring the volume of the induced autochthonous

tumors starting three weeks after the tumor induction. The height, width and length of all

tumors was measured using calipers every other day for the last three weeks of tumor de-

velopment. All animals were awake and minimally restrained while measuring the tumor

volume.

2.3 Checkpoint blockade therapy administration

Starting on the 21st day post tumor induction, the animals were treated with combined

anti-PD-L1 (Catalog Number BE0101) and anti-CTLA-4 (Catalog Number BE0131) therapy.

The monoclonal antibodies were diluted in Dulbecco’s Phosphate Buffered Saline (DPBS)

(Catalog Number 14190-144) and administered intraperitoneally (i.p.), at a concentration

of 100 µg/mL. The control group was treated with DBPS only. The mAb therapy was

administered every other day, mirroring the schedule of tumor volume measurements, for

the remainder of the experiment.

2.4 Euthanasia and tumor harvesting

At the experimental endpoint, animals were euthanized by CO2 inhalation for 5 minutes,

followed by cervical dislocation as a secondary mode of euthanasia. The fur overlying and
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around the tumor site was removed using Nair Hair Removal Cream, and the area was

cleaned and sterilized with 70% ethanol. Tumors were excised with micro-scissors, ensuring

separation from adjacent non-tumorous/healthy tissue.

2.5 Preparation of histological samples

For histological examination, each tumor was bisected to obtain a central, cross-section.

Each tissue section was fixed in 5 mL of 10% Neutral Buffered Formalin (NBF) (Catalog

Number HT501128-4L) for 24 hours at room temperature. After fixation, samples were trans-

ferred to 70% ethanol for long-term preservation or sent to the University of Chicago Human

and Tissue Research Center for embedding in paraffin, sectioning, and slide preparation for

microscopic examination.

2.6 Tumor digestion for flow cytometry

Tumor samples intended for flow cytometric analysis were chemically and mechanically

digested into single-cell suspensions. First, all tumors were placed in Miltenyi Biotec Oc-

toMacs tubes (Catalog Number 130096334) containing 2 mL of a homemade digestion buffer

and manually minced using micro-scissors. The digestion buffer used was a mixture of Col-

lagenase Type IV (Catalog Number C5138-1G), Dnase I (Catalog Number 18-068-015) and

Hyaluronidase V (Catalog Number H6254-1G) diluted in Dulbeccos Modified Eagle Medium

(DMEM) (Catalog Number 11885084). The minced tissue was then mechanically dissociated

using the OctoMacs system followed by a 30-minute incubation at 37°Celsius with rotation.

This step was repeated one more time. The resulting material was strained through a 70

µm cell strainer and washed once with 30 mL of cold 1x DPBS.

29



2.6.1 Lymphocyte isolation and immunostaining

To isolate lymphocytes, the single cell suspension obtained from the digested tumors was

centrifuged, and the pellet was re-suspended in 10 mL of cold DPBS. A layer of Ficoll-Paque

PLUS (4 mL) (Catalog Number 17144003) was added beneath the single cell suspension,

and the mixture was centrifuged at 500 xg without brake or acceleration for 30 minutes.

The interphase was collected and washed in 10 mL of DPBS to remove any residual Ficoll.

For CD45+ cell sorting: samples were re-suspended in 1 mL of 0.04% Bovine Serum

Albumin (BSA) (Catalog Number 9998S) with 1x EDTA (Catalog Number J15694.AP) and

incubated for 30 minutes on ice with Fixable Viability Dye eFluor 780 (Catalog Number 65-

0865-14) at a dilution of 1:1000 and APC anti-mouse CD45 (Catalog Number 103112, clone

30-F11) at a dilution of 1:200. Following the staining protocol, samples were washed with 10

mL of 0.04% BSA solution to remove excess stain and unbound antibodies. After washing,

the cells were re-suspended in 2 mL of 0.04% BSA solution and filtered once more using a 70

µm cell strainer, prior to fluorescence-activated cell sorting (FACS). Gating strategies using

Fluorescence Minus One Controls (FMOs) were determined and CD45+ cells were sorted

(as determined by APC positive stain) and exhibiting viability (as determined by exclusion

of eFluor 780 stain) were sorted from the mixture. The cells were sorted in the same 0.04%

BSA solution and processed for downstream analysis (Table 2.2).

2.7 Histological slide preparation and multiplex

immunofluorescence staining

All murine FFPE tissue samples were stored at room temperature. Slides were baked

at 65°Celsius for one hour. After baking, the slides underwent a rehydration sequence:

1.Xylene Immersion: The slides are immersed in xylene three times for 10 minutes each.

2.Ethanol Washes and Rehydration: A series of graded ethanol washes followed, with
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concentrations decreasing from 100%, 95%, to 75%, for 10, 10, and 2 minutes respectively.

3.Rinsing: All slides were rinsed in deionized (DI) water to remove any residual ethanol

and xylene.

All slides were then immersed in 10% NBF for 20 minutes to fix the tissue. For the anti-

gen retrieval step, the slides were placed in a 1x AR9 buffer (Catalog Number AR600250ML)

and subjected to pressure cooking for 20 minutes, breaking the cross-links formed during fix-

ation and exposing the antigens.

Post-antigen retrieval, samples were blocked using a Akoya blocking solution (Catalog

Number ARD1001EA) for 10 minutes at room temperature to prevent non-specific antibody

binding. This was followed by the primary antibody incubation: all primary antibodies were

diluted in the provided blocking buffer and samples were incubated with diluted primary

antibody for one hour at room temperature or overnight at 4°Celsius (Table 2.3). After

the primary antibody incubation, the samples were washed three times in 1X Tris-buffered

saline with Tween 20 (TBST) (Catalog Number L10K124) to remove unbound antibodies,

each wash lasting 2 minutes. Next, the slides were incubated with a secondary-HRP antibody

(Catalog Number ARH2001EA), diluted at a ratio of 1:2 in HRP buffer (catalog Number

ARD2001EA), for 10 minutes at room temperature. This was followed by another series of

TBST washes.

Then all samples were incubated with an Opal fluorophore-conjugated antibody diluted

1:200 in Opal Buffer (Catalog Number 220110012) for 10 minutes at room temperature

(Table 2.4). Finally, all samples were stained with DAPI diluted in TBST (1 drop DAPI

in 500 uL TBST) (Catalog Number FP1490) for 5 minutes at room temperature to label

the nuclei. A final wash with 1X TBST and rinse with DI water was performed prior to

the mounting of the slides using ProLong Diamond Anti-Fade Mountant (Catalog Number

P36961). The slides were left to dry overnight to ensure the mountant set properly.
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2.8 Multiplex immunofluorescent imaging and analysis

Imaging of all samples was performed using the Vectra Polaris microscope. All prepared

slides were systematically scanned using this microscope. Following image acquisition, each

image was individually checked and 8-10 regions of interest (ROIs) were selected. Because of

the heterogeneity of the tumors, we focused on areas that were highly infiltrated by immune

cells. Analysis of all ROIs was performed using InForm analysis software. This machine

learning algorithm requires initial training specific to the experiment at hand to accurately

differentiate and identify targeted markers. This training involves teaching the software to

recognize patterns and features that distinguish positive marker expression from background

noise or non-specific staining.

For the analysis of β-catenin status, which was sometimes complicated by the presence

of melanin pigment in the samples, a dual-segmentation approach was adopted. This strat-

egy involved using both DAPI staining, which labels nuclei, and comparison of β-catenin

status with control samples known to exhibit positive nuclear β-catenin staining. This dual

reference enabled the software to precisely segment the images and confidently identify cells

positive for β-catenin, overcoming the challenge posed by melanin interference.

The assessment of CD3 status relied solely on DAPI staining for segmentation. CD3,

a plasma membrane marker, presents a distinct staining pattern that does not require addi-

tional references for accurate segmentation. This approach simplifies the analysis by focusing

on the nuclear staining to delineate cell boundaries and identify the presence of CD3 within

the samples.

2.9 Marker quantification process

Preliminary Training: First, the InForm software was trained using control samples.

These controls were manually classified as either positive or negative for the markers of
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interest, based on visual inspection by the researcher. This step calibrates the software,

ensuring it can accurately recognize and differentiate the targeted markers in subsequent

analyses.

Batch Analysis: Following the preliminary training, a batch analysis of all slides was

conducted. This phase processes multiple slides simultaneously, utilizing the trained machine

learning model to maintain consistency and accuracy across all samples. This automated

analysis significantly enhances efficiency and reduces the potential for human error, ensuring

reliable quantification of the targeted markers across the study.

2.10 Single cell sequencing analysis

Raw reads were processed using Cell Ranger (v6.1.2) from 10X Genomics, and down-

stream analysis, including quality control, was carried out in R. Cells were quality filtered to

retain only cells with at least 500 total counts and at least 250 unique features. Cells were

also removed if over 10% of their reads were from mtRNA. Lastly, doublets were identified

and removed using the package DoubletFinder (v2.0.3). The counts were then normalized

with Seurat’s SCTransform function (Seurat v4.1.3), and the cells were integrated following

the standard workflow for the Seurat package. The final integrated data were visualized as

a Uniform Manifold Approximation and Projection (UMAP), and clusters were identified

at a range of resolutions and visualized with clusters (v0.5.0). This indicated resolution 1.0

would provide high quality separation of cells into 25 distinct clusters. Markers defining each

cluster were identified using the function FindConservedMarkers() grouping by the sample

identity. The conserved markers were compared to canonical markers to annotate the clus-

ters wherever possible, and clusters not conforming to known cell types were instead labeled

by their top distinguishing genes.

Four samples obtained from two independent experiments were submitted for sequenc-

ing (experimental conditions: ex-βcatenin and water), each consisting of CD45+ cells iso-
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lated as described in the previous section and pooled from 5-6 murine tumors. 10,000

cells for each sample were loaded into the 10x Genomics Sequencer and sequencing was

performed by the 10x Genomics Core at University of Chicago. Reads were aligned and

feature-barcode matrices were generated using the 10x Genomics Cell Ranger software.

For the pre-processing step, cells with a percentage of counts coming from mitochondrial

RNA higher than 15 and all genes expressed in less than 3 cells were removed. Outliers

in the distribution of the number of genes in a cell vs. the number of mRNA counted

in a cell were also excluded. Data was normalized using Seurats SCTransform function

[129]. Principal component analysis (PCA) was performed, followed by dimensionality reduc-

tion using RunUMAP on the top 40 principal components (PCs). The k-nearest neighbors

were calculated and the SNN graph was constructed using Seurats FindNeighbors func-

tion (https://satijalab.org/seurat/reference/findneighbors). Clustering was performed using

Seurats FindClusters function (https://satijalab.org/seurat/reference/findclusters). Pseudo-

bulk differential expression via DESeq2-LRT method (https://hbctraining.github.io/scRNA-

seq/lessons/pseudobulk_DESeq2_scrnaseq.html) was performed to identify the top differen-

tially expressed genes in each cluster. Based on the top differentially expressed genes in each

cluster, the different immune cell types present were identified. Pseudo-bulk differential ex-

pression via DESeq2-LRT method (https://hbctraining.github.io/scRNA-seq/lessons/pseu-

dobulk_DESeq2_scrnaseq.html) was also performed within each cell type comparing the

ex-β-catenin and control samples. The F480+ Cd11b+ macrophage cluster was subsetted

and the process described above (PCA, identification of k-nearest neighbors, dimensional-

ity reduction using UMAP, and clustering) was repeated for this cluster only. Pseudo-bulk

differential expression was performed between the macrophage subclusters which allowed

identification of the top genes representative for each of them.
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2.11 Spatial transcriptomics

Spatial transcriptomic analysis (10x Genomics Visium FFPE kit, catalog no. 1000338)

was performed on archived formalin-fixed paraffin-embedded (FFPE) tissue sections from

murine metastatic melanoma samples. Spatial transcriptomics was performed according to

manufacturer protocol. Briefly, tissue RNAs were isolated using Allprep DNA/RNA FFPE

kit (Qiagen, catalog no. 80234) and quality controlled (DV200 greater than or equal to

50%). Then, 5 µm tissue sections were cut and placed onto Visium slides and dried at

42°Celsius for 3 hours. After keeping the slide with desiccant overnight, slides were dried

again for 2 hours at 60°Celsius. All slides were deparaffinized and stained for Hematoxylin

and Eosin (H&E). First, slides were covered in 1 mL Hematoxylin (Millipore Sigma, catalog

no. MHS16) for 3 minutes at room temperature. After intermittent washing steps, the

slides were then covered in 1 mL Bluing reagent (Agilent, catalog no. CS70203-2) for 1

minute at room temperature and washed. Last, slides were submerged in Eosin (Millipore

Sigma, catalog no. HT110116) for 1 minute. H&E-stained slides were imaged on a Evos

M7000 Microscope. Probe hybridization, probe ligation, probe release, extension, elusion

and library construction were done according to the manufacturer’s protocol. The spatial

transcriptome library was prepared following the manufacturer’s instruction and sequenced

on the NovaSeq 6000 system at the University of Chicago Genomics core facility.

2.11.1 Spatial transcriptomics data processing

Raw reads were processed using Space Ranger (v1.3.0) from 10X Genomics using the

Mouse Transcriptome Probe Set v1.0 as a reference. Downstream analyses were carried out

in R. All spots were retained for analysis, as all spots across samples had sufficient reads and

features. All samples were imported and merged in R using the Seurat package.
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2.11.2 Spot summaries by gene combinations

To visualize expression of different gene combinations across each tissue, features were

built for each gene or set of genes and added to the metadata for the merged Seurat object

and then visualized using the function SpatialDimPlot with custom color schemes defined

for each set of genes. The same features were used to estimate the number of spots in each

sample corresponding to each set of gene combinations.

2.11.3 Distances between spots

We used the package Giotto (v1.1.2) to estimate distances between spots defined by the

expression of specific genes. We first converted the merged Seurat object into a Giotto object

by providing the Seurat count matrix and the combined image coordinates to the function

createGiottoObject. We then used createSpatialNetwork with maximum_distance_delau-

nay set to 400 to build a network representation of the adjacency between spots in each

tissue. In order to estimate the distance between spots, such as the distance from each M2+

spot to the nearest CD3+ spot, we used the function findNetworkNeighbors to first find the

intersection between all M2 spots and all direct neighbors to a CD3+ spot. We then grew

the list of neighbors iteratively up to a maximum distance of 20 spots (all M2 were actually

within 6 spots of a CD3+ spot). A custom R function was written to simplify this iterative

process to directly add the estimated distance to the Seurat object, including the reciprocal

calculation of the distance from a CD3+ to the nearest M2+ spot. This process was repeated

for different subsets of M2+ spots (e.g. Ccl8+ M2 spots) or CD3+ spots (e.g. Cd3+ Cd4+

Foxp3+ spots), and the results were summarized in a data.frame object and visualized with

ggplot2 (v3.4.4).
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2.11.4 Pseudobulk differential expression analysis

Differential expression analysis was carried out using a pseudobulk approach with edgeR

(v3.40.2) and limma (v3.54.1). Prior to building pseudobulk samples, we first identified all

CD3+ M2+ and CD3+ DC+ spots. M2+ spots were defined as Adgre1+ SiglecF- spots

expressing at least one of Ccl8, Gas6, Cd163, or Cd209g, and DC+ spots were defined as

Itgax+ spots expression at least one of Batf3, Xcr1, or Clec9a. Due to the size of macrophages

and dendritic cells, we excluded any M2+ spots that were adjacent to a DC+ spot and vice

versa. We also excluded any M2+ spots that were adjacent to an M1+ spot, with M1+ spots

defined as spots expressing Adgre1+ SiglecF- and either CD14 or IL-1β. Adjacency was

identified using findNetworkNeighbors as above. Given the exclusion criteria, we then created

CD3+ M2+ and CD3+ DC+ subsamples within each tissue, normalized the expression of each

gene by the expression of Actb or CD3ε, CD3γ and CD3δ, and then summed the normalized

expression across spots within each group to build pseudobulk samples. In the case of slides

2C and 5A, only 1 CD3+ DC+ spot remained after exclusions, and these samples were not

included for downstream comparisons.

After preparing the pseudobulk samples, the data were processed following standard

bulk RNA workflows, including filtering to remove genes with low expression (performed

with filterByExpr from edgeR), log-cpm normalization with the cpm function, and finally

TMM normalization with calcNormFactors. DEGs were then identified with voomWith-

QualityWeights from the limma package, with the design model.matrix defined to identify

either treatment effects (ex-β-catenin vs water comparisons) or cell type effects (DC vs M2

comparisons).

2.11.5 Heatmaps

Summary heatmaps were created to show the mean scaled expression for genes of in-

terest across CD3+ DC+ and CD3+ M2+ spots in each sample. To build these values, we
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normalized expression by Actb or CD3ε, CD3γ and CD3δ and then applied the functions

NormalizeData and ScaleData from Seurat. The latter two functions were applied to each

sample separately. The final result are values akin to Z-scores for each gene when compared

to the expression of that gene across all spots in a given tissue. Finally, we subset the data

to only the DC+ and M2+ spots that meet the exclusion criteria applied to the differential

expression analysis. Within each sample, we then estimated the mean of the scaled expres-

sion for each gene. Results were also summarized further by averaging the sample-level mean

expression at the treatment or cell type levels. (These means were simply the mean of values

shown in the sample-level heatmaps, rather than recalculating the means from a pool of all

appropriate spots across samples. This choice is made to prevent samples with more spots

from having a disproportionate impact on the final mean.)
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Target Primer 1 Primer 2 Primer 3
Braf CTC TGC TGG GAA AGC GGC TGA GTA TTT TTG TGG CAA CTG C n/a

Cre:ER CAG GGT GTT ATA AGC AAT CCC CCT GGA AAA TGC TTC TGT CCG n/a
Pten AAC ATG CAA CAC TGT AAA TTC AAC TG TCC TGC AGC CCG GGG G GCT ACC AGG ATG CTT CTG AC

Ctnnb1 ACA TTC ATA AAG GAC TTG GGA GGT GT AGA ATC ACG GTG ACC TGG GTT AAA n/a
Ind-Ctnnb1 GCA CAG CAT TGC GGA CAT GC GCA GAA GCG CGG CCG TCT GG CCC TCC ATG TGT GAC CAA GG

rtTA AGC CTG CCC AGA AGA CTC C AGA CTG CCT TGG GAA AAG CG CTG GCT TCT GCG GAC CG

Table 2.1: Mouse Primers.

Marker Fluorophore Clone Dilution Vendor Cat. No.
CD45 APC 30-F11 1:200 BioLegend 103112
F4/80 Pacific Blue BM8 1:200 BioLegend 123124

Siglec-F PE E50-2440 1:200 BD 552126
Fixable Viability Dye eFluor 780 n/a 1:1000 Invitrogen 65-0865-14

Table 2.2: Antibodies for Sorting CD45+ and F4-80+.

Marker Clone Dilution Duration Temperature Vendor Cat. No.
Anti-β-Catenin D10A8 1:30 Overnight 4°Celsius Cell Signaling 8480S

Anti-CD3ε n/a 1:60 1 hour ambient Abcam Ab16669
Anti-Sox10 SD204 1:1000 1 hour ambient Novue NBP2-67812

Table 2.3: Antibodies for Multiplex ImmunoFluorescence.

Marker Dilution Duration Temperature Vendor Cat. No.
Opal 520 1:200 1 hour ambient AKOYA OP-001001
Opal 570 1:200 1 hour ambient AKOYA OP-001003
Opal 690 1:200 1 hour ambient AKOYA OP-001006
Opal 620 1:200 1 hour ambient AKOYA OP-001004

Table 2.4: Opal Antibodies.
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CHAPTER 3

RESULTS

3.1 The development of a novel genetically engineered mouse

model of inducible β-catenin

Previous findings from our laboratory demonstrated that constitutive activation of β-

catenin in a genetically engineered mouse model of melanoma resulted in a reduced immune

cell infiltrate within the TME, which was accompanied by a loss of efficacy of anti-CTLA-

4 and anti-PD-L1 immunotherapy [27, 23]. These collective observations led us to ask a

new question: Would genetic elimination of β-catenin in established tumors reinvigorate the

immune system resulting in re-infiltration by immune cells and restoration of checkpoint

blockade efficacy?

To approach this question and investigate the impact of tumor cell-intrinsic β-catenin

modulation, we developed a novel genetically engineered mouse model (GEMM) that allows

for the dynamic regulation of tumor cell-intrinsic β-catenin expression both on and off. The

ability to modulate tumor cell-intrinsic β-catenin within an animal model provides us with

a unique tool to investigate the direct effects of β-catenin modulation on the tumor immune

microenvironment.

This GEMM employs a tyrosinase-driven, tamoxifen-regulated Cre-recombinase model

system, which was designed to drive the expression of an active form of Braf (BrafV600E),

and the bi-allelic deletion of the tumor suppressor gene PTEN. The combination of these

two alterations within tumor cells has been established as sufficient to generate melanomas

in mice and are frequently seen alterations in human tumors. Furthermore, these mutations

were studied in our previously established constitutive mouse model in which the activation of

BrafV600E and the PTEN deletion in autochthonous murine tumors serves as a foundational

model to mimic the genetic landscape of human metastatic melanoma.
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To enable dynamic regulation, we incorporated a reverse transactivator system that,

upon administration of doxycycline, initiates the expression of a mutant, non-degradable

form of β-catenin (β-cateninS33Y). This addition enables the doxycycline inducible regula-

tion of active β-catenin expression, providing a versatile tool for dissecting the role of tumor

cell-intrinsic activation of β-catenin signaling pathway in modulation of the host immune

response [130] (Fig 3.1).

Thus, creating this model involved crossing mice harboring the tyrosinase-Cre-ER,

BrafV600E and PTEN-/- background with animals expressing the reverse transactivator

and inducible β-cateninS33Y. All experimental animals were selected to be homozygous

for BrafV600E, the reverse transactivator, and the inducible β-catenin construct, ensuring

uniformity in genetic modification across the study cohort. Additionally, the bi-allelic dele-

tion of the PTEN gene was confirmed in all mice, alongside the Cre+ genotype, guaranteeing

the expression of the targeted genes and the fidelity of the experimental model.

3.2 Genetic expression of β-catenin allows detection of nuclear

accumulation

Our first goal was to explore assays that would enable detection of nuclear β-catenin

in tissue sections. To address this initial question, we began with inducing tumors in the

original BrafV600E / PTEN-/- (BP) and BrafV600E / PTEN-/- / CAT-STA (BPC) animals

by topically applying 4-HO tamoxifen to the freshly shaved dorsal skin. Topical application

favors localized activation of the Cre-recombinase system, thereby triggering the genetic

modifications designed to simulate in situ melanoma development. Following a six-week

period, a timeframe chosen based on preliminary studies from our laboratory indicating

optimal tumor growth, we harvested the tumors for analysis (Figure 3.2.a).

Focusing first on assessing the status of β-catenin expression within the tumor cells,

we used Immunohistochemistry (IHC) to stain tissue samples from tumors in which we
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Figure 3.1: Genetically engineered mouse model. The genetically engineered animal
model we developed contains Cre-recombinase restricted to the tyrosinase promoter, a mu-
tant BrafV600E in the Braf locus, lox-STOP-lox PTEN in the PTEN locus, and a reverse
transactivator under the Rosa26 promoter. A final β-cateninS33Y was inserted under the
control of the Col1a promoter. The β-cateninS33Y expression is controlled by the presence
of doxycycline in the system.

induced constitutive activation of β-catenin compared to control samples. We detected clear

nuclear expression of β-catenin at the protein level in tumor samples from BPC animals

when compared to litter mate BP controls (Fig 3.2.b). Upon choosing regions of interest

and quantifying the amount of nuclear β-catenin, we observed a meaningful increase in the

nuclear levels of β-catenin expression in the BPC animals (Fig 3.2.c). This finding confirmed

the model’s functionality and highlighted the potential for active signaling via β-catenin in
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this melanoma context.

A noteworthy observation was that the tumors expressing active β-catenin also showed a

marked increase in melanin production. This increase in melanin presented a challenge, as its

presence interfered with the IHC staining process and thereby complicating the interpretation

of our results. The increase in melanin production did not fully interfere with our analysis

of BPC tumor samples and we were able to detect clear differences between the BPC and

BP samples, but it did prompt the consideration of alternative techniques.

3.3 Doxycycline administration in the inducible GEMM results

in the nuclear accumulation of β-catenin

With an assay for β-catenin detection in hand, we sought to ascertain whether it was

feasible to activate the tumor cell-intrinsic β-cateninS33Y using the TET-ON system. Tu-

mors were induced by topical 4-OH tamoxifen on day zero in the BrafV600E / PTEN-/- /

indβ-cateninS33Y (BPiC) model, at which time we introduced either sucrose alone or a com-

bination of doxycycline and sucrose in their drinking water which was maintained throughout

the tumor progression period (Fig 3.3.a). In these initial experiments we included histor-

ical GEM controls, namely the BrafV600E / PTEN-/- (BP) and BrafV600E / PTEN-/- /

CAT-STA (BPC) models.

In the preliminary stages of our investigation, IHC images (Fig 3.3.b) and subsequent

quantification (Fig 3.3.c) aimed at assessing nuclear β-catenin localization in BPiC tumors

yielded inconclusive results. This ambiguity was attributed to the augmented melanin pro-

duction observed in these tumors, which interfered with the accurate evaluation and quan-

tification of β-catenin’s nuclear translocation.

In an effort to address the technical challenges encountered due to the enhanced melanin

production within these tumors, we shifted multiplex immunofluorescence (mIF) staining. To

this end, tumor induction in BPiC animals was performed as before (Fig 3.4.a). Following a
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Figure 3.2: Genetic expression of β-catenin enables detection of nuclear accumula-
tion. a. Experimental design: Tumors were induced at day zero using 4-hydroxytamoxifen
and allowed to develop until day 42 (experimental endpoint). b. Immunohistochemistry
images of representative samples for BrafV600E / PTEN-/- (BP) and BrafV600E / PTEN-/-

/ CAT-STA (BPC) tumors showing β-Catenin staining. Blue = DAPI, red = β-Catenin,
brown = melanin. c. Quantification of nuclear expression of β-catenin in BrafV600E /
PTEN-/- (red, n=4) and BrafV600E / PTEN-/- / CAT-STA (blue, n=4) tumor samples.
One dot = one region of interest, 8-10 regions of interest were selected per tumor.

six-week period to allow for tumor development, these tumors were excised, fixed in formalin,

and subsequently processed for immunostaining.

Representative mIF images (Fig 3.4.b) demonstrate a pronounced punctate pattern,

indicative of nuclear localization, exclusively in animals exposed to doxycycline. This in-

creased nuclear translocation of β-catenin was absent in the control animals maintained on
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Figure 3.3: Doxycycline administration in the inducible GEMM results in the
nuclear accumulation of β-catenin. a. Experimental design: Tumors were induced
at day zero using 5uL of 4-hydroxytamoxifen at which time the animals were placed on
sucrose only or sucrose plus doxycycline water until day 42 (experimental endpoint). b.
Immunohistochemistry images of representative samples for BrafV600E / PTEN-/- / indβ-
CateninS33Y (BPiC) maintained on sucrose only water (left) or on sucrose plus doxycycline
water (right). Blue = DAPI, red = β-Catenin, brown = melanin. c. Quantification of nuclear
expression of β-catenin in tumor samples from BrafV600E / PTEN-/- / indβ-CateninS33Y

(green) exposed to sucrose (n=2) or sucrose plus doxycycline (n=4). One dot = one region
of interest, 8-10 regions of interest were selected per tumor.

sucrose water only. A statistical examination of both groups revealed a significant increase

in nuclear translocation of β-catenin specifically within the doxycycline-exposed group (Fig

3.4.c). These results demonstrate the successful induction of tumor cell-intrinsic β-catenin

expression and nuclear translocation in this model.
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Figure 3.4: Administration of doxycycline in the inducible mouse model results
in nuclear accumulation of β-catenin. a. Experimental design: Tumors were induced
at day zero using 4-hydroxytamoxifen at which time the animals were placed on sucrose
only or sucrose and doxycycline water until day 42 (experimental endpoint) b. Multiplex
Immunofluorescence images of representative tumor samples from BrafV600E / PTEN-/- /
indβ-CateninS33Y (BPiC) maintained on on sucrose only or sucrose and doxycycline water.
Blue = DAPI, red = β-Catenin. c. Quantification of nuclear β-Catenin staining, one dot =
one mouse. All data are mean ± s.e.m., unpaired Welch’s t test **** P ≤ 0.0001.

3.4 Doxycycline inducible β-catenin tumors have decreased

CD3+ T cell infiltration

Our laboratory previously demonstrated that constitutive expression of tumor cell-

intrinsic β-catenin was associated with decreased CD3+ T cell infiltration. To explore this
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phenomenon in our inducible model, multiplex immunofluorescence (mIF) was employed.

We found via mIF an approximate two-fold decrease in CD3+ T cell staining in tumors

having doxycycline-induced β-catenin accumulation, confirming our previous observations

(Fig 3.5.a,b,c). Thus, inducible β-catenin was capable of leading to diminished T cell accu-

mulation within the TME.
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Figure 3.5: Doxycycline inducible β-catenin tumors have decreased CD3+ T
cell infiltration. a. Experimental design: at day zero, tumors were induced using 4-
hydroxytamoxifen and the animals were placed on sugar water or doxycycline water until
day 42 (experimental endpoint) b. Multiplex Immunofluorescence images of representative
tumor samples from BrafV600E / PTEN-/- / indβ-CateninS33Y maintained on sucrose only
or sucrose plus doxycycline water. Blue = DAPI, red = Sox10, green = CD3+. c. Quan-
tification of CD3+ staining, one dot = one mouse. All data are mean ± s.e.m., unpaired
Welch’s t test *** P ≤ 0.001.
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3.5 Doxycycline administration itself to baseline GEMMs does

not alter the CD3+ T cell infiltration

Prior work in our laboratory had demonstrated that the composition of the gut micro-

biota could influence anti-tumor immunity and immunotherapy efficacy [88]. Inasmuch as

we were administering doxycycline to our mice, it was conceivable that a shift in microbiota

composition caused by this antibiotic might have altered T cell accumulation within the

TME even without the inducible β-catenin transgene. To this end, we administered either

sucrose alone or sucrose plus doxycycline to our GEMMs, including mice without the in-

ducible β-catenin transgene. We observed that despite exposure to doxycycline the entire

six-week period of tumor development, animals that did not harbor the reverse transactivator

and the inducible β-catenin did not exhibit alterations in the CD3+ T cell compartment (Fig

3.6.a,b,c). These findings substantiate our conclusion that alterations observed within the

immune compartment of the inducible animal model are attributed exclusively to β-catenin

modulation, independent of any effects from doxycycline administration alone.

3.6 Combination checkpoint blockade fails to control tumors

expressing doxycycline-inducible β-catenin

The ultimate goal of our work was to determine whether elimination of tumor cell-

intrinsic β-catenin signaling from an established non-T cell-inflamed tumor would restore

checkpoint blockade efficacy. To this end, we first investigated the response to immune

checkpoint blockade (ICB) of animals lacking β-catenin expression as well as animals with

continuous β-catenin expression. Tumors were induced simultaneously with exposure to

sucrose alone or sucrose plus doxycycline via the drinking water for a duration of six weeks.

Three weeks following tumor induction, the halfway point of tumor development, treatment

with combination anti-CTLA-4 and anti-PD-L1 therapy was initiated (Fig 3.7.a). This
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Figure 3.6: Doxycycline administration itself to baseline GEMMs does not alter
the CD3+ T cell infiltration. a. Experimental design: Tumors were induced at day zero
using 4-hydroxytamoxifen at which time we introduced either sucrose alone or a combination
of doxycycline and sucrose in their drinking water which was maintained throughout the
tumor progression period. b. Immunohistochemistry images of representative samples for
BrafV600E / PTEN-/- (BP) and BrafV600E / PTEN-/- / CAT-STA (BPC) tumors showing
CD3 staining. Blue = DAPI, red = CD3, brown = melanin. c. Quantification of CD3+ T cell
counts in BrafV600E / PTEN-/- (red) exposed to water (H2O) and doxycycline (DOX) and
BrafV600E / PTEN-/- / CAT-STA (n=4) exposed to water (H2O) and doxycycline (DOX).
One dot = one region of interest. All data are mean ± s.e.m., unpaired Welch’s t test *** P
≤ 0.001.

treatment was administered every other day for the remainder of the experiment. Animals

not subjected to doxycycline, and which did not exhibit detectable levels of nuclear β-

catenin accumulation, displayed modest but statistically significant response to combination
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anti-CTLA-4 and anti-PD-L1 therapy, as we had observed in our previous studies (Fig 3.7.b)

[27]. In contrast, animals maintained on doxycycline, and which exhibited nuclear β-catenin

accumulation, demonstrated resistance to ICB treatment (Fig 3.7.c). These findings not only

corroborate our previous work but also align with data published by other research groups,

reinforcing the interplay between nuclear β-catenin accumulation, immune exclusion, and

the efficacy of checkpoint blockade.

3.7 Treating established tumors with doxycycline leads to a

rapid increase in nuclear β-catenin accumulation

We next aimed to elucidate the temporal kinetics of β-catenin nuclear accumulation

following doxycycline administration. Our experimental design was informed by a reverse

engineering approach, due to the necessity of a sizable tumor for experimental evaluation of

β-catenin. Given that a full six weeks are required to generate tumors suitable for end-point

analysis, and our aim to assess the impact of doxycycline administration over periods of 2, 5,

or 7 days, we transitioned the animals from a sucrose only solution to a combined doxycycline

and sucrose solution on days 35, 37, and 40 following tumor induction (Fig 3.8.a). This

scheduling ensured that the tumors were exposed to doxycycline for the designated duration

of 2, 5, or 7 days prior to reaching the experimental endpoint, allowing the examination

of β-catenin accumulation within a controlled time-frame. mIF analysis assessing nuclear

β-catenin levels revealed that accumulation of nuclear β-catenin was observable as early as 2

days post-doxycycline exposure, with a notable increase by day 5. One week post doxycycline

exposure, the levels of nuclear β-catenin mirrored those observed in animals subjected to a

continuous six-week doxycycline regimen (Fig 3.8.b,c).
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Figure 3.7: Combination checkpoint blockade fails to control tumors expressing
doxycycline-inducible β-catenin. a. Experimental design: at day zero, tumors were
induced using 4-hydroxytamoxifen and the animals were placed on sucrose only or sucrose
plus doxycycline water; starting at day 21 post tumor induction, animals were treated with
anti-CTLA-4 plus anti-PD-L1 or DPBS every other day until day 42 (experimental endpoint).
b. Tumor growth curves in BrafV600E / PTEN-/- / indβ-CatS33Y animals maintained on
sucrose only water (b) (n ≥ 7) or sucrose plus doxycycline (c) (n ≥ 11) that were untreated
or treated with anti-CTLA-4 plus anti-PD-L1. All data are mean ± s.e.m., two-way analysis
of variance (ANOVA) test. ** P ≤ 0.01, NS, not significant.

3.8 Removal of doxycycline from the drinking water results in

diminished nuclear β-catenin

Following the successful validation of the kinetics of β-catenin induction, we next exam-

ined the kinetics of β-catenin reduction following doxycycline removal. Given the increasing
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Figure 3.8: Treating established tumors with doxycycline leads to a rapid increase
in nuclear β-catenin accumulation. a. Experimental design: at day zero, tumors were
induced using 4-hydroxytamoxifen and the animals were placed on sucrose water; at day
35, 37 and 40 post tumor induction the animals were switched to sucrose plus doxycycline
water until day 42 (experimental endpoint). b. Multiplex Immunofluorescence representa-
tive images from BrafV600E / PTEN-/- / indβ-CateninS33Y tumors that were exposed to
doxycycline the last 7, 5 or 2 days of tumor development; blue = DAPI, red = β-Catenin.
c. Quantification of nuclear β-Catenin staining, one dot = one ROI. All data are mean ±
s.e.m., one-way analysis of variance (ANOVA) test. **** P ≤ 0.0001, *** P ≤ 0.001, NS,
not significant.

interest in pharmacologically inhibiting β-catenin within tumors, our novel animal model

enables us to genetically deactivate β-catenin, which would simulate the action of a potent

pharmaceutical agent targeting the pathway. Because the β-catenin variant expressed in our

tumor model likely evades canonical degradation pathways, we reasoned that withdrawal of
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doxycycline would not result in an immediate reduction in nuclear β-catenin levels. This

hypothesis was based on the assumption that β-catenin degradation in this context would

occur primarily through tumor cell proliferation-induced dilution and perhaps through phos-

phorylation at non-canonical sites. We first conducted experiments in which doxycycline

was removed for periods of 2 and 4 days (Fig 3.9.a). These results indicated a clear but

non-significant reduction in nuclear β-catenin at day 2, with a more pronounced reduction

(approximately 50%) by day 4 (Fig 3.9.b).

Because we saw a clear decrease of nuclear β-catenin at day 4 post doxycycline removal,

we evaluated 7 days of doxycycline removal (Fig 3.9.c). Our findings indeed established that,

by the seventh day following doxycycline removal from the drinking water, tumors exhibited

a near complete absence of nuclear β-catenin expression, in contrast to tumors maintained

on a sucrose plus doxycycline water regimen, which displayed robust of nuclear expression

(Fig. 3.9.d,e).

3.9 Elimination of nuclear β-catenin re-establishes T cell

infiltration within the melanoma TME

Having delineated a temporal window wherein nuclear localization of β-catenin was

lost following doxycycline removal, we then assessed whether the loss of β-catenin from

established tumors would re-engage the immune system and restore CD3+ T cell infiltration.

In our overall study, the genetic ablation of β-catenin was ultimately intended to be paired

with combined anti-CTLA-4 and anti-PD-L1 therapy and investigate whether they synergize

for effective tumor control. We therefore designed our experiments to allow enough time

to ultimately treat with CBI after the potential re-establishment of an immune infiltrate.

To this end we administered doxycycline plus sucrose via the drinking water at the time of

tumor induction which was continued for one week. After the initial first week of doxycycline

exposure, we switched these animals to water containing only sucrose. This would allow one
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Figure 3.9: Removal of doxycycline from the drinking water results in diminished
nuclear β-catenin. a. Experimental design: at day zero, tumors were induced using 4-
hydroxytamoxifen and the animals were placed on sucrose plus doxycycline water; at day
38 and 40 post tumor induction the animals were switched to sucrose only water until day
42 (experimental endpoint). b. Quantification of nuclear β-Catenin staining, one dot =
one mouse. Two independent experiments. All data are mean ± s.e.m., unpaired Welch’s t
test. NS, not significant. c. Experimental design: at day zero, tumors were induced using
4-hydroxytamoxifen and the animals were placed on sucrose plus doxycycline water; at day
35 post tumor induction the animals were switched to sucrose only water until day 42 (ex-
perimental endpoint). d. Immunofluorescence images of representative tumor samples from
BrafV600E / PTEN-/- / indβ-CateninS33Y; blue = DAPI, red = β-Catenin. e. Quantifica-
tion of nuclear β-Catenin staining, one dot = one mouse. Two independent experiments. All
data are mean ± s.e.m., one-way analysis of variance (ANOVA) test. * P ≤ 0.05, NS, not
significant.
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week for loss of nuclear β-catenin expression, one week for the immune system to become

re-engaged, followed by three weeks of combination anti-PD-L1 and anti-CTLA-4 therapy

administration (every other day) (Fig 3.10.a).

First, we confirmed that nuclear β-catenin was indeed no longer detected in samples

exposed to only one week of doxycycline at the beginning of tumor development. Repre-

sentative mIF images as well as quantification of nuclear β-catenin display a clear absence

of detectable β-catenin in these tumors (Fig 3.10.b,c). In addition to a lack of detectable

nuclear β-catenin, the tumors which developed in the presence of β-catenin for the first

week had comparable CD3+ T cell infiltration to the tumors which were never exposed to

doxycycline. These results indicate that, upon withdrawal of doxycycline and loss of nuclear

β-catenin, T cell infiltration was indeed restored (Fig 3.10.c).

3.10 Removal of β-catenin from an established tumor does not

restore anti-PD-L1 plus anti-CTLA-4 efficacy

We next evaluated whether genetic elimination of β-catenin from established tumors

restores efficacy of checkpoint blockade therapy. Our experimental design was structured to

allow sufficient time for immune re-engagement post β-catenin elimination, followed by the

administration of checkpoint blockade antibodies. We initiated doxycycline administration

simultaneously with tumor induction. After a one-week period, the animals were transi-

tioned to sucrose water alone, hypothesizing that this interval would suffice for the loss of

β-catenin, followed by a one-week phase anticipated for the initiation of an immune response.

Subsequently, a three-week treatment with anti-PD-L1 and anti-CTLA-4, administered on

alternate days, was employed starting at three weeks post-tumor induction (Fig 3.11.a).

However, despite the returned CD3+ T cell compartment in the ex-β-catenin tumors, these

tumors remained resistant to treatment with anti-CTLA-4 plus anti-PD-L1 (Fig 3.11.b).

These findings were unexpected and suggest that withdrawal of β-catenin alone is not
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Figure 3.10: Elimination of nuclear β-catenin re-establishes immune infiltration
within the melanoma TME. a. Experimental design: at day zero, tumors were induced
using 4-hydroxytamoxifen and the animals were placed on sucrose plus doxycycline water;
at day 7 post tumor induction the animals were switched to sucrose only water until day
42 (experimental endpoint). b. mIF representative images of DAPI, CD3, β-catenin and
combined. c,d. Quantification of nuclear β-Catenin staining (c) and CD3+ staining (d), one
dot = one mouse. All data are mean ± s.e.m., one-way analysis of variance (ANOVA) test.
** P ≤ 0.01, * P ≤ 0.05, NS, not significant.

sufficient to sensitize melanoma tumors to CBI. These results imply that pharmacological in-

hibition of β-catenin signaling pathways in the patients with tumors with β-catenin pathway

activation might not be sufficient to engage a therapeutic effect of immunotherapy.
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Figure 3.11: Removal of β-catenin from an established tumor does not restore anti-
PD-L1 plus anti-CTLA-4 efficacy. a. Experimental design: at day zero, tumors were
induced using 4-hydroxytamoxifen and the animals were placed on sucrose plus doxycycline
water, at day 21 all animals were switched to sugar water. Starting at day 21 post tumor
induction, animals were treated with anti-CTLA-4 plus anti-PD-L1 or DPBS every other day
until day 42 (experimental endpoint). b. Tumor growth curves in BRAFV600E / PTEN-/-

/ indβ-CatS33Y animals (n ≥ 11) that were untreated or treated with anti-CTLA-4 plus
anti-PD-L1. All data are mean ± s.e.m., two-way analysis of variance (ANOVA) test. ns,
not significant.

3.11 Single cell analysis of the immune compartment of

ex-β-catenin tumors

Given that tumors with withdrawal of β-catenin remained unresponsive to checkpoint

blockade therapy, even with a restored CD3+ T cell presence, our curiosity was piqued
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regarding the phenotype and integrity of the CD3+ T cells re-entering these tumors. We

also entertained the idea that the tumors’ resistance to combined checkpoint blockade might

stem from an immune-suppressive microenvironment, distinct from the CD3+ T cell com-

partment’s influence. To explore these varied potential causes, we conducted single-cell RNA

sequencing of the immune infiltrate present within the ex-β-catenin tumors. This would al-

low us to assess the proportion and transcriptional state of the immune cells within the

ex-β-catenin tumors. To maximize the impact of β-catenin on the immune compartment,

we adopted a modified approach in our experimental design. Tumors were induced on day

0 at which time they were placed on doxycycline plus sugar. Three weeks post tumor in-

duction animals were switched to sugar water, ensuring their development proceeded under

continuous exposure to doxycycline/β-catenin for the first three weeks of tumor growth.

After this initial doxycycline/β-catenin exposure, one cohort of mice was transitioned

to a sucrose-only drinking solution (Fig 3.12.a). We reasoned that an extended exposure to

β-catenin would intensify the immune-resistant phenotype within the ex-β-catenin tumors.

Given this alteration in our experimental strategy, we first verified if the immune infiltration

was akin to that in tumors not influenced by β-catenin. Our findings indeed demonstrated

that ex-β-catenin tumors, which developed in the presence of doxycycline for the initial three

weeks prior to doxycycline withdrawal, exhibited restored CD3+ T cell infiltration at levels

comparable to our control group (Fig 3.12.b).

We then narrowed our focus to draw comparisons between baseline control tumors

and those we termed ex-β-catenin tumors; the tumors exposed to β-catenin for the first 3

weeks only. We omitted tumors that developed under the influence of doxycycline/β-catenin

throughout the entire tumor development due to their overall significantly lower immune

cell infiltration. Through single-cell comparative analysis of CD45+ lymphocytes from ex-β-

catenin tumors, we identified 20 unique clusters, corresponding to 16 distinct immune cell

populations (Fig 3.12.c). As expected, this analysis yielded significant numbers of conven-
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tional CD4+ and CD8+ T cells, γδ T cells, and regulatory FoxP3+ T cells. Furthermore,

we also detected a notable presence of myeloid-lineage cells, including conventional dendritic

cells (DCs) types 1 and 2, macrophage subsets, as well as mast cells and eosinophils.

One challenge within tumors that develop in the skin of genetically engineered mouse

models (GEMMs) is the difficulty in digesting these tissues and extracting the majority

of immune cells efficiently. Acknowledging these obstacles yet committed to validating our

results, we undertook a second single-cell sequencing experiment. In our subsequent attempt,

we encountered notable losses in certain cell populations, especially among eosinophils and

macrophages subsets. Conversely, we achieved a higher recovery of regulatory FoxP3+ T

cells and γδ T cells (Fig 3.12.c,d). Despite these variations in immune cell recovery, we

were confident in our ability to accurately identify the principal immune cell compartments.

The uniqueness of each immune population was confirmed through the average expression

of selected lineage markers, chosen in alignment with existing literature that characterizes

each subpopulation (Fig 3.12.e).

3.12 The immune landscape of ex-β-catenin tumors is

permanently altered despite β-catenin removal

Having identified the immune cell subsets present within our inducible melanoma GEMMs,

we next focused on the differences between the ex-β-catenin tumors versus control tumors

that never had β-catenin expressed. The proportions of immune subsets identified were

generally similar across both the experimental and the control groups. Although we noted

differential contributions from neutrophils, mast cells, and dendritic cells, given their mi-

nor representation among the immune cell populations found in these tumors, we opted to

exclude them from our primary analysis. (Fig 3.13.a,b).

Since the ratios of the various immune populations within these tumors exhibited min-

imal fluctuations, we next investigate potential phenotypic alterations within each immune
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Figure 3.12: Single cell analysis of the immune compartment of ex-β-catenin tu-
mors. a. Experimental design: at day zero, tumors were induced using 4-hydroxytamoxifen
and the animals were placed on either sucrose or sucrose plus doxycycline water; at day 21
post tumor induction the ex-β-catenin animals were switched to sucrose only water until
day 42 (experimental endpoint). b. Quantification of the CD3+ T cell infiltration in ex-β-
catenin tumors. One dot = one mouse. The experiment was repeated at least 3 times. All
data are mean ± s.e.m., one-way analysis of variance (ANOVA) test. ** P ≤ 0.01, ns, not
significant. c. UMAP of scRNAseq on all live CD45+ cells isolated from tumors revealed
16 distinct color-coded clusters of cells. General identity of each cell cluster is defined on
the right. d. Bar graph of the composition of all immune populations in each single cell
RNAseq experimental run. e. Bubble plot displaying the percent and average expression of
population defining markers for all relevant immune cell sub-types identified.

cell subset between the two conditions. A comparative analysis of differentially expressed

genes between the control tumors and the ex-β-catenin tumors was performed. We employed

two distinct analytical approaches: a more conservative method, PseudoBulk, and a less re-
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strictive technique, FindMarkers, to rigorously identify the differentially expressed genes in

the ex-β-catenin tumors. We identified only a few differentially expressed genes within the T

cell or dendritic cell compartments. This outcome was surprising, given our initial hypothe-

sis that we would observe biological differences in these compartments between ex-β-catenin

tumors and control samples. However, the majority of the differentially expressed genes

were identified within the macrophage subset within these tumors. Specifically, of the 103

differentially expressed genes observed, 89 were exclusive to the macrophage compartment

(Fig 3.13.c). Further evaluation revealed a significant enrichment in genes reported to be

those associated with M2-like macrophages in ex-β-catenin tumors. Anti-inflammatory genes

involved in tissue homeostasis and wound repair were enriched. Of note, genes in this cate-

gory that have been reported to be linked to an M2-like phenotype in macrophages included

Ccl8, Gas6, Mcr1, Cd163, CD209 (f and g), Lyve1 and Vsig4. In contrast, the control tumors

displayed an enrichment of pro-inflammatory genes, such as IL6, IL1β, Oas3, Ifi213, Clec4e,

and Cxcl3 (Fig 3.13.d). These findings suggest that exposure to β-catenin early during tu-

mor formation results in lasting alterations within the macrophage compartment, with a

shift towards an M2-like / anti-inflammatory phenotype that persists even after β-catenin

withdrawal.

Building on these initial findings, we delved deeper into the interrelations of these genes

using Ingenuity Pathway Analysis. Using this approach, the ex-β-catenin tumors demon-

strated pronounced activation of alternative macrophage activation and IL-10 signaling path-

ways. These pathways are known to contribute to an immune-suppressive microenvironment.

In addition, enhanced LXR/RXR activation was observed, which corroborates existing lit-

erature indicating that M2-like macrophages elevate cholesterol and fatty acid metabolism

processes (Fig 3.14.a).
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Figure 3.13: The immune landscape of ex-β-catenin tumors is permanently altered
despite β-catenin removal. a,b. Bar graph of the contribution of all immune population
in both the control and the ex-β-catenin tumors. c. Pie chart of the differentially expressed
genes between the control and the ex-β-catenin tumors. d. Bar graph of the statistically
significant differentially expressed genes within the macrophage cluster comparing the control
and the ex-β-catenin tumors.

3.13 Macrophage re-clustering reveals predominance of M2-like

phenotypes in ex-β-catenin tumors

Recent studies employing single-cell approaches have revealed multiple subtypes of

tumor-associated macrophages, with a range of 5 to 7 distinct subtypes identified within the

TME in various studies. The identification of these macrophage subtypes extends beyond

the conventional M1/M2 designation typically observed in vitro. To explore the macrophages
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a.

Figure 3.14: The immune landscape of ex-β-catenin tumors is permanently altered
despite β-catenin removal. a. Ingenuity Pathway Analysis of the differentially expressed
genes identified in the macrophage compartment of the scRNAseq analysis.

in our ex-β-catenin tumors in more detail, we sub-clustered all macrophages from our

scRNA-seq analyses for increased resolution. This granular examination of macrophages

from melanoma GEMMs revealed five distinct macrophage populations.

These populations were discerned based on the average and percentage expressions of

4 to 6 unique genes (Fig 3.15.a). Specifically, Cluster 0 was defined by the expression

of genes Clec4e, Il1rn, Olr1, Ptgs2, Flrt3, Il6, and Il1b; Cluster 1 by Ifitm3, Gsr, Plac8,

Ifitm6, Hp, and Cd177; Cluster 2 by Cx3cr1, Ciita, Ear2, and Tmem176a; Cluster 3 by

Ccl8, Cd163, Cd209g, Gas6, Folr2, and Fcna; and Cluster 4 by Cxcl10, Ccl4, Tnf, Ccl3,
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Hspa1b, and Ppp1r15a. Significantly, UMAP visualizations, focusing on the expression

patterns of the primary genes defining Clusters 0 and 3, accentuated the distinct functional

characteristics of these groups. Cluster 0 was prominently marked by a pro-inflammatory

gene expression profile, while in stark contrast, Cluster 3 was defined by a predominance

of anti-inflammatory genes. This contrast not only underlines the functional dichotomy

within the tumor microenvironment but also emphasizes the nuanced roles these macrophage

clusters play in influencing tumor dynamics (Fig 3.15.b).

Notably, UMAPs of the expression of the main genes used to identify clusters 0 and 3 fur-

ther highlighted that cluster 0 exhibited a marked pro-inflammatory profile, whereas cluster 3

was characterized by predominantly anti-inflammatory gene expression. The UMAP visual-

izations of each experimental condition provided a visual of the distribution of all five distinct

clusters, highlighting a transition from a predominantly M1-like/pro-inflammatory pheno-

type in the control group to an M2-like/anti-inflammatory phenotype within the ex-β-catenin

tumors (Fig 3.15.c). In particular, a marked expansion of Cluster 3 / M2-like macrophages

was observed in the ex-β-catenin tumors.

3.14 Spatial examination of ex-β-catenin tumors validates

enrichment of immune-suppressive macrophages

It was desirable to sort macrophages out of the ex-β-catenin tumors to evaluate their T

cell suppressive functions in vitro. However, it was challenging to extract enough cells from

these dense GEMM tumors for analysis. Therefore, we opted to pursue spatial transcrip-

tomics, to evaluate T cell activation states in the vicinity of M2-like macrophages compared

to T cells adjacent to cDC1s. Our laboratory recently has published that CD8+ T cells

in clusters with cDC1 cells show a transcriptional profile predictive of anti-PD-1 efficacy in

vivo [131]. This approach allows for the assessment of transcripts directly within the tumor

microenvironment without necessitating tissue digestion.
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Figure 3.15: Macrophage re-clustering reveals predominance of M2-like pheno-
types in ex-β-catenin tumors. a. Bubble Plot Analysis depicting average expression
and percent expressed of genes used to identify 5 unique macrophage clusters. b. UMAPs
showing expression pattern and average expression for selected genes of interest for Cluster 0
and Cluster 3. c. UMAPs exhibiting the gene expression pattern of each unique, color-coded
cluster.

We first evaluated the M2 macrophage status in both control and ex-β-catenin tumors,

selecting the M2 markers identified in Cluster 3 from our single-cell RNAseq analysis (Ccl8,

Gas6, Cd163, and Cd209g). First looking at abundance, ex-β-catenin tumors contained a

higher prevalence of these M2-like macrophages compared to control tumors visually con-

firming our findings using scRNAseq (Fig 3.16.a,b).

We then extended our analysis to evaluate the spatial relationship between these macrophages
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Figure 3.16: Spatial examination of ex-β-catenin tumors validates enrichment of
immune-suppressive macrophages. a. Representative images of one control tumor (left)
and one ex-β-catenin tumor (right) displaying the spots that are F4/80+ and SiglecF− and
Ccl8+ (yellow). b. Ratios of spots that are F4/80+ and SiglecF− and one M2-like gene
(Ccl8+, Gas6+, CD163+, CD209g+) divided by all spots. One-way analysis of variance
(ANOVA) test. ns, not significant.

and CD3+ T cells. The analyses revealed that ex-β-catenin tumors exhibited a marked in-

crease in spots that were CD3+ and also expressing one of the selected M2 markers (Fig

3.17.a,b). In aggregate, there was an increase in spots that were CD3+ (identified as Cd3γ+

or Cd3δ+ or Cd3ε+) and Adgre1+ Siglecf- Ccl8+ or Gas6+ or Cd163+ or CD209g+ in

the ex-β-catenin tumors (Fig 3.17.c). Although these results did not reach statistical sig-

nificance because of the challenge of getting enough mice of these complex genotypes and
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also the complexity of the analyses, the trend was consistently observed across all analysis

methods. These data suggest that ex-β-catenin tumors contain a greater number of M2-like

macrophages interacting with T cells within the TME.
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Figure 3.17: Spatial examination of ex-β-catenin tumors validates enrichment of
M2-like macrophages in the vicinity of T cells. a. Representative images of one control
tumor (left) and one ex-β-catenin tumor (right) displaying the spots that are CD3+ F4/80+
and SiglecF− and Ccl8+ (red). b. Ratios of spots that are CD3+, F4/80+ and SiglecF− and
one M2-like gene (Ccl8+, Gas6+, CD163+, CD209g+) divided by all F4/80+ and SiglecF−

spots. One-way analysis of variance (ANOVA) test. ns, not significant. c. Ratios of spots
that are CD3+, F4/80+ and SiglecF− and Ccl8+ or Gas6+ or CD163+ or CD209g+ divided
by all F4/80+ and SiglecF− spots. One-way analysis of variance (ANOVA) test. ns, not
significant.

In addition to investigating the abundance of M2-like macrophages and their co-localization

with CD3+ T cells in ex-β-catenin tumors, we analyzed the distances between these two cell
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types. By examining the spatial arrangement of M2-like macrophages that were single pos-

itive for either Ccl8, Gas6, Cd163, or Cd209g, in relation to the nearest CD3+ T cell, we

noted that macrophages from ex-β-catenin tumors were indeed closer to CD3+ T cells (Fig

3.18.a). Moreover, by aggregating data for macrophages positive for any or all of the selected

markers, we further validated that these immuno-suppressive macrophages tended to reside

nearer to CD3+ T cells in ex-β-catenin tumors compared to control tumors (Fig 3.18.b).

3.15 CD3+ M2+ regions exhibit diminished activation gene

expression patterns in ex-β-catenin tumors compared to

areas positive for CD3 and cDC1 spots

We next compared the transcriptional profile of spots double positive for CD3 and cDC1

markers to those that were positive for CD3 and M2 markers within ex-β-catenin tumors.

We hypothesized that spots positive for CD3 and M2-like macrophages, that were away from

any cDC1 positive spots, would display lower T cell activation transcriptional profiles. We

recently reported that T cells adjacent to cDC1 cells within the TME represent the subset

of T cells showing transcriptional profiles of activation [131]. Indeed, spots positive for CD3

and M2 markers that were spatially segregated from cDC1 markers demonstrated blunted

expression of canonical T cell activation molecules, including Il2; Tnfrsf-4, -9, -18; Ctla4; and

Gzmk (Fig 3.19). Furthermore, spots that were CD3 and M2-like positive and away from

cDC1 exhibited increased expression of markers associated with T cell dysfunction, Tox and

Nr4a1 (Fig 3.19). Collectively, these results support the notion that our hypothesis that the

persistent presence of M2-like macrophages within ex-β-catenin tumors results in localized

suppression of a large fraction of tumor-infiltrating T cells, likely keeping the adjacent CD3+

T cells in check.
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Figure 3.18: M2-Like macrophages in ex-β-catenin tumors are in closer proximity
to CD3+ spots. a. Average distance of spots that are either F4/80+, SiglecF− and Ccl8+
to the nearest CD3+ spot; F4/80+, SiglecF− and Gas6+ to the nearest CD3+ spot; F4/80+,
SiglecF− and CD163+ to the nearest CD3+ spot; and F4/80+, SiglecF− and CD209g+ to
the nearest CD3+ spot. b. Average distance of spots that are either F4/80+, SiglecF−

and Ccl8+ plus Gas6+ plus CD163+ plus CD209g+ to the nearest CD3+ spot (top) and
spots that are either F4/80+, SiglecF− and Ccl8+ or Gas6+ or CD163+ or CD209g+ to the
nearest CD3+ spot. Student T test. ns, not significant.

3.16 Areas positive for CD3+ T cells and M2-like macrophages

demonstrate reduced proinflammatory pathway activation

To further evaluate the differences between spots that were CD3+ cDC1+ versus spots

that were CD3+ M2-like+, we performed Ingenuity Pathway Analysis. When assessing
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Figure 3.19: CD3+ M2+ regions exhibit diminished activation gene expression
patterns in ex-β-catenin tumors compared to areas positive for CD3 and cDC1
spots. Heatmap of T cell restricted genes expressed in spots that are CD3+ M2+ compared
to spots that are CD3+ cDC1+ in ex-β-catenin tumors.

approximately 1000 DEGs between these spots, we observed a marked reduction of pro-

inflammatory pathways such as IFN-γ, TCR, and TNF signaling, as well as reduced acute

phase response signaling in CD3+ M2-like+ spots. Furthermore, spots positive for CD3

and M2-like macrophage markers demonstrated increased activation in immune inhibitory

pathways such as IL-10 signaling pathway, Wnt/β-catenin, and CLEAR signaling pathway.

These data combined suggest an overall blunted immune response in CD3+ M2-like+ areas.

Contrastingly, spots positive for CD3 and cDC1 demonstrated transcriptional evidence for

increased neutrophil degranulation, antigen processing and presentation, and macrophage
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classical activation signaling (Fig 3.20). Based on these findings we conclude that the CD3+

M2-like+ spots were representative of an immune suppressive niche within the TME.

Figure 3.20: Areas positive for CD3+ T cells and M2-like macrophages demon-
strate reduced proinflammatory pathway activation. Ingenuity Pathway Analysis
of the differentially expressed genes identified in CD3+ M2-like+ spots compared to CD3+

cDC1+ spots within ex-β-catenin tumors.
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CHAPTER 4

DISCUSSION

4.1 The development of a novel genetically engineered mouse

model

Findings from our laboratory previously demonstrated that tumor cell-intrinsic activa-

tion of β-catenin signaling pathway is linked to immune exclusion in metastatic melanoma

tumors [27, 87]. Since then, several other groups have further corroborated the role of β-

catenin pathway activation as one of the potential mechanisms driving immune exclusion

[19, 132, 133, 134]. These data collectively have led to the hypothesis that pharmacological

inhibition of β-catenin could prove beneficial in the clinic. To this end, there have been

many attempts to develop agents targeting the β-catenin signaling pathway. However, phar-

macological inhibition of β-catenin has led to significant adverse effects, highlighting the

pathway’s essential functions in normal cell physiology. β-catenin is not only a major media-

tor in preserving epithelial cell structure by facilitating E-cadherin and α-catenin interactions

and enabling actin filament binding, but it also participates in numerous cellular processes,

from proliferation to gene expression regulation [41, 57, 135]. Due to its ubiquitous role in

normal cellular and tissue homeostasis, success in inhibiting β-catenin has remained limited

[136, 137].

Given that global inhibition of β-catenin pharmacologically is not yet feasible, our study

adopted an alternative strategy to explore the consequences of its inhibition within the tumor

microenvironment. In this study, we report the development and characterization of a novel

genetically engineered animal model designed for the dynamic modulation of tumor cell-

intrinsic β-catenin activation. This model emerged from crossing two established genetically

engineered mouse models (GEMMs). The first model harbors a tyrosinase-regulated Cre-

ER, where Cre activation induces the expression of an activated BRAF variant, BRAFV600E,
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alongside a bi-allelic deletion of the PTEN tumor suppressor gene - mutations prevalent in

human metastatic melanoma [27]. The second GEMM carries a mutant β-catenin under

the Col1a promoter, featuring a serine to tyrosine mutation at the S33 phosphorylation

site, and a reverse transactivator under the Rosa26 promoter [130]. Crossbreeding these

animal models yielded progeny with homozygous alleles for all modifications except Cre-ER,

facilitating the induction of autochthonous melanoma tumors with constitutive expression of

BRAFV600E and the reverse transactivator, alongside bi-allelic PTEN deletion. Importantly,

these tumors were designed to express the active β-cateninS33Y variant conditionally, only in

the presence of doxycycline, enabling both the activation and deactivation of this oncogene.

Our first hypothesis was that doxycycline administration would lead to the nuclear

accumulation of β-cateninS33Y, which is exactly what we observed. The nuclear presence

of β-cateninS33Y, indicative of an active signaling pathway, was only observed in animals

which were exposed to doxycycline. Furthermore, the β-cateninS33Y was also accompanied

by a significant reduction in CD3+ T cells within the tumors. These findings not only

confirm the connection between β-catenin activation and immune exclusion but also support

the validity of our genetically engineered mouse model. This animal model represents, the

first example of a melanoma GEMM in which β-catenin can be dynamically regulated to

study effects on the host immune response. Our novel animal model represents a powerful

tool for studying the intricate dynamics of β-catenin signaling in the context of metastatic

melanoma pathogenesis. Importantly, withdrawal of doxycycline led to elimination of tumor

cell-intrinsic β-catenin, enabling studies of the host immune compartment upon interruption

of β-catenin signaling.

4.2 Dynamic regulation of β-catenin

In the absence of Wnt activation and if found unbound to E-cadherin for structural sup-

port, β-catenin is sequestered by the destruction complex and phosphorylated/targeted for
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degradation [36, 57]. However, activation of the Wnt pathway results in the recruitment of

the destruction complex to the plasma membrane, which allows for the nuclear translocation

of β-catenin resulting in subsequent activation of downstream target genes [138]. A notable

challenge in our system is that the mutant β-catenin being expressed is resistant to phospho-

rylation at a critical side. Given that β-cateninS33Y cannot undergo phosphorylation at the

S33 site, we hypothesized that inhibition of β-catenin would not result in immediate nuclear

clearance [139]. Instead, we proposed a gradual reduction of nuclear β-catenin levels over

several days, attributed to the dilution of the signal during tumor growth and potentially

due to phosphorylation at non-canonical sites. Our observations confirmed that removal of

doxycycline from the drinking water precipitated a gradual decrease in detectable nuclear

β-catenin levels so that by day 7 post-doxycycline withdrawal it was no longer detectable.

These results demonstrate the feasibility of genetically inhibiting β-catenin signaling specif-

ically within tumor cells.

Upon the development and validation of our animal model, we investigated the temporal

regulation of β-catenin within established tumors. Our main focus was to assess whether de-

activation of β-catenin would be sufficient to alter the tumor-immune phenotype and render

tumors responsive to checkpoint blockade therapy. Specifically, the genetic inhibition of β-

catenin at late stages of tumor development would serve as a proof-of-concept, addressing a

critical question within the field on cancer immunology: Does blockade of tumor cell-intrinsic

β-catenin influence the immune infiltrate and CBI efficacy within melanoma tumors?

4.3 The immune effects of tumor cell-intrinsic β-catenin

inhibition

Tumor cell-intrinsic β-catenin activation has been associated with an immune-excluded

microenvironment in an array of cancer types. These observations prompted us to ask a new

question: would genetic inhibition of nuclear β-catenin restore an immune infiltrate within
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melanoma tumors? In line with our hypothesis, genetic inhibition of β-catenin in melanoma

tumors (ex-β-catenin tumors) displayed augmented CD3+ T cell infiltration. Moreover, the

CD3+ T cell infiltration levels were comparable to those observed in tumors without active

β-catenin signaling. These results led us to hypothesize that these tumors, due to a restored

immune infiltrate, might regain sensitivity to checkpoint blockade therapy.

To explore this question, we first investigated whether activation of β-catenin signaling

within our tumors results in loss of therapeutic efficacy to combination anti-CTLA-4 plus

anti-PD-L1. Tumors without β-catenin signaling exhibited a modest, yet statistically sig-

nificant, therapeutic response to anti-CTLA-4 plus anti-PD-L1. In contrast, tumors with

continuous β-catenin signaling were resistant to CBI. Upon withdrawal of doxycycline, ex-β-

catenin tumors, despite β-catenin loss and a regained CD3+ T cell infiltrate, remained

resistant to CBI. These findings suggest that blockade of the β-catenin signaling pathway

alone is not sufficient to re-sensitize previously resistant tumors to immunotherapy.

Having observed a restored immune infiltrate without concurrent immunotherapy ef-

ficacy in ex-β-catenin tumors, we investigated the immune cells that were re-infiltrating

these tumors. We employed single-cell RNA sequencing to investigate the immune land-

scape within ex-β-catenin and control tumors. The initial analysis revealed no significant

alterations in the composition of immune cell populations between these two conditions,

suggesting the possibility of phenotypic rather than quantitative differences. To investigate

functional changes between immune cells isolated from ex-β-catenin and control tumors, we

conducted a differential gene expression analysis. Remarkably, this analysis detected mini-

mal gene expression changes in most immune cell populations between the two conditions.

The majority of differentially expressed genes were identified within the macrophage com-

partment, indicating a distinct shift in macrophage phenotypes between the two conditions.

Control tumors displayed upregulation of genes associated with a pro-inflammatory, M1-like

phenotype, including IL1β, IL6, and TLR, in contrast to the ex-β-catenin tumors, which
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exhibited an enhanced expression of an anti-inflammatory, M2-like gene signature, with no-

table upregulation of Mrc1 (Cd206), Cd209g and f, Cd163, Ccl8, and Gas6. This observation

marks the first documentation of a direct correlation between tumor cell-intrinsic β-catenin

signaling activation and the augmentation of M2-like macrophage phenotypes, representing a

significant breakthrough in our understanding. Utilizing Ingenuity Pathway Analysis (IPA),

which considers the immunological context and interrelationships among genes, we identified

a pronounced enhancement of IL-10 signaling, LXR/RXR pathway activation and alterna-

tive macrophage activation pathways in ex-β-catenin tumors. Conversely, control tumors

demonstrated enhanced acute phase response signaling, IL-6, toll-like receptor signaling,

and macrophage classical activation signaling pathway, providing insightful contrasts in the

immunological dynamics between the two tumor types.

The identification of the pronounced M2-like phenotype within the ex-β-catenin tumors

prompted a deeper examination of the macrophage subpopulations present in our tumors.

By focusing on our F4/80+ SiglecF- cell populations, we discovered 5 unique macrophage

clusters. Specifically, Cluster 0 was characterized by the expression of Clec4e, Il1rn, Olr1,

Ptgs2, Flrt3, Il6, and Il1β; Cluster 1 was distinguished by Ifitm3, Gsr, Plac8, Ifitm6, Hp,

Cd177; Cluster 2 featured Cx3cr1, Ciita, Ear2, Tmem176a; Cluster 3 was characterized by

Ccl8, Cd163, Cd209g, Gas6, Folr2, Fcna; and Cluster 4 was identified by Cxcl10, Ccl4, Tnf,

Ccl3, Hspa1b, Ppp1r15a. Each cluster exhibited a spectrum of characteristics, from M1-like

to M2-like macrophage attributes. Our focus gravitated towards Cluster 0 and Cluster 3:

Cluster 0 was primarily described by M1-like macrophage markers, featuring Il6 and Il1β,

whereas Cluster 3 was exhibited more M2-like properties, primarily through the expression

of Ccl8, Cd163, CD209g and Gas6. When assessing overall abundance of these macrophage

clusters, we observed a marked increase in the M2-like, cluster 3 within the ex-β-catenin

tumors when compared to their litter-mate controls.

In summary, this novel mouse model provided a unique and useful tool in which we could
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investigate the effects of targeted tumor cell-intrinsic β-catenin inhibition on the immune

compartment and therapeutic outcomes in melanoma. These findings not only confirm

the connection between tumor cell-intrinsic activation of β-catenin to a diminished CD3+

T cell infiltrate, but further enhance our understanding by providing a link between β-

catenin activation and an enhanced prevalence of M2-like macrophages. Remarkably, this

shift in the macrophage populations within the melanoma tumors persists despite β-catenin

inactivation, indicating a profound alteration within the tumor milieu that confers resistance

to combination anti-CTLA-4 plus anti-PD-L1 therapy (Fig 4.1).

Figure 4.1: The T cell-inflamed, the non-T cell-inflamed and the ex-β-catenin tu-
mor microenvironment. Proposed mechanism for checkpoint blockade immunotherapy
resistance in ex-β-catenin tumors. Despite a re-gained CD3+ T cell infiltrate, ex-β-catenin
tumors remain resistant to anti-CTLA-4 plus anti-PD-L1 due to an enhanced M2-like pheno-
type within the TME when compared to T cell-inflamed tumors. The predominant M2-like
macrophages are likely promoting a pro-tumor microenvironment and keeping the existing
T cells in a suppressive milieu.
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4.4 Spatial examination of ex-β-catenin tumors suggests an

immune-suppressive macrophage phenotype interacting with

T cells

While we were interested in isolating macrophages from the TME of ex-β-catenin tumors

to understand their functional properties in vitro, this proved to be challenging. Particularly

with the GEMM tumors, which are very dense and restricted by the skin architecture,

obtaining sufficient numbers of cells that are representative of the populations present in

situ was not feasible. In addition, the issue of tumor dissociation has further complicated

our study because of the intrinsic nature of macrophages, cells that are highly susceptible

to environmental cues and disturbances. Handling macrophages, even with the utmost care,

can alter their activation status. The cells are highly sensitive to manipulation; thus, in vitro

studies have reported that even using chemical agents for macrophage release from tissue

plates could result in the induction of transcriptional alterations.

We therefore adopted spatial transcriptomics as an innovative approach to evaluate

whether M2 macrophages might be adjacent to T cells, and if so whether his resulted in

inhibited T cell activation in situ.

Indeed, spatial transcriptomic analysis of control and ex-β-catenin tumors confirmed our

single cell findings, showing enhanced abundance of M2-like macrophages in the ex-β-catenin

tumors. We used markers identified in the single cell experiments to identify these M2-like

macrophages, Cd163, Ccl8, CD209g and Gas6. This finding was particularly encouraging as

it validated our single-cell observations through an independent and novel technique.

We then investigated he relationship between T cells and M2-like macrophages within

the TME. We asked whether ex-β-catenin tumors had an augmented number of spots that

were both positive for CD3+ T cells, identified as Cd3γ+ or Cd3δ+ or Cd3ε+, as well as

M2-like macrophages, identified as Adgre1+ and Siglecf- and Cd163+ or Ccl8+ or Gas6+
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or Cd209g+. We indeed detected an increased number of double positive spots in the ex-β-

catenin tumors. To extend our analysis, we also assessed the distances between any spots

that were Adgre1+ and Siglecf- and Cd163+ or Ccl8+ or Gas6+ or Cd209g+ and the nearest

CD3+ T cell. This analysis excluded any M2-like spots that were near M1-like macrophages.

When assessing the overall distance from a spot that contains an M2-like macrophage and not

an M1-like macrophage to the nearest CD3+ T cell, we observed that in ex-β-catenin tumors

CD3+ T cells were overall closer to M2-like macrophages. This discovery is particularly

intriguing as it aligns with biological expectations, suggesting that the CD3+ T cells may

not be reactivated by combination checkpoint blockade due to their presence within an

immunosuppressive niche.

In addition to assessing the spatial organization, we also assessed the transcriptional

profiles of spots that were CD3+ and cDC1+ or CD3+ and M2-like+. Our observations were

in line with our hypothesis that regions that were CD3+ M2-like+ exhibited diminished

expression of pro-inflammatory molecules such as Il2, Ctla4, Tnfrsf 4, 9, 18, and Gzmk.

Additionally, spots that were positive for CD3 and M2-like macrophages, and distant from

cDC1 cells, had enhanced expression of T cell exhaustion and dysfunction such as Nr4a1 and

Tox. To assess these molecules in biological context, ingenuity pathway analysis revealed that

spots positive for CD3 and M2-like macrophages had increased immune suppressive path-

ways such as IL-10 signaling pathway, Wnt/β-catenin signaling pathway and ERK/MAPK

signaling pathway. Furthermore, areas away from M2-like macrophages which were positive

for CD3+ T cells and and cDC1 displayed robust increase in proinflammatory pathways

such as INF-γ signaling pathway, TCR and TNF signaling pathway, classical macrophage

activation pathway and antigen presentation signaling pathway.

Overall, these findings link the presence of M2-like macrophages with an anti-inflammatory,

pro-tumor phenotype. These M2-like macrophages characterized by Ccl8, Gas6, Cd163 and

Cd209g are likely influencing the phenotype and function of CD3+ T cells surrounding them.
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4.5 Ccl8 and Gas6 have been implicated in mediating immune

suppression and promoting tumor progression

The functional implications of Ccl8 remains incompletely understood, with existing lit-

erature reporting varied findings regarding this molecule. One study showed that increased

circulating levels of Ccl8 resulted enhanced numbers of γδ T cells, as Ccl8 is a chemoat-

tractant of γδ T cells, and the clearance of L. monocytogenes was dependent on γδ T cells

[140]. Furthermore, some studies have linked the expression of Ccl8 to M1-like macrophage

recruitment. One group demonstrated that Ccl8 dependent M1 macrophage recruitment

enhanced the sensitivity of cutaneous squamous cell carcinoma to photodynamic therapy

[141]. More recently, Ccl8 expression was positively correlated with an overall increased im-

mune infiltrate as well as enhanced abundance of M1 macrophages in skin cutaneous human

melanoma samples [142]. In addition to its role in cancer and infection, Ccl8 has also been

implicated in graft vs host disease (GVHD). Increased serum levels of Ccl8 in human samples

were correlated with increased GVHD severity [143] and deficiency of this chemokine was

shown to combat early mortality and morbidity in a GVHD mouse study [144].

In contrast to its pro-inflammatory roles, more recent studies in the cancer context have

implicated Ccl8 as an immunosuppressive factor. Ccl8 has been linked to metastatic dis-

ease where enhanced Ccl8 expression by stromal fibroblasts promote invasion into adjacent

stroma, intravasation, extravasation and seeding, crucial steps in the metastasis of breast

cancer cells [145]. Furthermore, Ccl8 production by macrophages in the tumor microen-

vironment acts as a chemoattractant of CCR5+ regulatory T cells, a population of cells

which are well established as tumor-promoting. Using a CCR5 inhibitor in a Ccl8 expressing

tumor, blockade of CCR5 was shown to result in diminished numbers of regulatory T cells

supporting a Ccl8/CCR5 signaling axis in recruiting Tregs [146]. In a study assessing aggres-

sive breast cancer, researchers found that Ccl8 expression by tumor-associated macrophages

recruits monocytes into the TME and induces a more aggressive program in cancer cells
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allowing for increased motility. This was shown to also correlate with decreased survival in

humans [147].

More recently, Ccl8 has been associated with the infiltration of M2-like macrophages

in the second phase of mammary gland involution. Researchers showed that Ccl8 acceler-

ated tumor onset and depletion of macrophages counteracted the pro-tumor effects of Ccl8

[148]. Furthermore, podocyte secreted Ccl8 has been implicated in the activation of MSCs

which resulted in increased production of immunosuppressive factors such as IL-10, IDO and

TGF-β1 by these cells. Interestingly, this study also found that Ccl8 inhibited the IFN-γ

production by T cells [149]. Finally, in addition to solid tumors, Ccl8 has also been impli-

cated in hematological malignancies where researchers linked Cd163+ M2-like macrophages

with high Ccl8 expression in human DLBCL [150].

Gas6 has been consistently associated with an anti-inflammatory and M2-like macrophage

phenotype. Some of the first studies on Gas6 discovered that IL-10 and M-CSF educate TAM

to increase production of Gas6 which in turn enhances cancer cell proliferation. Also, IL-10

and M-CSF have been implicated as pro-tumor, M2-like macrophage differentiation factors

[151]. More recently, Gas6 has been shown to bind TAM receptors, found on many types of

cells. In cancer cells, the engagement of TAM receptors promotes proliferation and migration

while inhibiting apoptosis. As a feed forward loop, tumors then increase production of IL-10

and M-CSF which induces more Gas6 expression by tumor associated macrophages. Gas6

binds TAM receptors on NK cells, which in turn inhibits their anti-tumor effects. When Gas6

binds TAM receptors of vascular smooth muscle cells it induces proliferation and angiogene-

sis transcriptional profile. All of these factors come together to promote tumor development

[152]. Additionally, Gas6 engagement of the TAM receptors on macrophages has been shown

to polarize these towards a pro-tumor M2-like macrophage phenotype [153].

Gas6 has been reported to be involved in pro-tumor pathways. Gas6 can be highly

expressed in pre-invasive lesions and this is accompanied by an increase in macrophages.
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Stromal and macrophage Gas6 expression promoted tumor formation and progression [154].

A second study linked Gas6 expression in macrophages to their enhanced resolution of inflam-

mation, a cornerstone marker of M2-like macrophages. Also, exposure to IL-4, a molecule

involved in alternative activation of macrophages, resulted in the expression of Gas6 by

these M2-like macrophages and defective resolution of injury [155]. Recent studies have also

demonstrated that Gas6 blockade in the stroma resulted in augmented NK cell responses

and an inhibition in pancreatic cancer cell metastasis. These data showed that Gas6 acts

simultaneously on tumor cells and NK cells aiding pancreatic cancer metastasis [156].

In studies outside of cancer, it has been reported that Gas6 induces ATF3 in MerTK+

macrophages after ischemiareperfusion injury. This study also demonstrated the induction

of ATF3 prevented apoptosis by repressing type I interferon (Ifih1 and Ifnb1) and apoptosis

(Apaf1) gene expression [157].

Our results suggest a scenario in which tumor cell-intrinsic β-catenin signaling induces a

gene program in the tumors that is M2-like macrophage promoting. Importantly, inhibition

of β-catenin does not reverse this phenotype, and the M2-like macrophages persisted. These

M2-like macrophages, identified by Cd163, secrete Ccl8 and Gas6 which are potentially

activating many immune suppressive cascades. First these molecules likely activate a feed-

forward loop where they instruct the tumor cells to produce more cytokines and chemokines

that support an anti-inflammatory milieu and M2-like macrophages. Second, these are likely

inhibiting T cell responses because these molecules have been associated with attenuating

NK and T cell activation. Lastly, both Ccl8 and Gas6 have been shown to promote invasion

and metastasis. Future studies will be necessary to elucidate he precise roles of Ccl8 and

Gas6 in the context of this melanoma GEM model.

82



Figure 4.2: Proposed mechanism of action for Ccl8 and Gas6. Tumor associated
macrophages secrete Ccl8 and Gas6 that affect the tumor microenvironment in 4 ways: First,
these molecules are recruit more anti-inflammatory monocytes and regulatory T cells to the
tumor, second they kick-start a feed forward loop in adjacent tumor cells to increase the
production anti-inflammatory cytokines such as IL-10 and M-CSF that further enhance the
immunosuppressive microenvironment, third these molecules play a direct role in promoting
invasion and metastasis, and fourth, Ccl8 and Gas6 are likely directly inhibiting the action
of T cells.
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