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‘He said he hoped a lot of us would have careers in science,’ she said. She didn't see anything funny in that. 
She was remembering a lesson that had impressed her. She was repeating it, gropingly, dutifully. ‘He said, the 
trouble with the world was...’ 
 
‘The trouble with the world was,’ she continued hesitatingly, ‘that people were still superstitious instead of 
scientific. He said if everybody would study science more, there wouldn't be all the trouble there was.’ 
 
‘He said science was going to discover the basic secret of life someday,’ the bartender put in. He scratched his 
head and frowned. ‘Didn't I read in the paper the other day where they'd finally found out what it was?’ 
 
‘I missed that,’ I murmured. 
 
‘I saw that’, said Sandra. ‘About two days ago.’ 
 
‘That's right,’ said the bartender. 
 
‘What is the secret of life?’ I asked. 
 
‘I forget,’ said Sandra. 
 
‘Protein.’ The bartender declared. ‘They found out something about protein.’ 
 
‘Yeah.’ said Sandra, ‘that's it.’  
― Kurt Vonnegut, Cat's Cradle 
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ABSTRACT 

 
Antibodies blocking the PD-1/PD-L1 axis and other immune checkpoints have 

revolutionized cancer care. Clinical response is favored in tumors showing a T cell-inflamed 

tumor microenvironment at baseline 1,2, which is tremendously variable between patients and 

also across tumor types 3. Despite the importance of this immunobiological phenotype, the 

mechanisms explaining such inter-patient heterogeneity are just beginning to be understood. 

Based on the notion that hypomorphic germline variants in immunoregulatory genes are linked 

to autoimmune diseases 4, one hypothesis is that germline variants might favor spontaneous 

immune priming and T cell infiltration into tumors. To investigate this possibility, we utilized 

TCGA data and identified germline variants in the PKCd gene associated with decreased 

expression of PRKCD and an increased immune gene signature in the tumor microenvironment. 

Genetic deletion of PKCd in mice resulted in improved endogenous anti-tumor immunity and 

increased efficacy of PD-1/PD-L1 blockade. Single cell RNAseq of immune cells in the tumor 

revealed expression of Prkcd in myeloid cells, and PKCd deletion caused a macrophage shift 

from an M2-like to an M1-like phenotype. Conditional deletion of PKCd in macrophages 

recapitulated the improved tumor control phenotype and response to anti-PD-L1 treatment. 

Analysis of clinical samples from melanoma patients confirmed an association between PRKCD 

variants and M1/M2 phenotype, and between a PKCd KO-like gene signature and clinical benefit 

from anti-PD-1. Our results suggest that reduced PKCd in host cells leads to improved anti-

tumor immunity and PD-1 blockade efficacy through a myeloid shift to an M1-like phenotype, 

and further identify PKCd as a candidate therapeutic target.
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Chapter 1: Introduction 

 
1.1 Basics of anti-tumor immunity 

Cancer is characterized by variability 

Cancer is commonly misunderstood by the public to be a single disease that will 

ultimately have a single cure. In reality, the term “cancer” actually encompasses an incredibly 

complex set of diseases all revolving around the formation of malignant tumors from 

dysregulated cell growth. The complexity of cancer stems from the extreme variation observed in 

all aspects of tumor biology, perhaps best demonstrated when comparing tumors arising in 

different tissues. For example, while lung squamous cell carcinoma (LUSC) tumors typically 

have 8.15 mutations per megabase (Mb) or nearly 25,000 total mutations across the genome, 

acute myeloid leukemia (AML) tumors have only 0.28 mutations/Mb or around 800 total 

mutations 5. Even within a single tissue there can be tremendous differences in biological 

characteristics of tumors, as observed with the uveal and cutaneous melanoma subtypes. Despite 

both arising from the exact same cell type, melanocytes, the biology of these diseases is quite 

distinct based on the tissue from which the melanocytes originated 6. To complicate matters 

further, a tumor from a single patient will have individual cells with distinct genetic and 

molecular features and this heterogeneity is often the source of tumor cell-intrinsic resistance to 

therapy 7. Beyond the tumor cells themselves, another aspect contributing to variability is the 

endogenous response mounted by the patient’s own immune system, which even within a tumor 

subtype can vary from quite strong to nearly non-existent 8,9. Therapies that stimulate and 

enhance this endogenous anti-tumor immune response have seen enormous clinical benefit in a 

subset of patients over a range of cancer types 10. However, the strength of a patient’s individual 
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anti-tumor immune response is widely variable, ultimately dictated by a complex set of inter-

related mechanisms not fully understood 11. 

 
An overview of the CD8+ T cell-mediated anti-tumor response 

The most important effector cell in anti-tumor immunity is the CD8+ thymocyte cell (T 

cell), able to target and kill tumor cells in a precise and antigen-specific fashion. Most currently 

successful immunotherapies revolve around expanding or enhancing the function of these cells. 

As such, understanding the mechanisms controlling CD8+ T cell-mediated anti-tumor immunity, 

both positively and negatively, is critical for developing new interventions that may expand the 

population of patients with the potential to derive clinical benefit. The induction of an 

endogenous CD8+ T cell anti-tumor immune response begins with the involvement of innate 

immune cells, that sense tumor-derived damage-associated molecular patterns (DAMPs) in the 

tumor microenvironment (TME) 12. These early innate cells can include NK cells, innate 

lymphoid cells, macrophages, and dendritic cells (DCs). In particular, the Batf3-lineage of 

dendritic cells (cDC1 cells) are critically important in multiple preclinical models and in human 

cancer settings, as cDC1 cells are the major antigen presenting cell (APC) type involved in the 

cross-presentation of antigens to CD8+ T cells. Batf3 knockout (KO) mice fail to control 

immunogenic tumors and have markedly diminished induction of tumor antigen-specific CD8+ 

T cells 13,14. The initial recruitment of Batf3-DCs into tumors is driven by the chemokines XCL1 

and CCL4. XCL1 can be produced by NK cells and a subset of T cells, while CCL4 is produced 

by myeloid cells and tumor cells 15,16. Once within the tumors, activation and maturation of 

cDC1 cells involve type I IFNs, either produced by other APCs or in some instances by the 

tumor cells themselves 17,18. Mice deficient in the type I IFN receptor (IFNAR KO mice) also fail 

to control immunogenic tumors, show diminished T cell priming, and have markedly reduced 
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Batf3-DCs in the TME 14,19. Meanwhile boosting local IFN production leads to improved CD8+ 

T cell-mediated anti-tumor immunity 20. The induction of type I IFNs in the host APC 

compartment is mediated by innate immune pathway engagement. The most important of these 

pathways appears to be the cGAS/STING pathway, which is activated by tumor-derived DNA 

that finds its way into the cytosol of DCs 21. STING KO mice show poor rejection of 

immunogenic tumors, markedly diminished type I IFN production by DCs, and poor endogenous 

T cell priming 22,23. Overall the T cell-inflamed tumor microenvironment can be collectively 

defined by the presence of transcripts induced by type I IFNs and IFN-g, transcripts specific to 

activated CD8+ T cells and cDC1s, and the transcripts for the chemokines that recruit those cell 

types 24.  

The initial priming of CD8+ T cells against tumor-derived antigens is thought to occur in 

the tumor-draining lymph nodes (TdLNs) 25. Evidence for this notion includes the fact that 

activated CD8+ T cells against a defined antigen are detected first in the lymph node, followed 

by in the circulation, and then subsequently within the tumor microenvironment. In addition, 

cDC1s must express the lymph node-homing chemokine receptor CCR7 for efficient priming to 

occur 26,27. In an elegant set of experiments involving pH sensitive and pH resistant fluorescent 

tumor antigens, Broz et al. and Roberts et al. revealed that while many myeloid cell populations 

within the tumor microenvironment uptake tumor antigen via phagocytosis, only cDC1s can 

traffic to the TdLN with intact antigen by sequestering it within pH neutral intracellular 

compartments 27–29. cDC1s are also unique among APCs in their ability to process and present 

antigen via “cross-priming”, which results in presentation of exogenously acquired antigen on 

MHC-I and is essential to their ability to effectively prime and stimulate CD8+ T cells 30,31. Once 

antigen-loaded cDC1s enter the TdLN, they engage and prime naïve CD8+ T cells expressing 
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TCRs that correspond to the peptide:MHC-I complexes presented on the cDC1 surface 32. This 

interaction induces a large proliferative expansion of antigen specific CD8+ T cells and causes 

them to acquire the ability to produce effector molecules, including IFN-g, perforin, and 

granzyme B 33. These fully primed CD8+ T cells, commonly referred to as cytotoxic T 

lymphocytes (CTLs), exit the TdLN where they become detectable systemically in the blood and 

spleen. CD8+ T cells are then recruited into the TME via CXCL9 and CXCL10 chemokine 

gradients typically produced by tumor-infiltrating cDC1s 34,35. Once CTLs infiltrate the tumor, 

these tumor-infiltrating lymphocytes (TILs) recognize cancer cells via antigen specific 

peptide:MHC-TCR interactions resulting in the destruction of tumor cells. Meanwhile the 

presence of cDC1s within the TME continues to be important in the continued recruitment and 

function of CD8+ T cells 36,37. This entire path marks the successful CD8+ T cell-mediated anti-

tumor immune response and is required for durable anti-tumor immunity. 

 

1.2 Immunosuppressive mechanisms inhibiting CTL responses in the tumor 

microenvironment 

If left completely unchecked even minor immune responses will run rampant, causing 

destruction of normal and target tissues alike in a process known as autoimmunity. Thus, a large 

portion of the immune system is dedicated to negative feedback pathways and inhibitory factors 

that suppress activated immune cells and inflammation. The most well-known of these immune 

suppressive cells is the T regulatory cell (Treg), which are essential for immune homeostasis as 

acute loss of these cells leads to widespread tissue destruction and autoimmunity 38. In the 

context of cancer, Tregs are generally associated with poor prognosis as the presence of these 

cells can directly suppress the activation of effector cells 39–42. 
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In addition to pathways that normally maintain immune homeostasis, there are many 

other mechanisms preventing endogenous immunity from eradicating a tumor. While patients 

can experience immune exclusion, a phenomenon characterized by a complete lack of immune 

cells within the TME, even patients with tumor-infiltrating CD8+ T cells often experience CTL 

dysfunction. Both exclusion and dysfunction are forms of immunosuppression that lead to 

uncontrollable tumor growth, yet the underlying mechanisms determining the degree and type of 

immunosuppression in a patient are not fully understood. At the most basic level, there are often 

structural factors built into the tumor architecture that inhibit T cell immunity. Frequently tumors 

are surrounded by a tough shell of stromal cells, physically blocking infiltration of immune cells 

into the TME 43. Tumors can also be very poorly vascularized, and many immune cells are 

particularly sensitive to the resulting hypoxic environments 44,45. Another effect of poor 

vasculature is that without the steady flow of fresh blood from properly developed blood vessels, 

the intense energy consumption by tumor cells often causes localized nutrient deprivation 

leading to CTL dysfunction 46. Tumor cells can also produce immune inhibitory factors such as 

TGF-b and IDO that directly suppress T cell function while simultaneously increasing the 

suppressive abilities of other immune cells 47,48. Additionally, certain oncogenic signaling 

pathways, traditionally viewed as only causing aberrant growth signaling, can directly impact 

immunosuppression 49,50. For example, active b-catenin signaling in tumor cells not only 

increases cellular proliferation but also silences CCL4 transcription, causing a recruitment failure 

of cDC1s and a complete collapse of CD8+ T cell priming and anti-tumor immunity 16. Thus, 

tumor cells themselves can be an important source immunosuppressive mechanisms leading to 

immune exclusion or dysfunction. 
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The functional characteristics of myeloid cells are dictated by environmental signals 

A defining characteristic of myeloid cell populations is their plasticity, and the ability of 

these cells to respond to environmental factors is unrivaled when compared to other cell types 51. 

As such, exposure of myeloid cell compartments to the TME results in huge shifts in the function 

and behavior of these cells, typically towards an immunosuppressive phenotype. These newly 

developed immunosuppressive populations are often referred to as myeloid derived suppressive 

cells (MDSCs), which develop from infiltrating neutrophil and monocyte populations 52. MDSCs 

are named due to their functional ability to suppress cells ex vivo, rather than based upon 

uniquely identifying surface markers, making it impossible as of now to reliably distinguish 

bonafide MDSCs from newly arrived neutrophils and monocytes that may initially lack 

suppressive characteristics 53. Regardless, it is well documented that neutrophils/MDSCs in the 

TME produce large amounts of immunosuppressive factors including reactive oxygen species 

(ROS), iNOS, and Arg1 54–56. These factors shape the TME, often inducing other 

immunosuppressive cells, albeit direct cellular contact is required for neutrophils to mediate 

these effects. 

Another important immunosuppressive myeloid cell population comes from the 

macrophage compartment. Macrophages that are “alternatively activated” by treatment with IL-4 

are known as “M2” macrophages and exhibit a tissue repair phenotype generally associated with 

anti-inflammation, tissue remodeling, and wound healing 57. Within the context of cancer, tumor-

associated macrophages (TAMs) develop from both tissue resident macrophages and monocyte-

derived macrophages, often assuming an M2-like immunosuppressive phenotype associated with 

increased tumor burden and poor patient outcome 58,59. Development of M2-like TAMs occurs 

from exposure to cytokines found in the TME like TGF-b, IL-10, and IL-4, which can be 

produced by tumor cells and other immune populations 60. Similar to MDSCs, M2-like TAMs 
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can also produce and act through Arg1, however unlike MDSCs they do not require cell-cell 

contact to mediate effects as they also produce many immunosuppressive cytokines which act at 

a distance, including TGF-b, IL-10, and IL-4 61. One can appreciate the intense positive feedback 

loop potential here, with M2-like TAMs reinforcing their own immunosuppressive phenotype 

while also causing any newly arrived macrophages to develop the M2-like phenotype. M2 TAMs 

can also have functional effects on T cells by recruiting Tregs through CCL20 and CCL22 

expression 62, as well as directly inhibiting CTL activity through expression of ligands for 

inhibitory receptors like PD-L1 63. 

Macrophages, like all myeloid cells, can drastically shift their phenotype based on environmental 

factors and while TAMs default towards an immunosuppressive phenotype, in the right 

circumstances they can also become proinflammatory while in the tumor 64. Similar to the 

classical inflammatory “M1” macrophage phenotype observed outside of tumors, TAMs are 

induced and become M1-like after exposure to inflammatory cytokines like IFN-g and TNFa 

62,65. Once induced, production of TNFa, IL-1b, and IL-12 by M1-like TAMs contributes to a 

pro-inflammatory environment within the tumor and is thought to directly impact CD8+ T cell 

functionality 61,66. Indeed, recent clinical data has shown that increased M1/M2 ratios within 

tumors are correlated with survival, and it is theorized that a repolarization event shifting TAMs 

from M2-like to M1-like could have significant therapeutic benefit 65,67. It is important to note 

that rather than existing as easily defined binary states, there is strong evidence that macrophage 

activation lies along a spectrum, with “M1” inflammatory cells at one end and “M2” anti-

inflammatory cells at the other 68. Thus, when phenotyping a macrophage population, one must 

state the markers used before identifying where these cells may lie along the activation spectrum. 

The concept of a spectrum of activation is further reinforced by the observable plasticity of these 
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cells, as their marker expression and location on the spectrum is entirely defined by the 

combined effects of all external stimulatory factors 69. Experiments involving IFN-b treatment of 

B16 cells provide a proof of concept that TAMs indeed can transition from M2-like towards a 

M1-like inflammatory phenotype in vivo 70, however to date there are no clinically available 

drugs capable of converting TAMs from an M2-like to M1-like phenotype and it remains an area 

rich for development. 

 

Checkpoint signaling, therapeutic successes and failures 

There are intrinsic negative feedback mechanisms within CD8+ T cells that cause 

inhibition, dysfunction, and anergy 24. These surface markers are collectively referred to as 

“inhibitory checkpoint signaling” and when bound to their ligand trigger inhibitory cascade 

signaling within CTLs, reducing their ability to produce cytokines and lyse tumor cells 71. The 

most well characterized of the immune checkpoint molecules is the PD-1/PD-L1 interaction, 

where PD-1 expressed on activated CD8+ T cells triggers cellular inhibition after cell-cell contact 

with tumor cells and TAMs expressing the corresponding ligand PD-L1 72. This signaling is 

quite powerful, as disruption of the PD-1/PD-L1 axis is sufficient to improve CD8+ T cell 

responses leading to clinical success and durable responses, even as a monotherapy 73,74. While 

anti-PD-1-based monotherapy therapy is FDA approved and used across several tumor types, 

superior clinical results have already been observed when paired with another checkpoint marker 

such as CTLA-4. This promise of enhanced synergy through inhibition of multiple checkpoint 

markers has led to a vast number of checkpoint inhibitors currently working through clinical 

trials, pairing with current PD-1 therapeutics 75. 

Despite checkpoint therapy leading to durable complete responses in some patients, 

treatment in a majority of patients ultimately fails. For example, in a study of melanoma patients 
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who received combination therapy, only 22% experienced complete response to Nivolumab + 

Ipilimumab after 5 years 76. More interesting however was that the objective response rate over 

those 5 years was 58%, implying many patients initially responded, then became resistant to 

treatment and relapsed. Clinical success clearly shows that checkpoint signaling is the dominant 

suppressive mechanism in a substantial fraction of melanoma patients, but the high relapse rate 

begs the question: what is different between patients with a complete response compared to those 

with a partial response, and why do many patients ultimately relapse? It is likely that in these 

relapsing partial responders, one or more alternative immunosuppressive mechanisms emerge as 

the dominant force in restraining CTLs, allowing for escape. In order to overcome these clinical 

hurdles, careful examinations of immunosuppressive mechanisms are crucial for development of 

novel therapeutic interventions capable of synergizing with anti-PD-1-based therapies. 

While addition of other checkpoint inhibitors will likely improve the overall number of 

responding patients, perhaps the most promising area of study is the combination of these drugs 

with treatments outside of checkpoint inhibition, such as with other immunotherapies, 

radiotherapy, and chemotherapy 77. For example, complete elimination of TAMs using a CSF-1R 

inhibitor significantly improved response to anti-PD-1 treatment in mice 78. Even if elimination 

of a single immunosuppressive mechanism is not sufficient for complete response, it could then 

be paired with checkpoint-based immunotherapy to target multiple pathways of immune 

inhibition simultaneously. While substantial progress has been made, the question remains: can 

we identify novel mechanisms controlling tumor inflammation and develop therapies to 

overcome immunosuppression? 
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1.3 Characteristics of the inflamed and non-inflamed tumor microenvironment 

Generally, one can classify patients by either having a T cell-inflamed TME, or a non-T 

cell-inflamed TME 36. Traditionally T cell inflammation was determined by 

immunohistochemistry (IHC) staining of tumor biopsies, however as the expression of T cell 

associated genes strongly correlates with the presence of T cells, current methods utilize RNA 

sequencing (RNAseq) 35,79. While the specific immunosuppressive mechanism(s) preventing 

tumor shrinkage by CTLs is often not known in these cases, determining the inflammatory status 

of a patient is still important as it correlates with improved overall survival in melanoma   

patients 3. Furthermore, across many tumor types a T cell-inflamed gene expression pattern is 

necessary for response to checkpoint therapy 1. Indeed, identifying the inflammation status of a 

patient not only assists with identifying likely responders to checkpoint therapy, but the effects 

of certain radiotherapy and chemotherapy treatments contain significant contributions from the 

endogenous immune response making tumor inflammation a potentially critical factor even in 

therapies traditionally not associated with immunity 18,80. 

 

Potential mechanisms controlling inter-patient heterogeneity in the T cell-inflamed tumor 

microenvironment 

With the ability to define an T cell-inflamed and non-T cell-inflamed TME, it is possible to 

uncover the mechanisms underlying the tremendous variability observed across patients by 

leveraging and comparing these two states. Across all tumor types represented in the cancer 

genome atlas (TCGA) there is substantial variation in the relative expression of T cell associated 

genes, as well as in the range within each patient population. With tumors such as melanoma and 

non-small cell lung cancer, around 30-40% of samples can be scored as T cell-inflamed, where 

other tumors such as primary brain cancers and uveal melanoma, fewer than 1% of tumors can 
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be scored as such 9.  Skin cutaneous melanoma (SKCM) samples are particularly useful, as 

approximately one-third are T cell-inflamed, one third are non-T cell-inflamed, and one-third are 

intermediate 9. This range generates an ideal scenario for investigating the underlying 

mechanisms of inter-patient heterogeneity. Our laboratory has pursued three major hypotheses 

for inter-patient heterogeneity that mechanistically may contribute to the magnitude of the T cell-

inflamed TME 81. These are tumor cell-intrinsic oncogenic events, environmental factors such as 

the composition of the gut microbiota, and germline variants in immune regulatory genes. 

Oncogenic pathways impact on the process of carcinogenesis, but also may regulate expression 

of immunologically relevant genes by cancer cells 49. In a mouse melanoma model, constitutive 

b-catenin signaling directly inhibited CCL4 cytokine production, leading to a lack of cDC1 

infiltration and a failed CD8+ T cell response 16,82. The commensal gut microbiota has been 

shown to be extraordinarily powerful in shaping overall system-wide immunity 83. In a mouse 

melanoma model, the presence of specific Bifidobacterium strains was sufficient to improve T 

cell infiltration and overall anti-tumor immunity 84. In addition, distinct commensal bacteria 

associated with clinical response versus resistance to anti-PD-1 therapy were identified in 

patients with metastatic melanoma 85. This has led to fecal microbial transplantation as a 

potential therapeutic strategy for expanding immunotherapy efficacy 86. Finally, it is well 

established that germline variants in immune regulatory genes can have causal effects on the 

development of autoimmune diseases 42,87. This phenomenon forms the basis of our third 

hypothesis, in which germline polymorphisms in immune regulatory genes may affect the host 

endogenous T cell immune response to solid tumors.  
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1.4 Genome-wide association studies allow for identification of novel gene targets 

Since the advent of high throughput DNA sequencing and the human genome project, a 

major goal of researchers has been to determine the impact of inherited germline polymorphisms 

on human health and disease. These studies have been extremely fruitful, producing clinically 

actionable findings leading to novel therapeutic approaches as well as determining overall 

disease risk for patient groups. One method, known as the genome-wide association (GWA) 

study, has been an incredibly useful tool for identifying novel connections between regions of 

the genome and specific phenotypes 88. A particularly successful area has been identifying 

polymorphisms linked with immune-mediated disease states such as autoimmunity, 

inflammation, and allergy. In fact, a review in 2013 cataloged 199 independently associated 

genetic loci linked across 12 different autoimmune disorders including Crohn’s disease, multiple 

sclerosis, and rheumatoid arthritis, showcasing the power of such studies 89. 

 

The fine line between SNPs and eQTLs 

The typical GWA scan examines the connection between a phenotype of interest and 

single nucleotide polymorphisms (SNPs), testing any potential relationship via statistical 

methods. A SNP is simply a location on the genome where a single base is different in one group 

of individuals compared to other members within a population, and in 2015 the 1000 genomes 

project estimated there are nearly 85 million SNPs across all of humanity 90. SNPs can be 

“silent” and have no detectable effect on gene expression, or they can directly influence gene 

expression and are classified as expression quantitative trait loci (eQTLs). SNP eQTLs can occur 

either in cis, when the SNP is located within 1 Mb (megabase) of the gene it effects, or in trans, 

when the SNP is located 5 Mb or more from the gene it alters 91. Trans-acting eQTLs can also 

exist silently in coding region of a gene while only influencing expression of a different, distant 
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gene, underscoring the idea that a SNP’s location does not automatically dictate how it might 

affect gene expression. Thus, when a SNP of interest is identified, it must be interrogated with a 

gene tissue expression (GTEX) database to determine whether it acts as an eQTL on any 

particular gene regardless of where it is located. 

The powerful advantage of GWA studies is that they are unbiased, allowing the 

examination of genomic regions normally ignored due to experimental constraints and bias. 

While many early GWA studies connected genes to qualitative binary phenotypes, such as 

whether a patient did or did not have a certain disease, modern day GWA studies often utilize 

quantitative traits. In fact, there is evidence that utilizing quantitative phenotypes in GWA scans 

boosts the power to detect genetic effects 92. For example, rather than classifying patients as 

either inflamed or non-inflamed, developing a quantitative score describing the dynamic range of 

such a phenotype would theoretically yield greater statistical power and may uncover an 

association with a smaller sample size compared to a traditional binary phenotype. 

 

1.5 Background information on Protein Kinase C Delta 

PKCd, encoded by the gene PRKCD, is part of a multigene superfamily of 

serine/threonine kinases implicated in a wide range of biological processes and which span 10 

different isotypes split into 3 subtypes 93. While all PKCs require a phospholipid activator like 

phosphatidylserine, the secondary messenger requirements determine how each isoform is 

classified. Classical PKCs include a, b, and g, which require both Ca+2 and diglyceride (DAG) 

for activation, while atypical PKCs (i and z) do not require either. PKCd along with n, e, and o 

are considered novel isoforms, which require DAG but not Ca+2 94. In addition to these 

secondary activation molecules, PKCd is regulated by phosphorylation sites, as well as through 
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proteolysis which yields a catalytically active fragment 95. PKCd has several unique features 

compared to the other PKC family members including tyrosine phosphorylation sites not found 

across the other isoforms in both the regulatory and catalytic domains 96. This had led to 

speculation that PKCd may be uniquely regulated among all PKCs 97. 

PKC family members cover a broad array of functions and roles across cell types and 

PKCd in particular has been connected to a wide range of functions and ligands making it 

difficult to generalize it’s exact functional roles in health and disease 97. A fundamental reason 

behind this confusion is that many cell types express multiple PKC family members, making it 

difficult to identify functional contributions of individual isoforms, especially with older 

experimental techniques. Complicating matters, studies investigating PKC isoform functions 

often utilize the pharmacologic agonist PMA, which is non-specific and strongly activates all 

PKCs. Many older studies also used pharmacologic inhibitors, which are not entirely specific 

and can exert off-target effects. With these considerations in mind, the ideal approach for 

studying PKCd function is through genetic deletion leading to a loss of functional protein.  

 

PKCd effects on human health 

While the in vitro data from the field suggests PKCd may have functional roles in several 

different cell types, PKCd loss in vivo, gives rise to a clear autoimmune phenotype in both 

humans and mice. Germline mutations leading to complete loss of PKCd protein expression have 

been identified in human patients, all of whom present with cases of familial systemic lupus 

erythematosus (lupus) 98. These patients are reported to have defective B cell apoptosis and 

hyperproliferation, as well as loss of B cell tolerance resulting in production of autoantibodies, 

but have no other major abnormalities 99. The importance of PKCd to the immune system was 
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further confirmed after investigation of PKCd KO mice, which also showed signs of lupus but 

otherwise developed normally with no other gross abnormalities 100. Similar to the observation in 

humans, B cells from these mice were found to be hyperproliferative and produce 

autoantibodies, and a transfer of PKCd KO B cells into wildtype (WT) host animals suggested 

that these effects may be B cell-intrinsic 101. Meanwhile T cell function did not seem to be 

altered in these contexts. While other studies utilizing PKCd KO mice have linked PKCd loss in 

mice to insulin sensitivity 102, increased hepatic insulin signaling 103, and increased 

arteriosclerosis after vein grafts 104, the main phenotypic effects appear to be entirely immune-

based. However, no investigations of a potential role for host PKCd in anti-tumor immunity and 

immunotherapy efficacy has been reported, thus supporting further investigation as our own 

preliminary data emerged.  
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Chapter 2: Materials and Methods 

 
2.1 Melanoma T cell-inflamed gene signature score 

A list of 13 genes was previously shown to be associated with a T cell-inflamed tumor 

microenvironment, consisting of CCL2, CCL3, CCL4, CXCL9, CXCL10, CD8A, GZMK, HLA-

DMA, HLA-DMB, HLA-DOA, HLA-DOB, ICOS, IRF1 16. Using the cancer genome atlas skin 

cutaneous melanoma dataset (TCGA-SKCM), we fit a sparse linear regression (Elastic Net) by 

modeling the independent response vector as the mean of the 13 empirically studied genes, and 

the dependent variables as a matrix of genome-wide gene expression values (around 18,000 

transcripts). The model selected 69 genes associated with the 13 gene empirical signature which 

were as follows: AIM2, ANKRD22, APOL4, B2M, C16orf54, C4orf7, CCL4L2, CCL5, CCL8, 

CD244, CD38, CD52, CD69, CD74, CD80, CD8B, CD96, CIITA, CRTAM, CST7, CTLA4, 

CXCL11, CXCR6, DOCK8, FAM26F, FASLG, GBP1, GBP2, GBP4, GBP5, GPR18, GZMA, 

GZMH, HAPLN3, HAVCR2, HLA-B, HLA-DPA1, HLA-DPB1, HLA-DPB2, HLA-DQA2, HLA-

DQB1, HLA-DRA, HOXA5, IFNG, IGSF6, IL15RA, IL18BP, ITGAL, KLHL5, LAG3, LGALS2, 

LY9, PIM1, PLA2G7, PLEK, PSMB9, PTGER4, RASGEF1B, SH2D1A, SLA2, SPN, THBD, TNF, 

TNIP3, TRAT1, UBD, XCL1, XIRP1, ZBED2. This combined list of 82 genes is hereafter referred 

to as the T cell-inflamed gene signature. 

 

2.2 Genome-wide association study 

A total of 258 samples were accessed from TCGA-SKCM. To form the phenotype for a 

GWA study, RNAseq values were log2 normalized, centered, and scaled. For each individual 

patient, the mean expression level for all 82 genes representing the averaged T cell-inflamed 
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gene signature score was computed. The following quality controls were utilized: SNPs were 

filtered based on having a minor allele frequency (MAF) of > 0.10, and a Hardy-Weinberg 

Equilibrium (HWE) > 0.005. Individuals were filtered based on European ancestry, relatedness < 

0.05, and SNP missingness at < 0.05. Bonferroni’s method was used to correct for multiple 

testing to determine genome-wide significance. We subsequently interrogated the genome-wide 

significant SNP rs1483185 , rs1483186 and rs750170 as expression quantitative trait loci 

(eQTLs) using MatrixEQTL in a lymphoblastoid cell line dataset 105,106. 

 

2.3 Calculation of gene signature scores for expanded TCGA analysis 

A quantitative scoring system was used to assign a value to each tumor sample in TCGA-

SKCM dataset based on the expression profile 160 genes from a T cell-inflamed gene signature 

previously described 107. For the M1/M2 ratio, externally validated M1 and M2 lists generated 

from the CIBERSORT regression model were utilized (Table S4) 108. RNA sequencing gene 

expression data for melanoma and lung squamous was downloaded from TCGA data in the form 

of Z scores from the PanCancerAtlas 109,110. Each signature score is the summation of all the Z 

scores for the genes in that list. The M1/M2 ratio was calculated by dividing the summed M1 

score by the summed M2 score, yielding a single number. TCGA cases were labeled as 

homozygous minor, heterozygous, or homozygous major for each single nucleotide variant 

(SNV) at the alleles of interest for PRKCD (rs143185, rs143186, and rs1483185). The T cell-

inflamed gene signature score and M1/M2 scores were then compared between each germline 

SNV group by ordinary one-way ANOVA and multiple comparisons (GraphPad, Prism 9). 
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2.4 Generation of mouse bone marrow chimeras 

PKCd-KO (also referred to Prkcd-/-) mice were obtained as a generous gift from the lab 

of Dr. C. Ronald Kahn and bred at the University of Chicago 11. Prkcd+/+ (PKCd-WT) and 

Prkcd-/- (PKCd-KO) donor mice were sacrificed at 6-10 weeks. Femurs and tibias were collected 

and flushed with PBS using a 26G needle. Kneecaps were minced using scissors and the bone 

marrow was passed through a 70uM filter (Fisher, 352350). CD90.2 cells were then depleted via 

MACS column separation (Miltenyl, 130-121-278) before bone marrow cells were counted and 

resuspended in PBS for sterile intravenous injection. 24 hours before engraftment, B6.SJL-

Ptprca/BoyAiTac mice (Taconic, 4007, CD45.1) sex-matched transplant recipient mice were 

irradiated with 5 Gy and 5.5 Gy (Cesium 137 source) with a 3-hour rest period in between. Bone 

marrow was injected intravenously via retro-orbital injection with a minimum of 4.0x106 cells 

injected per host mouse in a volume of 100ul PBS. Mice were allowed to rest of a minimum of 8 

weeks before experimental use. All animal procedures were approved by the Institutional Animal 

Care and Use Committee of the University of Chicago. 

 

2.5 PKCd colony background check 

The genetic backgrounds of mice were assessed at the DartMouse™ Speed Congenic 

Core Facility at the Geisel School of Medicine at Dartmouth. DartMouse uses the Illumina, Inc. 

(San Diego, CA) GoldenGate Genotyping Assay to interrogate 1449 SNPs spread throughout the 

genome. The raw SNP data were analyzed using DartMouse’s SNaP-Map™ and Map-Synth™ 

software, allowing the determination for each mouse of the genetic background at each SNP 

location. 
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2.6 Tumor implantation 

B16-F10-SIY-dsRed (referred to as B16-SIY subsequently) were thawed, grown in 

cDMEM media (DMEM, 10% FBS, 1% NEAA, 1% Penn-Strep, 1% MOPS buffer) and 

passaged 2-5 times before experimentation. Cells were washed 3x with PBS before being 

resuspended at 2x106 cells per 100ul of PBS and 100ul of cells was injected subcutaneously into 

the right flank. The length, width, and height of a tumor was measured by calipers 3 times a 

week and the volume was calculated using the following formula. (4/3 * pi * L/2 * W/2 * H/2) 

 !
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2.7 Cell isolation 

Tumors were excised, mechanically dissociated, and incubated with a mixture of 10 

mg/ml collagenase type IV (Sigma, C5138), 1 mg/ml hydrogenase type V (Sigma, H6254), and 

2,000 units/ml DNAse type IV (Sigma, D5025-150ku) for 45 minutes at 37 °C before being 

washed with PBS through a 70uM filter (Corning, 352350). Digested tumor samples were then 

passed through a Ficoll-Paque gradient (Cytivia Life Sciences, 17144003), and the bilayer was 

collected. Spleens were mechanically dissociated and washed through a 70uM filter before RBC 

lysis by incubation with Gey’s solution for 2 minutes at room temperature (RT). For splenic DC 

isolation, spleens were gently mechanically dissociated and incubated with the same collagenase 

mixture as above for 20 minutes at 37 °C before being washed with PBS through a 70uM filter. 

 

2.8 Flow cytometry and cell sorting 

Cells were incubated with appropriate antibodies (Table 1) in FACS buffer (PBS, 5% 

FBS, 10uM EDTA) for at least 30 minutes at 4 °C. When necessary, cells were fixed in 1% PFA 
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or fixed and permeabilized using a kit (Invitrogen, 00-5523-00). Any intracellular staining was 

performed overnight at 4 °C. Both traditional (BD Fortessa 4-15, BD LSR Fortessa X-20) and 

spectral flow cytometers (Cytek Aurora) were employed, and analysis performed using FlowJo 

software (Treestar). Fluorescence activated cell sorting (FACS) was performed entirely under 

sterile conditions. Sorting was performed on a AriaIIIu (BD) and samples were sorted into FACS 

buffer before further analysis. To ensure purity, post-sort samples were run immediately after 

initial sort set up, and a given population of interest was required to be >90% of all live cells. 

Percentages of T cells was calculated as follows ((Number of living cells in population/ Number 

of living CD3+ T cells)X 100). Number per gram tumor was calculated as follows ((number of 

living cells/ tumor weight)X sample dilution factor).  

 

Table 1: Table of flow cytometry antibodies 
Antigen Fluorophore clone dilution verdor cat-number 

Caspase3 BV605 C92-605 1:50 BD Bioscience 564094 

CD70 BV711 FR70 1:200 BD Bioscience 740741 

Ki-67 BV711 B56 1:200 BD Bioscience 563755 

Brilliant Stain Buffer N/A N/A 1:2.5 BD Bioscience 566349 

Brilliant Stain Buffer Plus N/A N/A 1:5 BD Bioscience 566385 

CD69 BUV563 H12F3 1:200 BD Bioscience 741234 

CD72 BUV395 K10.6 1:200 BD Bioscience 745642 

CD86 BUV496 PO3 1:200 BD Bioscience 750437 

CD8a BUV395 53-6.7 1:200 BD Bioscience 563786 

Ly6G BUV661 1A8 1:200 BD Bioscience 741587 

CD11c AF647 N418 1:200 BioLegend 117312 

CD4 PerCP-Cy5.5 RM4-5 1:200 BioLegend 100540 

FC BLOCK N/A 93 1:100 BioLegend 101302 

CD103 BV421 2E7 1:200 BioLegend 121422 

CD11b APC M1/70 1:200 BioLegend 101212 

CD11b BV570 M1/70 1:200 BioLegend 101233 

CD11c BV650 N418 1:200 BioLegend 117339 

CD14 FITC Sa14-2 1:200 BioLegend 123308 

 



 21 

Table 1: Continued 
CD19 AmCyan BV510 6D5 1:200 BioLegend 115546 

CD206 BV605 C068C2 1:200 BioLegend 141721 

CD3 (PacBlue) BV421 17A2 1:200 BioLegend 100228 

CD3 Alexa Fluor 700 17A2 1:200 BioLegend 100216 

CD3 APC-Cy7 145-2C11 1:200 BioLegend 100330 

CD3 BV711 17A2 1:200 BioLegend 100241 

CD4 BV605 RM4-5 1:200 BioLegend 100547 

CD4 BV711 RM4-5 1:200 BioLegend 100549 

CD4 Spark NIR 685 GK1.5 1:200 BioLegend 100476 

CD45.1 Pac Blue A20 1:200 BioLegend 110722 

CD45.2 APC-Cy7 104 1:200 BioLegend 109823 

CD45.2 BV785 104 1:200 BioLegend 109839 

CD80 PE/Dazzle 594 16-10A1 1:200 BioLegend 104738 

CD84 PE mCD84.7 1:200 BioLegend 122805 

CD8a BV510 53-6.7 1:200 BioLegend 100751 

CD8a BV605 53-6.7 1:200 BioLegend 100744 

CD8a BV711 53-6.7 1:200 BioLegend 100747 

CXCR2 (CD182) PE-Cy7 SA044G4 1:200 BioLegend 149315 

F4/80 FITC BM8 1:100 BioLegend 123107 

I-A/I-E Pacific Blue M5/114.15.2 1:200 BioLegend 107620 

I-A/I-E PE-Cy7 M5/114.15.2 1:200 BioLegend 107630 

Fixable Viability Zombie NIR  N/A 1:800 BioLegend 423105 

Ly6C Alexa Fluor 700 HK1.4 1:200 BioLegend 128023 

Ly6C BV785 HK1.4 1:200 BioLegend 128041 

NK1.1 APC-Cy7 PK136 1:200 BioLegend 108724 

CD8a 
PerCP-eFluor 
710 53-6.7 1:200 eBioscience 46-0081-82 

F4/80 PerCP-Cy5.5 BM8 1:100 eBioscience 45-4801-80 

Foxp3 Alexa Fluor 488 FJK-16s 1:100 eBioscience 53-5773-82 

Fixable Viability eFluor506   1:500 ebioscience 65-0866-14 

CD45 AF532 30-F11 1:200 Invitrogen 58-0451-82 

SIY PE SIYRYYGL 1:25 ProImmune 1803 

 

2.9 Stimulation of donor T cells 

A round bottom tissue culture 96 well plate was coated overnight at 4 °C with anti-CD3 

(0.3 ug/ml, biolegend, 100339) and anti-CD28 (0.5 ug/ml, biolegend, 102115) antibodies. Plates 



 22 

were washed and blocked with cRPMI media (RPMI, 10% FBS, 1% NEAA, 1% Penn-Strep, 1% 

MOPS buffer, 1x 2-Beta ME) for minimum 30 minutes at RT.  Spleens were isolated and 

mechanically dissociated before RBC lysis by incubation with Gey’s solution for 2 minutes at 

RT. Splenic cells were then incubated with cell trace violet dye per manufacturer’s instructions 

(Invitrogen, C34557). Cells were added at 1x106 cells per well in cRPMI and incubated for either 

48 or 72 hours at 37 °C and 6% CO2. Cells were stained with the following and assessed for 

proliferation and cytokine production (Live-Dead APC-Cy7, CD4 PerCP-Cy5.5, CD8 BV711, 

CD44 PE-Cy7, IFN-g APC, TNFa FITC, B220 PE, MHCII PE).  

 

2.10 Cross-priming and free peptide priming assays  

Splenic DC and T cells were isolated as described above. Dendritic cells were isolated 

via negative selection of splenic cells post collagenase treatment using a MACS Pan DC 

Isolation kit and manufacturer’s protocols were followed (130-100-875). 2CxRag2-/- mice were 

bred at the University of Chicago and previously described 111. Splenic 2C CD8+ T cells were 

isolated by using a CD8+ T cell MACS negative isolation kit (Miltenyi, 130-104-075). For the 

free peptide assay, 2C CD8+ T cells were incubated in 10uM CFSE (Invitrogen, C34553), diluted 

in serum free DMEM for 10 minutes at 37 °C, and cells were mixed every 2 minutes. For the 

cross-priming assay, 2C CD8+ T cells were instead incubated with cell trace violet (Invitrogen, 

C34557) as per manufacturer’s instructions. In a round bottom tissue culture plate, 50,000 DCs 

and 100,000 dye labeled 2C CD8+ T cells were added per well in cDMEM. In the free peptide 

assay, each well received either 0.2, 0.4, 0.8, 1.6, 16, or 160 nM of SIY peptide. For the cross-

priming assay, B16-SIY cells were utilized as the source of antigen and irradiated with 100 Gy, 

ensuring most cells could be actively processed by the DCs. Using the concentration of cells 
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assessed prior to irradiation, 5,000, 25,000, or 50,000 irradiated cells were added to wells. To 

provide comparison to the free peptide assay, a set of wells received 160 nM of SIY peptide 

instead of irradiated B16-SIY. As a control to assess the inherent stimulatory capabilities of 

irradiated B16-SIY cells, labeled 2C cells were cocultured with 25,000 irradiated B16-SIY cells 

with no DCs present. For the free peptide assay donor DCs came from an N of 4 mice, and the 

cross-priming assay came from an N of 2, and in both cases mice were treated as independent 

replicates. Additionally, all stimulation conditions utilized duplicate wells as technical replicates 

and results from each duplicate pair were averaged during analysis. In both assays, unlabeled 2C 

CD8+ T cells were used as a negative staining control, wells coated with anti-CD3 (0.3 ug/ml, 

biolegend, 100339) and anti-CD28 (0.5 ug/ml, biolegend, 102115) antibodies were used as a 

positive control for proliferation, and wells receiving media with no antigen acted as the negative 

control for proliferation. Cells were incubated for 3 days at 37 °C and 6% CO2 and then stained 

with the following for analysis: Live-Dead APC-Cy7, CD3 BV711, CD11c BV605, CD8 PE, 

CD44 PE-Cy7, IFN-g APC, IL-2 PerCP-Cy5.5, CFSE. 

 

2.11 Enzyme-Linked Immunospot (ELISPOT) assay 

Spleens from tumor-naïve WT-engrafted mice, tumor-bearing WT-engrafted mice, or 

tumor-bearing KO-engrafted mice were collected, with each individual mouse being considered 

an experimental replicate. Splenic cells were isolated as described above and plated at 1x106 

cells per well in T cell growth media (DMEM, 10% FBS, 1% NEAA, 1% Penn-Strep, 1% MOPS 

buffer, 0.1 mM beta-2ME). Negative control wells received T cell growth media only, while 

experimental wells received 160nM of H-2Kb SIY peptide (SIYRYYGL), and positive control 

wells received PMA (50ng/ml) and Ionomycin (500ng/ml). Each experimental replicate had the 
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following technical replicates which were then averaged for each group: 2 negative control wells, 

3 SIY peptide wells, and 1 positive control well. Cells were incubated overnight at 37 °C and 6% 

CO2 and the ELISPOT was performed according to the manufacture’s protocol using the BD 

Mouse IFN-g Elispot kit (BD Biosciences, 551083).  

 

2.12 Rag KO T cell transfer 

6-8 week old Male RAG2KO mice (B6.129S6-Rag2tm1Fwa N12) were purchased from 

Taconic (RAGN12-M) and housed in our facilities. Spleens were isolated from donor Prkcd+/+ 

or Prkcd-/- mice, mechanically dissociated, and treated with a mixture of 10mg/ml collagenase 

type IV (sigma, C5138), 1mg/ml hydrogenase type V (Sigma, H6254), and 200units/ml DNAse 

type IV (sigma, D5025) for 20 minutes at 37 °C before being washed with PBS through a 70uM 

filter (Corning, 352350). A MACS kit was used to positively select for Thy1.2 (CD90.2) cells. 

Purity verification was performed via flow cytometry and 5x106 donor cells per mouse were 

injected into hosts in 100ul of PBS via intravenous retro orbital injection. 24 hours later B16-SIY 

tumors were then established, and growth was tracked. 

 

2.13 Anti-PD-L1 therapy 

In bone marrow-engrafted animals, B16-SIY tumors were established until an average 

volume of 100 mm3 was reached and then mice were split into control or treatment groups. The 

average volume of each group was matched at the time of separation. 3 times per week, 100ug of 

anti-PD-L1 (B7-H1, BioXcell, BE0101) was administered in 100ul of PBS via intraperitoneal 

(i.p.) injection, while control mice received 100ul of PBS via i.p. injection on the same days. In 

conditional KO animals, 100ug of anti-PD-L1 (B7-H1, BioXcell, BE0101) was administered in 
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100ul of PBS via i.p. injection 3 times per week starting 7 days after tumor implantation for 5 

total doses, with control mice receiving 100ul of PBS via i.p. injection on the same days. 

 

2.14 Single cell RNA sequencing  

Engrafted mice were injected with B16-SIY and sacrificed after 26 days on 2 separate 

occasions and processed independently. On each collection day, immune cells from tumors were 

isolated as described above and stained with Live-Dead (APC-Cy7) and CD45.2 (FITC). Live 

CD45.2+ cells were sorted into FACS buffer before being washed 3x in PBS. Single cell 

partitioning and library creation was performed by the University of Chicago Genomics core 

using a chromium controller from 10x genomics following the “Chromium Single Cell 3ʹ 

Reagent Kits v3” user guide and associated reagents. 10,000 cells were targeted and 

encapsulated per sample. Libraries were sequenced in PE100 format of an SP-100 flowcell of an 

Illumina Novaseq 6000 instrument.  

 

2.15 Processing and analysis of scRNAseq data 

Demultiplexing and alignment to the mm10 transcriptome (version 3.0.0) was performed, 

with count matrices created using the Cell Ranger pipeline (version 3.0.2). scRNA-seq count 

matrices were read by Seurat (version 3.2.3) (Stuart, Cell, 2019), and a single Seurat object was 

created from all samples from both collection days. Quality control filtering of cells was based 

on the following: less then 5% mitochondria genes expressed, with a minimum of 200 counts, 

and the number of unique molecular identifiers (UMIs) was set between 50 and 3,000. Overall, 

41,187 cells passed the quality control metrics. Datasets were normalized using the 

“SCTransform” function and the top 3,000 features were identified using 
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“SelectIntegrationFeatures”. These were used as anchor features while the Seurat object was 

prepared for integration using “PrepSCTIntegration”, then all datasets were integrated using the 

“FindIntegrationAnchors” function. The scaled and integrated data was then processed using 

“RunPCA” with the first 100 principal components, followed by UMAP clustering analysis. 

Optimal UMAP resolution was determined by examining each resolution between 0.1 to 0.9 

using 0.1 steps using the clustree r package 112. A final resolution of 0.6 was chosen and markers 

for each cluster were determined using the “FindAllMarkers” function with a min.pct of 0.25 and 

a log fold-change threshold of 0.25. In total 24 unique clusters were identified, and each cluster 

was labeled by identifying a top uniquely expressed genes when compared to all other clusters 

(Table S1). For each unique cluster, “FindMarkers” was used to identify differentially expressed 

genes between WT and KO samples using the MAST test method. Genes that had a false 

discovery rate (fdr) >= 0.05 and a log fold-change (fc) magnitude >= 0.25 were considered 

significant. The fgsea package was used to perform gene set enrichment analysis for all DEGs in 

each cluster. The DoHeatmap package was used to illustrate differences in select genes by 

plotting the gene expression log-averaged across all cells in a given cluster, for each biological 

replicate.  

 

2.16 Conditional KO mouse generation 

A Prkcdfl/fl conditional KO (cKO) line was generated using Cyagen’s TurboKnockout® 

gene targeting service. Exons 7-9 were targeted for conditional KO in C57BL/6J ES cells 

(Extended Data Fig. 4). Deletion of this region predicted a complete loss of function for the 

protein and was confirmed by genotyping (Table 2). Two independent strains were developed, 

labeled 2B4 and 2C1. The main strain featured throughout the paper is 2B4 although no 
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functional differences were observed at any point between the strains. Both were crossed with 

B6.Cg-Commd10Tg(Vav1-icre)A2Kio/J (Jackson, 008610, referred to subsequently as “Vav1-iCre”) as 

well as B6.129P2-Lyz2tm1(cre)Ifo/J (Jackson, 004781, referred to subsequently as “LysM-Cre”) at 

the University of Chicago. Female littermates between the ages of 7 and 12 weeks were used for 

all experiments. 

Table 2: Table of primers for mouse genotyping 

Target Primer 1 Primer 2 Primer 3 
WT 
Product 

Mut 
Product 

PKCd GCTCTATTGCCTCGGCTTCAT AGGTGAGAAAGACAGCAAAGGG   563 bp N/A 

LacZ TGATGCGGTGCTGATTACGAC GTCAAAACAGGCGGCAGTAAG   N/A 225 bp 

PKCd 
cKO 
Target TATGTTTTGAGAGCTTAGCAGGTG GATGCTGTATAGGGGCAGGAAAG   199 bp 316 bp 

PKCd 
cKO 
Delete TATGTTTTGAGAGCTTAGCAGGTG GATGCTGTATAGGGGCAGGAAAG   N/A 259 bp 
Vav1-
iCre AGATGCCAGGACATCAGGAACCTG ATCAGCCACACCAGACACAGAGATC   N/A 236 bp 

LysM-
Cre 

CCCAGAAATGCCAGATTACG CTTGGGCTGCCAGAATTTCTC 
TTACAGTC
GGCCAGG
CTGAC 350 bp 700 bp 

 

2.17 Western blot 

Spleens were isolated and mechanically dissociated before RBC lysis by incubation with 

Gey’s solution for 2 minutes at room temperature. 1.2ml of Triton-X plus 1x protease inhibitor 

(Invitrogen, C34557) was added to the entire spleen and placed on ice for 30 mins. Samples were 

spun at max speed for 10 mins and supernatant was collected. A Bradford assay was performed 

to determine protein concentration. Laemelli buffer (Biorad 1610747) with 10% Beta-

Mercaptoethanol was added to samples and boiled for 100 °C for 10 minutes. 10% Acrylamide 

gels were created in house and 30ug of protein was added to each well. 0.1% SDS in 1x 

Glycine/Tris running buffer was used and gels were run at 120V for at least 1 hour. Wet transfer 

onto nitrocellulose membrane was performed using transfer buffer consisting of 1x Glycine/Tris 

plus 1.5% Methanol for 1 hour at 100V. Membranes were then blocked for minimum of 1 hour 
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at RT using Odyssey® Blocking Buffer (LI-COR #927-50000) followed by incubation overnight 

at 4 °C with anti-PKCd (Cell Signaling, 9616) or anti-Beta-Actin (Cell Signaling, 4970) antibody 

diluted in TBST. Secondary antibody and protein levels were measured by immunofluorescence 

using a Li-Cor Odyssey XF imaging system. 

 

2.18 RNA isolation and qRT-PCR 

Immune cells from tumors are isolated and sorted as described above. Tumor-associated 

macrophages (TAMs) marked as Live-Dead- CD45+ CD90.2- B220- CD11b+ Ly6G- F4/80+ were 

isolated before being washed 3x in cold PBS. RNA was isolated using Qiagen RNeasy micro kit 

(Qiagen 74004) and cDNA was created using the High-Capacity cDNA Reverse Transcription 

Kit with RNase Inhibitor (Applied Biosystems™, 4374966). qPCR reactions were carried out 

using TaqMan master mix (Life Technologies) and defined primer/probe sets (Roche universal 

probe library) (Table 3). Reactions primers for Trem2, Il1b, and TNF genes were selected using 

the Roche primer design center website (discontinued) and the Roche universal probe library was 

used. Reactions were run on a StepOnePlus™ Real-Time PCR System (Applied Biosystems, 

4376600) in MicroAmp™ Fast Optical 96-Well reaction plates (Applied Biosystems, 434907). 

Each sample was run in duplicate wells and the CT of those wells was averaged before 

expression levels were calculated DCT = CTGapdh – CTGene of interest ; expression level = 2DCT. 

 
Table 3: Table of mouse qRT-PCR primers 
Target Primer 1 Primer 2 Probe (TaqMan) 
IL-1b agttgacggaccccaaaag agctggatgctctcatcagg 38 
CD72 ctgcactagcggacaaagc ctgtaggacagcggggaat 1 
TNFa ctgtagcccacgtcgtagc ttgagatccatgccgttg 25 
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2.19 Melanoma patient bulk RNAseq analysis 

Patient data was collected according to the Biological Sciences Division Institutional 

Review Boards at the University of Chicago under the protocols 15-0837, 15-0788, and 17-0686. 

Samples were either formalin-fixed paraffin-embedded or fresh frozen before they were 

submitted for bulk RNA sequencing at the University of Chicago sequencing core. Patients were 

selected as follows. Metastatic melanoma patients that received immunotherapy after sample 

collection and had no history of prior immunotherapy treatments. Patients with Uveal, Acral, 

Mucosal types were removed, leaving cutaneous and unknown primary types. All tumor samples 

were collected before treatment anti-PD-1-based therapy. Patients were required to have clinical 

outcome data marked as either progressive disease (PD), stable disease (SD), partial response 

(PR), or complete response (CR). Kallisto and tximport were used to align to gencode primary 

assembly sequence (release 39) and export sequencing data while Limma and edgeR R packages 

were used to process the count matrices. Samples were filtered by a minimum of 5,100,000 reads 

and genes were filtered using the following cutoffs: a minimum of 30 samples were required to 

express a given gene and with a minimum counts per million (CPM) of 1. Normalization was 

done using the “calcNormFactors” function with the TMM method. Count data was transformed 

using “limmavoom” and data was centered using the scale function in R. The PKCd-KO-related 

gene signature was created from genes in the C1qa cluster that were increased in PKCd KO 

animals and had a positive log fold-change >0.25 and a fdr < 0.05. The biomaRt R package was 

used to convert the mouse gene list into their human orthologs. Any genes that did not have a 

match were dropped. 119 of 129 total genes were identified to have human counterparts and 

utilized for the signature (Table S5). The median expression of all signature genes was calculated 

for each patient and then plotted via violin plot. Patients were grouped by either “progression” 



 30 

which consisted of the progressive disease (PD) group, or “disease control” which consisted of 

stable disease (SD), partial response (PR), and complete response (CR). A student’s t- test was 

performed on the data to assess significance. 

 

2.20 Statistical analysis 

All statistical analyses were performed using GraphPad Prism (Graphpad) with the 

exception of the GWA scan and scRNAseq analysis. Unless otherwise noted, all data are shown 

as mean ± s.e.m. and significance assumed with p £ 0.05. Significance for growth curves was 

determined by two-way ANOVA and Sidak’s Multiple Comparisons test. Significance for bar 

graphs determined by unpaired t test. Significance for data presented in violin plots was 

determined by ordinary one-way ANOVA and Tukey’s multiple comparisons test. Survival 

curves were determined by Kaplan-Meier survival analysis and p values for Gehan-Brewslow-

Wilcoxon test were reported. 
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Chapter 3: Using a genome-wide association study to 
identify a novel target for enhancing anti-tumor immunity  

 

3.1 Introduction 

The degree of endogenous immune cell infiltration in solid tumors can be predictive of 

response to PD-1/PD-L1 blockade yet is dramatically variable between individual patients 1,2. As 

the underlying mechanisms determining the degree of a T cell-inflamed versus non-T cell-

inflamed tumor microenvironment are not fully understood, uncovering novel molecular 

mechanisms that determine the inflammatory status of tumors is crucial for expanding the 

population of patients that clinically respond to checkpoint blockade therapy 11. We hypothesized 

that one potential mechanism could involve germline polymorphisms in immune regulatory 

genes influencing a patient’s baseline immune response to solid tumor-derived antigens. The 

Cancer Genome Atlas (TCGA), is a repository of over 20,000 primary cancer samples spanning 

33 cancer types that includes tumor bulk RNA sequencing (RNAseq), tumor exome sequencing, 

and germline single nucleotide polymorphism (SNP) analysis. This resource enabled us to 

perform an unbiased genome wide association (GWA) study to detect novel associations 

between germline polymorphisms and the degree of immune cell infiltration into the tumor based 

on RNAseq. Any polymorphisms determined to be expression quantitaitive trait loci (eQTL)s 

after interrogation through a gene tissue expression (GTEX) database could then be followed up 

with mechanistic investigations in mouse models (Figure 3.1). 



 32 

 

Figure 3.1: The workflow for identifying and confirming novel targets in anti-tumor immunity 
using a genome wide association study 
 

3.2 GWA scan reveals multiple hits within the gene PRKCD 

To investigate a potential association between germline variants and tumor immune gene 

signatures, skin cutaneous melanoma (SKCM) was chosen as a model as patients have a wide 

range of T cell-based inflammation, and because a substantial portion of the patients with T cell-

inflamed tumors respond to anti-PD-1-based immunotherapy. Immune gene expression has 

previously been shown to reflect the degree of immune cell infiltration 35,79. We first developed 

an immune gene signature score consisting of 82 total T cell-related genes that could be utilized 

as a quantitative phenotype reflective of the inflammatory status of each patient’s tumor (Figure 

3.2). We then integrated tumor RNAseq data with germline SNP data from 258 patients in the 

TCGA melanoma dataset and performed a GWA scan linking the magnitude of the T cell gene 

signature score with matched germline SNP data (Figure 3.3A). One SNP reached the threshold 

for genome-wide significance and was located within the 5’ untranslated region (UTR) of the 

gene PRKCD, 3 Kb from the transcription start site (TSS).  
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Figure 3.2: Heatmap of T cell signature genes across melanoma patients 
Expression of 82 genes in the immune gene signature score featured as a heatmap with 258 patients 
utilized in the GWAS. Hierarchical clustering of samples was performed across the patient group. 
 

Additionally, two other SNPs (rs1483186, rs750170) also located within PRKCD locus reached 

above the significance threshold, encouraging further examination. To determine directionality, 
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samples were plotted by genotype and gene score, revealing that the minor allele of the top 

GWA scan hit (SNP rs1483185) was positively associated with a higher magnitude T cell gene 

signature score (p = 8.812e-08, Bonferroni corrected <0.05) (Figure 3.3B). 

 

 

Figure 3.3: Genome wide association study reveals a SNP located in the PRKCD gene associated 
with increased T cell gene expression 
(A) Manhattan plot of genome wide association results showing -log10(p-values) for all SNPs ordered by 
chromosomal position. Blue dashed line indicates suggestive significance threshold (p-value < 10-4), red 
dashed line indicates threshold for genome wide significance (p-value < 10-7). Arrows point to SNPs 
located within the gene PRKCD. (B) T cell gene expression score for each patient, plotted by genotype at 
SNP rs1483185 (p-value = 8.812e-08, Bonferroni corrected <0.05). 
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To go beyond melanoma, the lung squamous TCGA dataset was examined and the minor allele 

of SNP rs1483185 was again correlated with an increase in the 160-gene signature score (Figure 

3.4D).  

 

 

Figure 3.4: SNP alleles correlate with the 160 gene signature score in SKCM and LUAD 
(A) Violin plot of patient 160 gene signature scores from a TCGA skin cutaneous melanoma (SKCM) 
dataset separated by homozygous minor, heterozygous, or homozygous major alleles at the SNP 
rs1483185. (B) Violin plot of patient 160 gene signature scores from a TCGA skin cutaneous melanoma 
(SKCM) dataset separated by homozygous minor, heterozygous, or homozygous major alleles at the SNP 
rs1483186. (C) Violin plot of patient 160 gene signature scores from a TCGA skin cutaneous melanoma 
(SKCM) dataset separated by homozygous minor, heterozygous, or homozygous major alleles at the SNP 
rs750170. (D) Violin plot of patient 160 gene signature scores from a TCGA lung squamous cell 
carcinoma (LUSC) dataset separated by homozygous minor, heterozygous, or homozygous major alleles 
at the SNP rs1483185.  
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Whether a given SNP is an eQTL for a gene, and how the alleles of that eQTL-SNP 

affect the directionality of gene expression, can be inferred using gene tissue expression (GTEX) 

databases. To address these questions, we utilized the MatrixEQTL algorithm in a lympoblastoid 

cell line dataset. We interrogated SNP rs1483185 and determined that the minor allele associated 

with decreased expression of the PRKCD gene and thus acting in a cis manner (Beta = 0.0551, p 

= 0.006) (Figure 3.5A, Figure 3.5B) 113. Moreover, both rs1483186 and rs750170 also showed 

the same directionality as rs1483185 and were cis-acting with the minor allele associating with 

decreased expression of PRKCD (Figure 3.5B). Collectively, these data indicate that reduced 

host PKCd gene expression is associated with increased T cell-based inflammation in the tumor 

microenvironment. 

 

Figure 3.5: SNPs identified in the genome wide association study are eQTLs for PRKCD 
(A) PRKCD expression in a lymphoblastoid cell line dataset, plotted by genotype at SNP rs1483185 (p-
value = 6e-03). (B) Data table featuring the effect of SNPs rs1483185, rs1483186, rs750170 on the 
expression of gene PRKCD (ENSG00000163932) and the adjusted p-values. 
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3.4 Utilization of and phenotyping of PKCd KO mice  

To study a potential immune regulatory role of host PKCd, gene-targeted mouse systems 

were pursued. Previous studies had linked genetic loss of PKCd in humans with autoimmunity, 

including familial lupus 98,99, and an autoimmune phenotype had been reported in PKCd gene-

targeted mice 100,101. We therefore aimed to test the hypothesis that deletion of the PKCd gene in 

host immune cells might augment anti-tumor immunity. We obtained PKCd KO mice through a 

generous collaboration with Dr. Ronald Kahn, which were originally developed on a 129 genetic 

background and backcrossed to C57/BL6 (B6) over 14 generations for studies in hepatic insulin 

signaling 103. We obtained the B6 backcrossed strain and Western blot analysis of splenocytes 

collected from homozygous PKCd KO mice revealed a complete loss of detectable PKCd protein 

(Figure 3.6A). However, while establishing this colony two things became immediately 

apparent. First, fur color of these mice was not uniformly black, implying an incomplete 

backcross to the B6 strain. Second, Prkcd+/- x Prkcd+/- het by het breeding yielded approximately 

only 5% Prkcd-/- mice rather than 25% as predicted by normal mendelian birth ratios. To 

investigate the completeness of the backcross to B6, we performed a SNP analysis of 17 

randomly chosen colony mice utilizing the DartMouse™ sequencing service and found that 

despite 14 generations of backcrossing, only 88-91% of the overall mouse genome was 

homozygous for B6 SNPs and a full 5-6% of the genome was homozygous for 129 SNPs (Figure 

3.6B). From this we hypothesized that a component of the 129 genome was necessary to obtain 

viability in homozygous KO mice. Incomplete backcrossing is problematic, as it raises the 

potential of minor histocompatibility mismatch when using a tumor from the B6 background. As 

it was unclear whether the reduced number of Prkcd-/- live births was due to embryonic lethality 

or an issue with fertilization, we extracted embryos of pregnant mice day 11.5 and 12.5 post 
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Figure 3.6: Western blot and SNP background analysis of Prkcd-/- colony mice 
(A) Detectable PKCd expression in spleenocytes as measured by western blot across 2 independent mice. 
(B) Dartmouse™ SNP analysis of 6 randomly chosen colony mice, with the percentage of total genomic 
DNA on the Y axis of each bar graph. Yellow indicates the percentage of genomic DNA that contains 
SNPS associated with the 129 background, green for SNPs associated with the C57/Bl6 background, and 
purple for areas of the genome heterozygous with one SNP copy each. 
 

impregnation, removed the yolk sacks, and extracted fetal DNA for genotyping (Figure 3.7). 

Indeed, there was only a single KO embryo detected across 15 total samples, on par with ratios 

detected after live birth. The failure of Prkcd-/- mice to develop to this developmental stage 

precluded the possibility of utilizing fetal liver transplantation into WT hosts as a model system 

and indicated that the defect likely occurs at the level of fertilization. Subsequently, other 

investigators also experiencing breeding difficulties with Prkcd-/- mice on a partial B6 

background identified defects at the level of PKCd KO gametes, which apparently rendered 

those gametes less competitive during fertilization 114. 
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Figure 3.7: Pictures of mouse embryos after 12.5 days of development 
Embryo still wrapped in the yolk sack on the left, and on the right after the yolk sack has been removed. 
 

3.5 Prkcd-/- bone marrow engrafted mice have a T cell-dependent delay in tumor 
growth 
 
 To overcome the dual issues of minor histocompatibility mismatch and inadequate 

numbers of Prkcd-/- offspring, we created bone marrow (BM) chimeras using congenically 

marked CD45.1 B6 hosts engrafted with donor bone marrow from Prkcd-/- animals. This method 

allowed for a single Prkcd-/- donor animal to typically produce 10 Prkcd-/- BM-engrafted 

animals, greatly increasing our experimental numbers. Additionally, T cell development in a B6 

host insured all immune cells would be fully tolerized to the B6 background. This strategy also 

enabled focus of PKCd deficiency to be on the immune system, as PKCd loss was isolated 

exclusively to the hematopoietic compartment.  

To confirm the viability of this model system we examined the spleens of engrafted mice 

to determine the success of engraftment (generally considered to be around 90% donor cells), 
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and whether there were any homeostatic differences between WT- and KO-engrafted animals. 

Engraftments with both WT and KO donor BM routinely produced mice with CD45 

compartments that consisted of 90-95% donor CD45-2+ cells, and only mice displaying similarly 

successful engraftments were used in subsequent experiments (Figure 3.8A, Figure 3.8B). 

Examining the splenic T cell compartments of Prkcd-/- BM-engrafted mice showed no 

differences in CD8+ T cell populations compared to WT counterparts, although there was an 

increase in the total number of FoxP3+ T regulatory (Treg) cells in the PKCd KO setting 

consistent with counter-regulation of heightened endogenous immunity (Figure 3.9A, Figure 

3.9B).  

 

 

Figure 3.8: Reconstitution of bone marrow engrafted mice is successful 
(A) Flow plot of live total CD45+ cells (add Colors) with gates identifying the CD45-1+ host cells and 
CD45-2+ donor cells. (B) Bar plots from a randomly selected experiment exhibiting the percentage of 
total CD45 cells that are CD45-2+ donor cells. 
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Figure 3.9: Reconstituted mice do not have major changes to their splenic T cell compartments at 
baseline 
(A) Percentages of splenic T cells populations per total CD3+ T cell population measured by flow 
cytometry in Prkcd+/+ BM engrafted mice (blue), or Prkcd-/- BM engrafted mice (red) in naïve mice. (B) 
Total number of splenic T cells populations measured by flow cytometry in Prkcd+/+ BM engrafted mice 
(blue), or Prkcd-/- BM engrafted mice (red) in naïve mice. 
 

Moving forward with this model, mice were implanted with B16-SIY melanoma tumor 

cells which allowed measuring of CD8+ T cell responses against a model antigen. We observed 

that tumors grew significantly slower in mice engrafted with Prkcd-/- BM compared to animals 

engrafted with Prkcd+/+ BM (Figure 3.10A). We also observed that Prkcd+/- BM-engrafted mice  

 

 

Figure 3.10: Hematopoietic loss of PKCd leads to delay in tumor growth 
(A) B16-SIY tumor volume growing in Prkcd+/+ bone marrow (BM) engrafted (blue, N=5) or Prkcd-/- BM 
engrafted animals (red, N=5). (B) B16-SIY tumor volume growing in Prkcd+/+ bone marrow (BM) 
engrafted (blue, N=10), Prkc+/- BM engrafted animals (purple, N=10), and Prkcd-/- BM engrafted animals 
(red, N=5). 
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displayed an intermediate growth phenotype between the WT- and KO- engrafted groups (Figure 

3.10B). All subsequent experiments were done comparing Prkcd+/+ and Prkcd-/- animals. 

To assess whether the improved tumor control was due to altered host CD8+ T cell immunity, we 

treated mice with a CD8b depleting antibody immediately before tumor implantation. With 

depletion, tumors implanted in Prkcd+/+ and Prkcd-/- BM-engrafted mice grew faster but also at 

the same rate, arguing that the growth delay caused by the absence of host PKCd was due to 

improved CD8+ T cell-dependent immunity (Figure 3.11).  

 

 

Figure 3.11: PKCd mediated growth delay requires presence of CD8+ T cells 
B16-SIY tumor volume of animals engrafted with Prkcd+/+ BM (blue) and treated with PBS vehicle 
(circle, solid line, N=5), or anti-CD8b (triangle, dotted line, N=5) or engrafted with Prkcd-/- BM (red) and 
treated with PBS vehicle (square, solid line, N=9), or anti-CD8b (upside down triangle, dotted line, 
N=10). Treatments were administered 1 day before and 6 days after tumor injection.  
 

3.6 T cell functionality is not intrinsically improved in PKCd KO cells 

We first investigated whether T cells were intrinsically functionally superior in the 

absence of PKCd. T cells were isolated from the spleens of Prkcd+/+ and Prkcd-/- donor mice, 
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express CD44 (Figure 3.12A) after 48 hours, and these cells proliferated similarly (Figure 

3.12B). CD8+ cells were also examined 72 hours after stimulation and the CD4+ compartment 

was similarly examined at both time points with no detectable differences (data not shown). 

 

 

Figure 3.12: PKCd KO T cells show no functional differences compared to PKCd WT T cells 
(A-B) CD8+ T cells isolated from the spleens of WT or PKCd KO mice and stimulated ex vivo with CD3 
and CD28 antibodies for 48 hours.  
(A) Mean fluorescent intensity of IFN-g, TNFa, CD44 cytokines (from left to right) (B) Proliferation as 
measured by CFSE dilution, with the percentage of each division as a part of the whole.  
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hosts. As RAG2-/- mice lack all T and B cells, in this environment only the transferred T cells 

will be deficient for PKCd while all other immune cells, including APCs and other myeloid cells, 

will have normal PKCd expression. Bulk T cell adoptive transfer did delay tumor growth, 

indicating the transferred cells were functional and able to provide a degree of tumor control. 

However, there was no difference in tumor growth when comparing mice that received PKCd 

WT T cells versus PKCd KO T cells (Figure 3.13). Together, these data indicate that improved 

tumor control with PKCd KO hematopoietic transfer is not due to intrinsically enhanced T cell 

functionality.  

 

 
 
Figure 3.13: Transfer of T cells into RAG-/- hosts shows no intrinsic differences between PKCd WT 
and PKCd KO T cells 
T cells were isolated from spleens and transferred via i.v. injection into RAG-/- hosts 1 day before 
injection with B16-SIY. Tumor growth is tracked in mice that received no transfer of T cells (black), 
PKCd WT T cells (blue), or PKCd KO T cells (red). 
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cells. To investigate this possibility, we first examined DC functionality in vitro by comparing 

the ability of DCs to stimulate the proliferation of 2C TCR transgenic (tg) T cells in response to 

cognate SIY SIINFEKL peptide. We found that both PKCd WT and PKCd KO DCs were able to 

present SIY peptide and induce 2C proliferation to similar extents (Figure 3.14A, Figure 3.14B). 

DC functionality was further probed using a cross-priming assay with irradiated B16-SIY as the 

source of antigen, as free peptide can bypass the cross-presentation pathway 115. In fact, DCs 

from Prkcd+/+ and Prkcd-/- animals were able to process and present antigen from dying B16-SIY 

cells and stimulate 2C proliferation at similar levels, indicating that PKCd KO DCs were not 

intrinsically more efficient at priming (Figure 3.14C, Figure 3.14D). 

To evaluate the potential for augmented cross-priming in vivo, the number of tumor 

antigen-specific CD8+ T cells in tumor-bearing mice was assessed using SIY-Kb pentamer 

staining. At day 10 following tumor implantation, the numbers of SIY-specific CD8+ T cells was 

comparable in the spleens of Prkcd+/+ and Prkcd-/- BM-engrafted mice (Figure 3.15A, Figure 

3.15B).  For a more functional assessment, we collected splenocytes from tumor-bearing 

engrafted mice and performed an IFN-g ELISPOT assay which measures the extent of cytokine 

production after antigen-specific stimulation with the SIY peptide in vitro. In fact, a comparable 

number of IFN-g spots was observed among splenocytes obtained from Prkcd+/+ and Prkcd-/- 

BM-engrafted mice. In addition, there was no difference in the amount of IFN-g produced per 

cell as measured by mean spot size (Figure 3.15C, Figure 3.15D). We conclude that endogenous 

CD8+ T cell priming in response to antigen-expressing tumor is not augmented in PKCd KO 

hosts. 
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Figure 3.14: in vitro priming assays reveal no intrinsic differences between PKCd WT and KO 
dendritic cells 
(A) Representative histogram plot showing 2C cells identified by flow cytometry that have proliferated 
after stimulation with 0.8 nM SIY. Gating indicates what dilutions were considered proliferated. (B) Total 
proliferation of 2C CD8 T cells as measured by CFSE dilution WT (blue, N=4) KO (red, N=4). (C) 
Representative histogram plot showing 2C cells identified by flow cytometry that have proliferated after 
stimulation with 0.8 nM SIY. Gating indicates what dilutions were considered proliferated. (D) Total 
proliferation of CD8 T cells as measured by cell trace violet dilution (blue, N=2) KO (red, N=2). 
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Figure 3.15: No increase in antigen-specific T cell populations in vivo after 10 days of tumor growth 
(A) Percentage of splenic CD8+ T cells that stain positively for SIY tetramer by flow cytometry in 
Prkcd+/+ BM engrafted mice (blue), or Prkcd-/- BM engrafted mice (red) when mice are either tumor naïve 
(left) or after 10 days of tumor growth (right). (B) Total number of splenic CD8+ T cells that stain 
positively for SIY tetramer by flow cytometry in Prkcd+/+ BM engrafted mice (blue), or Prkcd-/- BM 
engrafted mice (red) when mice are either tumor naïve (left) or after 10 days of tumor growth (right).  
(C) The number of IFN-g producing splenic cells after 10 days of tumor growth was determined by 
ELISPOT in Prkcd+/+ BM engrafted (blue) and Prkcd-/- BM engrafted mice (red) mice, with tumor naïve 
Prkcd+/+ BM engrafted (purple) serving as a negative control. All groups were stimulated with either PBS 
vehicle (left) or SIY peptide (right). (D) The mean size of spots (10-3 mm2) of IFN-g producing splenic 
cells after 10 days of tumor growth was determined by ELISPOT in Prkcd+/+ BM engrafted (blue) and 
Prkcd-/- BM engrafted mice (red) mice with all groups stimulated by SIY. 
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3.8 PKCd loss leads to increased CD8+ T cell numbers within the tumor 
microenvironment over time 
 
 If T cell-intrinsic biology and endogenous cross-priming of tumor antigen-specific T cells 

were not augmented in the absence of PKCd, then the improved immune-mediated tumor control 

observed was likely occurring at the level of the TME. This stage could operationally be 

separated into early T cell trafficking into the tumor site and expanded numbers of functional T 

cells within the TME over time. Using SIY-Kb pentamer staining, we examined the tumor-

infiltrating lymphocyte (TIL) compartment after 10 days of tumor growth and found that the 

numbers of SIY-specific CD8+ T cells was comparable between Prkcd+/+ and Prkcd-/- BM-

engrafted mice (Figure 3.16A). In addition, bulk populations of CD8+ T cells and FoxP3+ Tregs 

were comparable as measured per gram of tumor mass (Figure 3.16B, Figure 3.16C). These data 

indicate that, after 10 days of tumor growth, there is not improved recruitment of T cells into the 

TME, nor are there reduced numbers of tumor-infiltrating FoxP3+ Tregs which could create a 

less suppressive TME. 

 To evaluate whether improved anti-tumor immunity might be reflected over time at the 

level of the TME, we characterized the immune infiltrate at later time points as the tumors grew, 

focusing on day 35. Indeed, tumors from Prkcd-/- BM-engrafted animals analyzed at day 35 

showed more CD3+ and CD8+ T cells per gram of tumor (Figure 3.17A, Figure 3.17B). This 

phenomenon was specific to the CD8+ T cell compartment, as PKCd KO samples did not have 

significantly increased numbers of FoxP3+ T reg cells or conventional CD4+ T cells per gram of 

tumor (Figure 3.17C, Figure 3.17D). Splenic CD8+ and CD3+ T cell populations remained 

unchanged at this time point indicating the increase in CD8+ T cells was localized to the tumor 

microenvironment (Figure 3.17E, Figure 3.17F). Thus, like patients possessing a hypomorphic 
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allele of the PKCd gene, tumors in PKCd-deficient mice demonstrated greater T cell infiltration 

in the tumor microenvironment over time. 

 

 

Figure 3.16: Recruitment of T cells into the tumor at day 10 is unaltered in PKCd KO mice 
(A) Total number per gram of tumor of CD8+ T cells that stain positively for SIY tetramer by flow 
cytometry in Prkcd+/+ BM engrafted mice (blue), or Prkcd-/- BM engrafted mice (red) after 10 days of 
tumor growth. (B) Total number per gram of tumor of CD8+ T cells identified by flow cytometry in 
Prkcd+/+ BM engrafted mice (blue), or Prkcd-/- BM engrafted mice (red) after 10 days of tumor growth. 
(C) Total number per gram of tumor of FoxP3+ T regulatory cells identified by flow cytometry in 
Prkcd+/+ BM engrafted mice (blue), or Prkcd-/- BM engrafted mice (red) after 10 days of tumor growth. 
 

 

A

Prkcd+/+ BM Prkcd-/- BM
0

5,000

10,000

15,000

Nu
m

be
r o

f c
el

ls 
pe

r g
ra

m
 tu

m
or

Tumor-LQÀOtrating 
SIY+ pentamer+ CD8+�7�FHOOs

B

C

Prkcd+/+ BM Prkcd-/- BM
0

1 105

2 105

3 105

Nu
m

be
r o

f c
el

ls 
pe

r g
ra

m
 tu

m
or

Tumor-LQÀOtrating
CD8+�7�FHOOV�

Prkcd+/+ BM Prkcd-/- BM
0

2 104

4 104

6 104

8 104

1 105

Nu
m

be
r o

f c
el

ls 
pe

r g
ra

m
 tu

m
or

Tumor-LQÀOtrating 
FoxP3+ Tregs



 50 

 

Figure 3.17: Increased numbers of tumor infiltrating T cells after 35 days of tumor growth 
(A) Total number per gram of tumor of CD3+ T cells identified by flow cytometry in Prkcd+/+ BM 
engrafted mice (blue), or Prkcd-/- BM engrafted mice (red) after 35 days of tumor growth. (B) Total 
number per gram of tumor of CD8+ T cells identified by flow cytometry in Prkcd+/+ BM engrafted mice 
(blue), or Prkcd-/- BM engrafted mice (red) after 35 days of tumor growth. (C) Total number per gram of 
tumor of conventional CD4+ T cells identified by flow cytometry in Prkcd+/+ BM engrafted mice (blue), 
or Prkcd-/- BM engrafted mice (red) after 35 days of tumor growth.  (D) Total number per gram of tumor 
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of FoxP3+ T regulatory cells identified by flow cytometry in Prkcd+/+ BM engrafted mice (blue), or 
Prkcd-/- BM engrafted mice (red) after 35 days of tumor growth. (E) Percentages of splenic T cell 
populations per total CD3+ T cell population measured by flow cytometry in Prkcd+/+ BM engrafted mice 
(blue), or Prkcd-/- BM engrafted mice (red) after 35 days of tumor growth. (F) Total number of splenic T 
cell populations measured by flow cytometry in Prkcd+/+ BM engrafted mice (blue), or Prkcd-/- BM 
engrafted mice (red) after 35 days of tumor growth.  
 

3.9 PKCd loss synergizes with anti-PD-L1-based therapy 

With improved spontaneous immune-mediated tumor control and an increased 

accumulation of tumor-infiltrating CD8+ T cells, we hypothesized PKCd KO hosts may 

experience improved efficacy of PD-1/PD-L1 blockade. To this end, Prkcd-/- versus Prkcd+/+ 

BM-engrafted mice were implanted with B16-SIY cells and treated with anti-PD-L1 antibody 3x 

per week beginning on day 26. Indeed, Prkcd-/- BM-engrafted mice showed improved anti-PD-

L1 efficacy compared to Prkcd+/+ BM-engrafted mice (Figure 3.18A), which was accompanied 

by significantly improved overall mouse survival including 2 complete responses (Figure 3.18B). 

Thus, loss of PKCd in the hematopoietic compartment caused a CD8+ T cell-dependent delay in 

tumor outgrowth, which could be further augmented with the addition of anti-PD-L1 antibody 

treatment. 
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Figure 3.18: Anti-PD-L1 treatment synergizes with PKCd loss resulting in delayed growth and 
improved survival  
(A) B16-SIY tumor volume of animals engrafted with Prkcd+/+ BM (blue) and treated with PBS vehicle 
(circle, solid line, N=7), or anti-PD-L1 (triangle, dotted line, N=6) or engrafted with Prkcd-/- BM (red) 
and treated with PBS vehicle (square, solid line, N=7), or anti-PD-L1 (upside down triangle, dotted line, 
N=7). Treatments are indicated with arrows and were administered 3x a week starting 26 days after tumor 
injection. (B) Survival curve of B16-SIY tumor bearing animals engrafted with Prkcd+/+ BM and treated 
with PBS vehicle (blue, N=7), or anti-PD-L1 (black, N=6) or engrafted with Prkcd-/- BM and treated with 
PBS vehicle (red, N=7), or anti-PD-L1 (purple, N=7). Treatments were administered 3x a week starting 
26 days after tumor injection. 
 

3.10 Summary of findings 

 Our present results validate the approach of using germline susceptibility loci to identify 

novel targets involved in tumor immunity and add to recent literature describing associations 

between selected autoimmune-related SNPs and checkpoint blockade efficacy 116–118. Our 

genome-wide approach identified PRKCD as a novel candidate, suggesting that decreased 

expression might lead to augmented anti-tumor immunity. This locus was previously associated 

with familial lupus, falling in line with the expectation that immune regulatory genes would be 

among the top hits in our GWA scan. Using BM chimeras, we showed that hematopoietic PKCd 

loss improves anti-tumor immunity in a CD8+ T cell-dependent manner. Immunophenotyping of 

tumor-bearing animals revealed no differences in the initial priming steps or in early recruitment 
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of CD8+ T cells into the TME, and we found that PKCd loss did not intrinsically alter T cell 

functionality. In line with our GWA study results, we found that at the endpoint of tumor growth 

Prkcd-/- BM-engrafted animals had significantly more CD8+ T cells compared to WT 

counterparts at later time points, arguing for a regulatory role for PKCd within the established 

TME. We then took advantage of the improved CD8+ T cells response by treating tumors with 

anti-PD-L1 therapy and found that hematopoietic PKCd loss synergized with anti-PD-L1 

providing greater therapeutic benefit than either alone. These data imply that PKCd negatively 

influences T cell immunity in a way that is complementary to PD-1 blockade. 
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Chapter 4: Loss of PKCd shifts tumor-associated 
macrophages towards an inflammatory phenotype, resulting 
improved anti-tumor immunity and response to checkpoint 

 

4.1 Single cell RNA sequencing allows for an unbiased investigation of tumor 
resident CD45+ cells in PKCd WT and KO bone-marrow engrafted animals. 
 

To investigate the mechanism underlying the improvement in anti-tumor immunity at the 

level of the tumor microenvironment, we took the approach of single cell RNA sequencing 

(scRNAseq).  Tumor-infiltrating live dsRed- CD45+ cells were isolated by flow cytometry after 

26 days of tumor growth, which is the time frame in which the Prkcd+/+ and Prkcd-/- BM-

engrafted mouse tumor growth curves just began to separate. Excluding dsRed+ cells eliminated 

contaminating tumor cells. After sequencing, samples were demultiplexed and aligned using the 

Cell Ranger analysis pipeline. Low quality cells, suspected to be dead or dying cells, with high 

mitochondrial gene expression (5%) and/or low read counts (500) were removed from the dataset 

as part of standard quality control processing, while cells having between 50 and 3000 RNA 

features were kept. Utilizing the Seurat package sequencing data was analyzed, and the 

subsequent uniform manifold approximation and projection (UMAP) dimensional reduction 

revealed a total of 24 uniquely identifiable clusters (Figure 4.1). Populations clustered into major 

groups, with myeloid lineage populations and lymphoid lineage populations separated across 

UMAP dimension 1 as expected. The genes used for functional annotation of unknown clusters 

are listed below (Figure 4.2). Lymphoid lineage populations comprise B cells (cluster 4, 22, 23, 

expressing CD79), T cells (clusters 0, 8, 9,11, 12, 15, 16, expressing CD3) with multiple CD8 

and CD4 populations, as well as NK cells (clusters 2, 14, expressing NK1.1). Myeloid clusters 

were identified by expression of CD11b and/or MHC-II, as certain DC subsets do not express  
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Figure 4.1: Unlabeled UMAP reduction of tumor infiltrating CD45+ cells 
Based on unsupervised clustering of scRNAseq data and a resolution of 0.6.  
 

CD11b but are still myeloid lineage cells. Of non-dendritic cell populations, we identified a 

cluster of cells likely representing the spectrum of monocyte to macrophage cells with strong 

expression of F4-80 (clusters 1, 3, 5, 10, 13). A neutrophil population was identified by 

expression of S100A9 (cluster 7), while a small population of cells highly expressing IL-4 were  

UMAP Projection

1

2

13

05

6

11

12

8

10

14

3

9

21

4

18

22
7

19

15

17

16

20

23

ï��

ï�

0

5

10

ï�� ï� 0 5 10
UMAP_1

U
M
AP

_2

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23



 56 

 

Figure 4.2: Genes used in functional annotation of unknown clusters 
Log transformed, normalized gene expression of indicated transcripts expressed as dot plots and used for 
functionally annotating the clusters. 
 

identified as mast cells (cluster 21). For the dendritic cell clusters, we identified plasmacytoid 

DCs (cluster 18, marker siglech), classical DC1s expressing XCR1 (cluster 17), classical DC2s 

expressing CD11b, Clec10a, and Cd209a (cluster 6), and a population of CCR7-expressing DCs 

which is required for DC trafficking to the lymph nodes. Each population labeled above was then 
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further characterized by determining a uniquely expressed “cluster-defining gene” (Table S1). 

For example, cluster 10 was classified as macrophages by CD11b and F4-80 expression and had 

uniquely high expression of C1qa (Figure 4.3). Samples were then split by genotype, but we 

detected no gross changes to the relative size of any labeled cell group indicating that at this time 

point there were likely no large population shifts in any immune compartment (Figure 4.4).  

 

Figure 4.3: C1qa is the defining gene for cluster 10  
Log transformed, normalized gene expression of C1qa transcript displayed as a violin plot (left) or dot 
plot overlay (right) across all populations. 
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Figure 4.4: Labeled UMAP reduction split by genotype show no shifts in populations  
 

4.2 Differentially expressed genes are primarily found in the myeloid compartments 

To narrow down which cells may be directly affected by PKCd deficiency, Prkcd 

expression itself was probed in the WT samples. High Prkcd expression was mainly identified in 

the various myeloid cell subsets, with the highest expression found in the subsets belonging to 

the monocyte/macrophage spectrum (Figure 4.5). There was also lower, but detectable 

expression found in the neutrophil compartment and the mast cell compartment, with very little 

expression detected in any of the lymphoid clusters. This expression pattern generally agrees 

with previously published datasets found in the Immunological Genome Project database 119.  
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Figure 4.5: Prkcd expression is highest in myeloid populations 
PKCd expression data in Prkcd+/+ BM engrafted samples across all uniquely identified cell populations.  
 

Differentially expressed genes (DEGs) between WT and PKCd KO samples with a false 

discovery rate (fdr) < 0.05 and a log fold-change (fc) magnitude > 0.25 were then identified 

across all populations. In total 1286 DEGs were detected across all cell populations with 2 

clusters identified by macrophage and neutrophil lineage markers comprising of over 50% of all 

DEGs detected (Figure 4.6). No other cell population had more than 75 total DEGs (5.8%). 

Because Prkcd expression was expressed higher in macrophages at baseline compared to S100a9 

neutrophils, and given their defined role in anti-tumor immunity, the macrophage subsets were 

focused upon for further analysis. 
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Figure 4.6: Donut plot reveals over 50% of all DEGs found in C1qa+ myeloid population and 
S100a9+ neutrophil population 
Number of differentially expressed genes between Prkcd+/+ BM engrafted and Prkcd-/- BM engrafted 
populations within each cell population shown in a donut plot. Exact number of differentially expressed 
genes for each population is in legend. 
 

4.3 DEGs in the macrophage cluster correlate with M1-like and M2-like states 

 To interrogate the C1qa+ DEG list in an unbiased way, gene set enrichment analysis 

(GSEA) of the C1qa+ macrophage cluster was performed and revealed an enrichments of M1-

type inflammatory pathways in the PKCd KO context (Figure 4.7A) (Table S2, Table S3). One 

particular pathway (GSE35825) involving genes expressed after IFN-g stimulation, was of 

particular interest as macrophages treated with IFN-g are known to strongly polarize to an M1-

like phenotype (Figure 4.7B) 120,121. Further examination of the top immune-related differentially 

expressed genes revealed upregulation of CD14 (which is a coreceptor for multiple TLRs), and 

IL-1b  (Figure 4.8) 122. In contrast, multiple M2-related genes were expressed at higher levels in 

the WT context, including Trem2, C1qc, and CD72 (Figure 4.8) 123–125. Taken together, these 

results suggest that genetic loss of PKCd leads to a shift in the TAM expression profile from an 

immunosuppressive M2-like phenotype to a pro-inflammatory M1-like phenotype. 
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Figure 4.7: GSEA of the C1qa+ macrophage cluster revealed an enrichment of IFN-g induced genes 
in PKCd KO samples 
(A) Table of GSEA results showing the top 10 macrophage related pathways along with the Benjamini-
Hochberg adjusted p-value (padj), enrichment score (ES), and normalized enrichment score (NES). Red 
text highlights pathway of interest. (B) Gene set enrichment analysis of differentially expressed genes 
identified in the C1qa+ myeloid cluster via scRNAseq with genes ranked from highest expression in 
PKCd WT samples (left) to highest expression in PKCd KO samples (right). Adjusted p value calculated 
using the fgsea R package. 
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Figure 4.8: Heatmap of top DEGs in the C1qa+ myeloid population reveals enrichment of M1-type 
genes in KO samples and M2-type genes in WT samples 
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Heatmap of log normalized expression of the top immune related differentially expressed genes in the 
C1qa+ myeloid cluster. Red gene names highlight genes of particular interest. Each row represents a 
technical replicate. 
 

4.4 Conditional KO mouse model with hematopoietic PKCd loss confirms top 
scRNAseq hits 
 
 To further investigate the functional role of host PKCd, and to identify cell lineages in 

which PKCd loss had functional impact, we generated a conditional KO (cKO) mouse model 

enabling targeted deletion of the PKCd gene. Exons 7-9 were flanked by LoxP sites in C57BL/6 

ES cells, which were used to generate genetically engineered mice (Figure 4.9). Prkcdfl/fl mice 

  

 

Figure 4.9: Overview of the targeting strategy employed for creation of the Prkcd conditional 
knockout mice 
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were first intercrossed with Vav1-iCre transgenic (tg) mice, to generate mice lacking Prkcd 

expression in all hematopoietic cells. When B16-SIY tumors were implanted, tumor growth was 

slower in Prkcdfl/fl / Vav1-iCre+ mice compared to Cre- controls (Figure 4.10A, Figure 4.10B), 

confirming our previous results using the BM chimera model. 

 

 

Figure 4.10: Prkcd cKO mice crossed to a hematopoietic Cre phenocopy tumor delay observed in 
PKCd KO engrafted mice 
(A) B16-SIY tumor volume in Prkcdfl/fl Vav1-iCre- (blue, N=6) or Prkcdfl/fl Vav1-iCre+ animals (red, 
N=6). (B) Survival curve of B16-SIY tumor bearing Prkcdfl/fl Vav1-iCre- animals (blue, N=6), or Prkcdfl/fl 
Vav1-iCre+ animals (red, N=6).  
 

We then examined the inflammatory profile of tumor-infiltrating macrophages, first 

probing for representative M1 and M2 genes via RT-qPCR in TAMs isolated from Prkcdfl/fl / 

Vav1-iCre + and Prkcdfl/fl / Vav1-iCre - endpoint tumors. We found that the characteristic M2 

gene Trem2 was more highly expressed in macrophages isolated from tumors in Cre- mice, and 

that the characteristic M1 genes Il1b and Tnf were more highly expressed in macrophages from 

tumors in Cre+ mice (Figure 4.11) 120. As a parallel approach, we evaluated surface expression of  

CD14 and CD72, as these markers were top scRNAseq hits and have respectively been used to 

characterize M1 versus M2 differentiation states 123,126. In agreement with the RT-qPCR data, we  
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Figure 4.11: qPCR of sorted TAMs confirms shift in M1 and M2 associated genes 
RT-qPCR measuring expression of Trem2, Il1b, and Tnf  (left to right) relative to Gapdh in tumor 
associated macrophages (TAMs) sorted from Prkcdfl/fl Vav1-iCre- tumors (blue) or Prkcdfl/fl Vav1-iCre+ 
tumors (red) at day 24 endpoint. 
 

found that Cre+ animals had a higher percentage of TAMs expressing CD14, as well as the 

known activation markers CD69 and CD86, while Cre- TAMs had a higher percentage of CD72-

expressing TAMs, further validating our scRNAseq results (Figure 4.12) 61,127. We confirmed 

these data by crossing Vav1-iCre mice to a second independently derived PKCd cKO mouse line 

  

 

Figure 4.12: Surface expression of M1 and M2 related markers is shifted in PKCd KO TAMs 
Percentages of TAMs expressing CD14, CD72, CD69, and CD86 markers as measured by flow cytometry 
from Prkcdfl/fl Vav1-iCre- mice (blue) or Prkcdfl/fl Vav1-iCre+ mice (red) at day 24 endpoint. CD14:CD72 
ratio was determined by taking the % of CD14+ macrophages divided by the % of CD72+ macrophages. 
 

iCre- iCre+0.00

0.01

0.02

0.03

0.04

Prkcd Á�Á Vav1

Re
la

tiv
e 

to
 

G
ap

dh
 e

xp
re

ss
io

n
Trem2

**

iCre- iCre+0.0

0.1

0.2

0.3

0.4

0.5

Prkcd Á�Á Vav1
Re

la
tiv

e 
to

 
G

ap
dh

 e
xp

re
ss

io
n

Il1b

*

iCre- iCre+
0.00

0.02

0.04

0.06

0.08

Prkcd Á�Á Vav1

Re
la

tiv
e 

to
 

G
ap

dh
 e

xp
re

ss
io

n

Tnf

*

iCre- iCre+
0

20

40

60

80

PrkcdÁ�Á Vav1

Pe
rc

en
ta

ge
 o

f T
AM

s

CD14

**

iCre- iCre+
0

20

40

60

80
CD72

PrkcdÁ�Á Vav1

Pe
rc

en
ta

ge
 o

f T
AM

s

*

iCre- iCre+
0

1

2

3
CD14:CD72

PrkcdÁ�Á Vav1

C
D

14
 / 

C
D

72
 ra

tio **

iCre- iCre+
0

20

40

60

80

100
CD69

PrkcdÁ�Á Vav1

Pe
rc

en
ta

ge
 o

f T
AM

s

**

iCre- iCre+
0

20

40

60

80
CD86

PrkcdÁ�Á Vav1

Pe
rc

en
ta

ge
 o

f T
AM

s **



 66 

and saw similar results, both in terms of the tumor growth phenotype and TAM marker 

expression (Figure 4.13A, Figure 4.13B). Together, these data confirm that the genetic loss of 

PKCd in hematopoietic cells leads to improved immune-mediated tumor growth control and is 

associated with a shift in macrophages from an M2-like to an M1-like phenotype within the 

tumor microenvironment. 

 

 

Figure 4.13: Alterative cKO strain “2C1” exhibits an identical phenotype to main “2B4” strain 
(A) B16-SIY tumor volume in the alterative Prkcdfl/fl clone “2C1” expressing either Vav1-iCre- (blue, 
N=8) or Vav1-iCre+ (red, N=6). (B) Percentages of TAMs expressing CD14, CD72, CD69, and CD86 
markers as measured by flow cytometry in alterative Prkcdfl/fl clone “2C1” expressing either Vav1-
iCre- (blue) or Vav1-iCre+ mice (red) at day 24 endpoint. CD14:CD72 ratio was determined by taking the 
% of CD14+ macrophages divided by the % of CD72+ macrophages. 
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4.5 PKCd loss in the LysM compartment is sufficient to confer tumor growth delay 
phenotype 
 

To evaluate loss of PKCd exclusively in the macrophage lineage, we crossed Prkcdfl/fl 

mice to LysM-Cre tg mice. We found that growth of B16-SIY tumors was significantly delayed 

in Prkcdfl/fl / LysM-Cre+ mice when compared to Cre- littermate controls, phenocopying the 

results in the Vav1-Cre tg system (Figure 4.14). Similarly, we found that TAM surface marker  

 

 

Figure 4.14: Loss of PKCd in macrophage compartment is sufficient to confer tumor growth delay 
phenotype 
B16-SIY tumor volume in Prkcdfl/fl LysM-Cre- (blue, N=12) or Prkcdfl/fl LysM-Cre+ animals (red, N=11). 
 

expression matched expression patterns observed in Vav1-Cre Tg system, with M1-associated 

genes CD14, CD69, and CD86 increased in Cre+ animals, while the M2-associated gene CD72 

was increased in Cre- animals (Figure 4.15). We then investigated whether PKCd loss selectively 

in myeloid cells could synergize with PD-1/PD-L1 blockade, similar to the results seen with 

complete hematopoetic loss of PKCd. Indeed, we found a significant additional therapeutic 

benefit of anti-PD-L1 therapy when administered to Prkcdfl/fl / LysM-Cre+ mice compared to 

control mice (Figure 4.16A, Figure 4.16B). When LysM-Cre Tg mice were crossed to our second  
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Figure 4.15: Loss of PKCd in macrophage compartment is sufficient to confer shift in surface 
expression of M1 and M2 related genes 
Percentages of TAMs expressing CD14, CD72, CD69, and CD86 markers as measured by flow cytometry 
from Prkcdfl/fl LysM-Cre- mice (blue) or Prkcdfl/fl LysM-Cre+ mice (red) at day 24 endpoint. CD14:CD72 
ratio was determined by taking the % of CD14+ macrophages divided by the % of CD72+ macrophages. 
 

 

Figure 4.16: Loss of PKCd exclusively in macrophages is sufficient to synergize with anti-PD-L1 
therapy 
(A) B16-SIY tumor volume in Prkcdfl/fl LysM-Cre- (blue) animals treated with PBS (circle, solid line, 
N=10), or anti-PD-L1 (triangle dotted, dotted line, N=11), or Prkcdfl/fl LysM-Cre+ (red) animals treated 
with PBS (square, solid line, N=8), or anti-PD-L1 (upside down triangle, dotted line, N=9). Treatments 
are indicated with arrows and were administered 3x a week starting 7 days post tumor injection and 
ending after 5 doses. (B) Survival curve of B16-SIY tumor bearing Prkcdfl/fl LysM-Cre- animals treated 
with PBS (blue, N=12), or anti-PD-L1 (black, N=11), or Prkcdfl/fl LysM-Cre+ animals treated with PBS 
(red, N=11), or anti-PD-L1 (purple, N=11). Treatments were administered 3x a week starting 7 days post 
tumor injection and ending after 5 doses.  
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cKO founder line, similar synergistic results with anti-PD-L1 therapy were observed (Figure 

4.17). From these data we conclude that loss of PKCd exclusively in the myeloid compartment is 

sufficient to delay tumor growth, shift TAM gene expression, and synergize with anti-PD-L1 

therapy. 

 

 

Figure 4.17: Alterative cKO strain “2C1” also exhibits anti-PD-L1 synergy with PKCd loss in 
macrophages 
B16-SIY tumor volume in alterative Prkcdfl/fl clone “2C1” expressing either LysM-Cre- (blue) treated 
with PBS (solid line, N=13), or anti-PD-L1 (dotted line, N=14), or Prkcdfl/fl LysM-Cre+ (red) animals 
treated with PBS (solid line, N=11), or anti-PD-L1 (dotted line, N=11). Treatments are indicated with 
arrows and were administered 3x a week starting 7 days post tumor injection and ending after 5 doses.  
 

4.6 eQTLs for PRKCD correlate with shifts in M1/M2 gene expression patterns 

As our mouse model data indicated that loss of host PKCd loss predominantly altered the 

M1/M2 phenotypic ratio in the TAM compartment, we hypothesized that eQTLs reducing 

PRKCD expression should have predictable effects on TAM gene expression in patients, similar 

to the effects these eQTLs have on T cell-associated genes. To this end, we utilized a previously 

validated list of M1 and M2 genes to create an M1 and an M2 signature score for each patient 

sample 108, then converted this into an M1/M2 ratio score (Table S4). Interestingly, we found that 
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all 3 germline eQTLs with minor alleles that correlated with decreased PRKCD expression, also 

correlated with a higher M1/M2 gene expression ratio score (Figure 4.18A, Figure 4.18B, Figure 

4.18C). Thus, patients with the minor alleles of SNPs rs1483185, rs1483186, or rs750170 have 

diminished PRKCD expression which is associated with increased T cell-associated transcripts 

and an elevated M1/M2 ratio score in their tumors. 

 

 

Figure 4.18: SNP alleles correlate with an M1/M2 gene signature score 
(A) Violin plot of patient M1/M2 gene signature scores from a TCGA skin cutaneous melanoma (SKCM) 
dataset, separated by homozygous minor, heterozygous, or homozygous major alleles at the rs1483185 
SNP. (B) Violin plot of patient M1/M2 gene signature scores from a TCGA skin cutaneous melanoma 
(SKCM) dataset separated by homozygous minor, heterozygous, or homozygous major alleles at the SNP 
rs1483186. (C) Violin plot of patient M1/M2 gene signature scores from a TCGA skin cutaneous 
melanoma (SKCM) dataset separated by homozygous minor, heterozygous, or homozygous major alleles 
at the SNP rs750170. Scores for (A-C) were compared between each group by ordinary one-way ANOVA 
and Tukey’s multiple comparisons test. 
 

4.7 A PKCd KO-like gene signature correlates with patient response to 
immunotherapy 
 

A lower M1/M2 ratio score has been reported to correspond with a “non-brisk” tumor 

with very little immune infiltrate 128. As PKCd loss appears to alter this ratio, and since immune 

infiltration in melanoma correlates strongly with patient response to anti-PD-1 therapy, we 

investigated whether a baseline PKCd KO-related gene signature might similarly predict clinical 

outcome. To this end, we created a gene signature using the C1qa+ macrophage cluster DEGs 
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that were increased in PKCd KO mouse samples and identified a human ortholog gene score 

(Table S5). This PKCd KO-like gene score was then applied to a cohort of 60 metastatic 

melanoma patients treated with anti-PD-1-based immunotherapy, from whom baseline tumor 

bulk RNAseq data was available. When patients were analyzed with respect to clinical benefit, 

we found that the group exhibiting disease control had a significantly higher PKCd KO-like gene 

signature score compared to patients with progressive disease (Figure 4.19). Together, these 

results suggest that patients with tumors exhibiting a gene expression profile comparable to that 

caused by PKCd-deficiency in myeloid cells are predicted to have an improved response to anti-

PD-1 based immunotherapy. 

 

 

Figure 4.19: PKCd KO-like gene signature predicts patient response to anti-PD-1 based 
immunotherapy 
Violin plot of patient PKCd KO-like gene signature scores calculated from bulk RNAseq samples 
collected before anti-PD-L1 based therapy. Patients were then split by progression (progressive disease) 
or disease control (stable disease, partial response, complete response) and significance calculated by 
Student’s T-test. 
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4.8 Summary of findings 

Our results identified an altered phenotype of tumor-associated macrophages as being a 

major driver of improved anti-tumor immunity in a PKCd-deficient setting. Utilizing single cell 

RNA sequencing, we identified that PRKCD is most highly expressed in macrophages and 

monocytes, and over half of all differentially expressed genes between PKCd WT and PKCd KO 

samples came from neutrophils and macrophages. Investigation of these DEGs using GSEA 

revealed primarily a shift in expression from anti-inflammatory M2-like genes to pro-

inflammatory M1-like genes. To investigate and validate the idea that PKCd loss increases the 

M1:M2 phenotypic ratio, a PKCd conditional KO mouse model crossed to a hematopoietic Cre 

was used. These results confirmed that TAMs isolated from PKCd KO conditions consistently 

had higher expression of M1-associated genes, while WT TAMs had higher M2-associated gene 

expression. Expanding on this, crossing Prkcdfl/fl to LysM-Cre Tg mice revealed that loss of 

PKCd in the macrophage compartment was sufficient to convey the tumor growth delay 

phenotype, the M2 to M1 shift in TAM surface markers, and improved response to anti-PD-L1 

blockade. Translating back to human melanoma patients, the germline SNPs originally identified 

in chapter 3 that correlated with increased T cell gene expression and decreased PRKCD, also 

correlated with an increased M1/M2 gene expression signature. Encouragingly, we determined 

that patients with expression patterns mimicking the gene expression profile (GEP) observed in 

PKCd KO macrophages preferentially respond to anti-PD-1-based therapies. These data 

highlight the clinical relevance for PKCd status and raise the notion that development of 

pharmacologic inhibitors of PKCd might have therapeutic potential through shifting an M2-like 

TAM phenotype towards an M1-like phenotype.  
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Chapter 5: Discussion 
 

5.1 Genome-wide association studies and the promise of novel target discovery 

The degree of endogenous immune cell infiltration in solid tumors can be predictive of response 

to PD-1/PD-L1 blockade yet is dramatically variable between individual patients. The underlying 

mechanisms determining the degree of a T cell-inflamed versus non-T cell-inflamed tumor 

microenvironment are not fully understood, although investigations have shown significant 

contributions from tumor cell-intrinsic oncogenic events and from the composition of the gut 

microbiota. Similar to their influence on the severity of autoimmunity, we theorized that 

germline genetic determinants located in immune regulatory genes may influence tumor 

inflammation. Proof of concept studies have been done to partially validate this idea, with 

multiple groups correlating small numbers of SNPs that either have known associations with 

autoimmune disorders, or have a well characterized association with T cells, with patient 

outcome data. 116–118. While successful, these types of candidate gene association studies have 

well documented issues with reproducibility, selection bias, and false positives 129. A larger issue 

lies with the use of SNPs known to be immune regulatory eQTLs, as this methodology only 

serves to confirm previously known targets or explores potential biomarkers for the preselection 

of patient populations, but precludes any ability to identify novel targets. Overcoming these 

criticisms requires unbiased screening methods that examine the entire genome at once. 

 

Constraints and limitations of genome-wide association studies 

Most genome-wide association (GWA) studies typically have patient sample numbers in 

the low thousands, and it is well accepted that larger the patient pool, the more sensitive the scan 

will be 130. Even in studies with large patient pools, oftentimes genuine susceptibility loci will 
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not rank highly in a singular study and rather are found to be moderately significant across 

multiple studies, leading to the observation that combining different datasets can substantially 

increase the power of a GWA study 131. Indeed, we suspect that size is a major factor 

constraining our own GWA study as the original dataset only contained 258 patients and this 

lack of power likely explains why we only identified a single SNP above the genome level of 

significance. Despite this, our results validate the theory of identifying genetic loci responsible 

for anti-tumor immunity through unbiased genome-wide means, and a theoretical future study 

performed on a larger number of melanoma patients would likely yield many additional novel 

targets beyond what we have shown here. 

 

Moving beyond melanoma and T cell-inflamed gene signatures 

Additionally, we see no reason why this methodology should be isolated to SKCM 

datasets and postulate that the framework of our study is adaptable to address multiple questions 

facing tumor immunity. Specifically for questions addressed by the T cell-based gene signature 

score, cancers that have a large range of patient tumors spanning from T cell-inflamed to non-

inflamed such as Lung, Bladder, and Kidney clear cell (among others), are excellent candidates 

for similar studies 9. On the other hand, predominantly non-inflamed tumors such as 

Paraganglioma and Prostate are likely poor candidates for this approach. Furthermore, one could 

imagine complementary approaches involving alternatively developed gene signature scores. For 

example, if a tumor type is suspected be heavily reliant on the presence of Tregs for resistance to 

PD-1-based immunotherapies, a Treg gene signature score used as the quantitative phenotype in 

a GWA study could reveal novel control mechanisms. In fact, one could imagine creation of 

such scores based on T regs, myeloid cells, innate signaling, and more, as all have shown to 

strongly influence anti-tumor immunity. 
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5.2 Alternative single cell RNA sequencing hits 

Many C1qa differentially expressed genes have known roles in altering cytotoxic lymphocyte 

function 

In chapter 4.2 the C1qa+ macrophage population was chosen for further study as it had 

the second highest number of DEGs, very high expression of PRKCD, and because macrophages 

have well known positive and negative effects on tumor immunity. Indeed, the GSEA suggested 

that inflammatory M1-like genes were enriched in PKCd KO DEGs, and a deeper examination 

of the PKCd KO DEG list revealed many genes that are known to directly improve CTL function 

in the TME, providing a potential mechanistic basis for the tumor delay phenotype. For example, 

cytokines IL-1b and CCRL2 have been reported to directly improve CD8+ T cell anti-tumor 

immunity by increasing IFN-g and Granzyme B production, leading to an overall improvement 

in cytolytic activity 132,133. Meanwhile, CD86 and CD83 are costimulatory receptors which 

enhance CD8+ TCR signaling, preventing anergy and were both had increased expression in 

PKCd KO samples. It is important to note that increased expression of Il-1b and CD86 were 

confirmed in TAM sorted from Prkcdfl/fl/Vav1-iCre+ mice. Moving beyond our DEG list, if a 

shift towards a M1-like program is indeed occurring, we would expect other classical M1 genes 

to also be increased. Concordantly, other genes that normally accompany an M1-like 

inflammatory response like TNFa and CD80 were also confirmed to have increased expression 

in TAMs found in Prkcdfl/fl/Vav1-iCre+ mice. The combination of confirmed DEG hits, along 

with classical inflammatory genes, strengthen the hypothesis that PKCd KO TAMs undergo a 

shift towards a M1-like program and positively influence CD8+ T cell immunity. 

Examining the other side of the DEG list, many genes increased in PKCd WT samples 

(or down in PKCd KO) are associated with promoting T cell dysfunction. One such hit was 
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Trem2, which has been shown to directly induce suppression and anergy on tumor-infiltrating 

CD8+ T cells. Impressively, treatment with anti-Trem2 blocking antibodies was sufficient to 

reverse these effects on CTL functionality and simultaneously promote response to anti-PD-L1 

therapy 123,134. Other hits increased in WT samples were CD47 and Sirpa, which are important 

receptors for “don’t eat me signals” and loss of these receptors leads to increased phagocytosis of 

tumor cells, as well as improved CD8+ T cell functionality 135,136. In all cited cases, these studies 

observed that loss of these markers leads to improved tumor immunity, and all markers are 

consistently lower in PKCd KO samples. While our studies testing T cell functionality strongly 

imply that T cells themselves are not intrinsically altered with PKCd loss, this does not rule out 

the possibility that while within the PKCd KO TME, CD8+ T cells have improved functionality 

compared to counterpart CD8+ T cells in PKCd WT TMEs. As such, further investigation into 

the functionality and phenotypes of tumor-infiltrating CD8+ T cells could be fruitful but must be 

done within the context of the tumor microenvironment. 

 

Neutrophil PKCd KO DEGs point towards a less suppressive phenotype 

Despite the success with the C1qa+ macrophage population, the sheer number of DEGs 

found within the S100a9 neutrophil population warrants further investigation. It was reasoned 

that due to the relatively low Prkcd expression detected in neutrophils, it was less likely these 

DEGs were due to intrinsic differences caused by PKCd loss. To investigate this, crossing PKCd 

cKO to Mrp8-Cre mice would cause loss of PKCd exclusively in the neutrophil compartment, 

thus determining any intrinsic contributions neutrophils may have to anti-tumor immunity. Even 

if no intrinsic effects are seen in these mice, this doesn’t rule out a functional role for neutrophils 

in PKCd KO tumors. Due to neutrophil plasticity, a shift in the cytokine milieu produced by 
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other cells within the TME could induce the large change in neutrophil gene expression, and 

these gene changes could have a functional effect contributing to improved CD8+ T cell 

immunity. 

Regardless of whether the effect is intrinsic, examining the neutrophil DEG list can shed 

light on the potential effects that the PKCd KO TME has on the neutrophil compartment. 

Utilizing GSEA of the neutrophil DEG list revealed that PKCd KO DEGs were enriched for 

genes associated with naïve-like phenotypes, while WT DEGs were enriched for genes 

associated with MDSC-like phenotypes (data not shown). Aligning with these data, the top 

overall DEG increased in PKCd WT samples was Wfdc17, which was identified as the number 

one gene that differentiates MDSCs from naïve neutrophil counterparts in a recent study that 

used scRNAseq to a find a defining gene signature for MDSCs 137. However, whether Wfdc17 

has any functional role in neutrophils, or is simply marking a more suppressive population is 

completely unknown. Previous investigations of neutrophils in PKCd KO mice have similarly 

shown a potential loss of suppressive activity. While activation of the NF-kB pathway, 

phagolysosomal maturation, autophagy, and intracellular killing of pathogens were all unaffected 

in PKCd KO neutrophils, these cells were found to be deficient in reactive oxygen species (ROS) 

production 138. Any potential defect in ROS production is interesting from a tumor immunity 

standpoint, as MDSCs completely lose their suppressive abilities in vitro after inhibition of ROS 

production 139. There is also clear rational here for checkpoint blockade synergy, as loss of 

neutrophil recruitment via CXCR2 disruption enhances PD-1 efficacy. From this, a working 

model arises where PKCd inhibition causes a loss of ROS-mediated suppression in neutrophils, 

leading to an improved CD8+ CTL response 140. Overall, these data encourage further 

investigation into the neutrophil compartment as a loss of suppressive ability in tumor-infiltrating 
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neutrophils could at least partially contribute to the mechanism of PKCd KO improved anti-

tumor immunity. 

 

FoxP3+ Tregs express homeostatic maintenance genes 

Interestingly the population with the third largest number of DEGs was FoxP3+ Tregs, 

despite no real detectable expression of Prkcd transcript. This was perhaps not completely 

surprising as we consistently detected increased systemic numbers of FoxP3+ Tregs, consistent 

with counter-regulation of heightened endogenous immunity. In concordance with this 

observation, one of the top DEGs in this population with increased expression in PKCd KO 

samples was IL-7R, a gene required for Tregs to maintain homeostasis and proliferate outside of 

the thymus 141. However as there were only 75 total FoxP3+ DEGs compared to 672 DEGs in 

macrophages and neutrophils, we hypothesize any functional impacts on the FoxP3+ Treg 

population within the TME are likely to be incidental and marginal in regards to anti-tumor 

immunity. 

 

5.3 Potential molecular mechanisms for PKCd in myeloid cells 

PKCd literature review reveals conflicting mechanistic roles  

PKCd is unique among other PKC isoforms in that there is a very wide range of 

publications describing distinct, and often contradictory, functional roles including but not 

limited to, apoptosis induction 142–144, proliferation and survival 145–147, immune tolerance 100, 

inflammation 148, transcriptional regulation 149, vasculature arteriosclerosis 104, and insulin 

sensitivity 102,103. This is not meant to be an exhaustive list, but rather illustrate how wide ranging 

the literature is on PKCd. Indeed, even for the most commonly cited functional role for PKCd, 
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apoptosis, there are disagreements on the fundamental molecular mechanisms, such as whether 

caspase-3 cleavage of PKCd controls and induces it’s proapoptotic activity, or if PKCd is 

upstream and regulates caspase signaling instead 142,150. 

Several factors contribute to this lack of clarity in the field. First, all commercially 

available PKCd inhibitors target multiple PKC isoforms and have many off-target effects. This 

includes Rottlerin which has been used for years as a “PKCd specific” inhibitor 151,152. The 

development of PKCd genetic knockout models has provided effective alternatives, however 

groups continue to publish with these unreliable inhibitors. Second, the ligands and downstream 

targets for PKCd are highly cell context specific across different cell types. Even within the same 

cell type, simply altering the location of PKCd can lead to vastly different functions. For 

example, a study found that constitutive PKCd targeted to the cytosol, mitochondria, or nucleus 

resulted in rapid apoptosis, whereas constitutive PKCd targeted to the endoplasmic reticulum had 

a strong pro-survival effect in the very same cell type 153. Finally, the phosphorylation of the 

unique tyrosine phosphorylation (Tyr-p) sites found throughout PKCd cause distinct regulatory 

mechanisms on PKCd’s enzymology and function in ways not found with other PKCs 97,154. This 

level of functional regulation could contribute to the wide variety of recorded functions. There is 

even evidence that PKCd can even be activated by Tyr-p without the need of the DAG cofactor, 

normally required for all “novel” PKC isoforms 155. Taken as a whole, conclusions regarding 

PKCd cannot be made across cell types and stimulatory conditions, and any successful 

mechanistic study of PKCd must take place within the exact cell type of interest and in the 

proper cellular context. 
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PKCd in myeloid cells is tied to inhibition of inflammation 

 When examining the myeloid cell context, PKCd is most often cited as having an anti-

inflammatory function. For example, in a mouse model of tuberculosis, PKCd KO macrophages 

are shown to produce large amounts of inflammatory cytokines which is predictably detrimental 

to the host in the context of tuberculosis infection 156. While the mechanism of inflammatory 

repression remains unclear, there is evidence that PKCd could be working through IFN signaling 

pathways to repress inflammatory cytokine production via direct STAT3 phosphorylation 157. 

Supporting this, bone marrow derived macrophages (BMDMs) created from Prkcd-/- mice had 

active STAT1 signaling despite being treated with the anti-inflammatory cytokine IL-10, and 

these BMDMs experienced a consistent decrease in PKCd protein after sustained treatment with 

IFN-a 158. However, whether the increase in inflammatory markers observed in PKCd KO 

TAMs is directly due to IFN signaling has not been examined. To initially investigate this 

hypothesis beyond the published in vitro work, we can cross our Prkcdfl/fl / LysM-Cre mice with 

Ifnar1fl/fl mice, allowing for the deletion of both PKCd and the IFN receptor exclusively in the 

LysM compartment. If Prkcdfl/fl / Ifnar1fl/fl / LysM-Cre+ mice lose the phenotype of improved 

anti-tumor immunity and delayed growth when compared to Ifnar1fl/fl / LysM-Cre+ controls with 

normal PKCd expression, then IFN signaling is likely required for transmission of inflammatory 

signaling caused by PKCd loss and thus the IFN signaling pathways warrant further 

investigations. 

 Alternatively, PKCd KO macrophages might not need IFN signaling to induce 

inflammatory markers. A recent CRISPR screen revealed that loss of PKCd lead to increased 

expression of the inflammatory marker CD14 in THP-1 monocytic cells without any stimulatory 

factors, arguing that PKCd is involved in a signaling pathway promoting an anti-inflammatory 
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state while actively restricting a pro-inflammatory state 159. In fact, our data partially agrees with 

this as one of the top DEGs for macrophages was CD14, and significantly more PKCd KO 

TAMs expressed CD14 on the surface. Clearly careful, in-depth mechanistic studies are needed 

to clarify the role of PKCd in inflammation and whether IFN signaling is critically involved. 

 

Potential non-inflammatory roles of PKCd in myeloid cells 

Although inflammatory signaling and cytokine production is the most commonly cited 

effect of PKCd loss in myeloid cells, there are studies showing other possible mechanistic roles. 

As stated previously, PKCd is commonly associated with apoptosis in other cells and this holds 

true in myeloid cells as well. Monocytes isolated from the PBMCs of human donors and treated 

with PKCd siRNA revealed reduced apoptosis, although it is mechanistically unclear exactly 

how this occurs 160. Similarly, patients with PKCd null mutations had increased B cell 

proliferation and survival 99. There is also evidence that PKCd loss may improve immune 

function more directly, as shRNA inhibition of PKCd in the RAW macrophage cell line 

significantly enhanced FCgR-mediated phagocytosis 161,162. In totality, these data highlight the 

necessity to examine PKCd not only in the appropriate cell type, but also in the relevant cellular 

context. Therefore, follow up studies examining PKCd in myeloid cells should be done within 

the tumor context as much as possible, as in vitro studies may not be able to replicate the unique 

mix of inflammatory and suppressive characteristics that define the TME. 
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5.4 Therapeutic implications of PKCd inhibition 

Potential mechanisms for M1 influences on CD8+ T cell immunity 

 While shifting TAMs from an M2-state to an M1-state has been an intriguing idea for 

many years, there are no clinically available drugs capable of inducing such a change. Our data 

clearly show a shift in PKCd KO TAMs towards M1-like gene expression, but it is less clear in 

our model how this phenotypic shift results in increased CD8+ T cells at endpoint and improved 

anti-tumor immunity. Recruitment of new CD8+ T cells to the TME could be augmented as there 

is evidence that M2-like TAMs can exclude CD8+ T cells via inhibition of CXCL9, CXCL10, 

and CCL2 cytokines 60,78, while M1-like TAMs may boost CD8+ T cell recruitment directly 

through increased CXCL9 production 163. In addition to measuring cytokine expression in 

isolated TAMs, one could directly test for improved recruitment through an intravenous transfer 

of labeled tumor-antigen specific CD8+ T cells. By examining the tumor-infiltrating lymphocyte 

compartment before proliferation can occur in the transferred cells, you insure that all labeled 

CD8+ T cells identified within the tumor are newly recruited, allowing a direct comparison 

across groups. 

Aside from improved recruitment, there are other mechanisms that can improve CD8+ T 

cell number in the TME. Previously our lab demonstrated that a subset of the CD8+ tumor-

infiltrating lymphocytes (TILs) experience ongoing proliferation while suffering from a high rate 

of apoptosis, and the dynamic between these two processes strongly influences anti-tumor 

immunity 111,164. In theory, if the local TME becomes more permissive for CD8+ T cell survival 

and/or proliferation, this could result in increased CD8+ T cell numbers by the tumor’s endpoint. 

To this point, a recent study involving scRNAseq of non-small cell lung cancer biopsies revealed 

that a small subset of patients had a population of TAMs highly enriched for M1 genes. These 
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patients with M1-like TAM populations also had increased CD8+ T resident memory cells, which 

they hypothesized was due to improved CD8+ T cell survival 163. Indeed, many inflammatory 

cytokines produced in M1-like TAMs such as IL-6 and IL-12 have well known effects on both 

survival and proliferation of CD8+ T cells 63,165–167. 

On the other hand, M2 TAMs can directly inhibit CD8+ T cell survival and proliferation 

through metabolism of L-arginine and production of iNOS, and reductions in these factors can 

positively impact the CD8+ T cell compartment 60,168. Indeed, any direct effects of TAMs on 

CD8+ T cells is likely a combined effect from both the loss of M2 suppressive factors and 

increased M1 inflammatory cytokines. Examination of these factors in TAMs could shed light on 

any connections between the macrophages and CD8+ T cells in the TME. Similarly, careful 

examination of proliferative markers like Ki-67 and apoptotic markers like Caspase-3 in CD8+ 

TIL may prove informative by indicating any shifts in proliferation or apoptosis respectively. 

Importantly, one must remember these mechanisms are not mutually exclusive and it is entirely 

possible improved CD8+ T cell numbers are due to a combination of improved recruitment, 

survival, and proliferation. Regardless, a deeper mechanistic understanding can be informative in 

helping select future therapies to pair with a theoretical therapy based around PKCd inhibition. 

 

Characteristics of an ideal PKCd inhibitor 

PKCd is a ser/ther kinase and thus can be targeted by allosteric inhibitors, although 

currently available inhibitors are not clinical grade and are not specific to PKCd. Thus, we 

hypothesize that there is opportunity for the development of a hyper specific PKCd inhibitor that 

does not impact other PKC isoforms. While chapter 5.3 showcased the wide variety of function 

roles that PKCd is associated with in vitro, there is strong rationale that even global inhibition of 
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PKCd could be relatively well tolerated on a short-term basis because it is reasonable to expect 

that even the best, hyper-specific PKCd inhibitor could never reach the penetrance and complete 

inhibition observed in PRKCDnull humans. These well-studied patients experience moderate 

familial lupus symptoms, and all respond very well to immunomodulatory treatments. Even the 

fastest onset of lupus like symptoms in a PRKCDnull human was 15 months, with most other 

patients experiencing onset sometime later during early childhood 169. While a PKCd inhibitor 

will almost certainly have side effects, such as hyperproliferative B cells, there is strong reason 

to suspect that any side effects should be manageable and reversable based on available human 

data. 

 Of course, these conclusions are made off the assumption of a perfectly “clean” inhibitor 

with no unintended off target effects. Due to the structural similarities across isoforms, it might 

not be possible to develop an inhibitor without at least some partial overlap with the other PKCs. 

In both mouse and human cells, myeloid cells preferentially express PKCd, while all other PKC 

isoforms range from significantly lower expression to no expression at all 119,156. We were able to 

confirm these data with our own scRNAseq results and similarly found that all 9 other PKC 

isoforms had little to no detectable expression in myeloid cells (data not shown). These 

expression patterns are informative as opens the possibility of utilizing a PKCd inhibitor that has 

a minor inhibitory overlap with other isoforms. If these isoforms have little to no expression in 

myeloid cells, the likelihood of off target effects within our intended cell type is much lower. 

 With the widespread expression across cell types of the other PKC isoforms, a “less-

specific” PKCd inhibitor should ideally employ a mechanism of direct targeting to the myeloid 

compartment to mitigate any effects it may have in other cell types and improve the therapeutic 

window. Due to the theoretical potential of myeloid focused therapeutics, there has been much 
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interest in developing methods of targeting drugs to macrophages and myeloid cells in the TME, 

typically using nanoparticle-based delivery methods 170. Methods such as coating nanoparticles 

with mannose sugars or polyethylene glycol (PEG) allows for preferential uptake by cells 

expression the mannose receptor CD206, which is expressed highly on M2-like TAMs 171. These 

studies, along with others targeting folate receptor B which is similarly expressed by M2-like 

TAMs, have allowed for very efficient targeting in preliminary mouse studies and could be 

utilized to specifically target a PKCd inhibitor to the TAM compartment. 

 

Questions remain regarding temporal mechanics surrounding inhibition of PKCd 

A critical point that remains unanswered by our study is whether temporal control matters 

for improved anti-tumor control and checkpoint synergy. Due to the static nature of the genetic 

KO models used, it remains unclear whether PKCd inhibition must be continuous or if a short-

term block is sufficient to permanently shift the TME towards inflammation. Indeed, one could 

imagine a scenario where once macrophage inflammation from PKCd inhibition reaches a 

certain tipping point, the increase in IFN-g produced by the introduction of additional CD8+ T 

cells causes a sustained snowball effect resulting in TAMs remaining in an M1-like state despite 

the return of functional PKCd. Alternatively, it is entirely possible that due to macrophage 

plasticity and the inherently suppressive effects of the TME, once PKCd inhibition is halted there 

is an inevitable shift back towards M2 gene expression eventually causing T cell suppression and 

tumor escape. Discussed in the introduction, M2-like phenotypic TAMs have strong positive 

feedback loops and produce the very same cytokines that originally influence their development 

into the M2-like phenotype. As such, in the likely scenario where PKCd does not cause complete 

conversion of the entire TAM population to an M1-like state, any remaining M2-like TAMs 
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could directly influence the others back towards M2-like phenotype after removal of PKCd 

inhibition. These questions can be answered with the development of an efficient, effective 

inhibitor which can temporally control PKCd expression. Alternatively, there is also the 

possibility of utilizing the Tet-Off doxycycline-inducible gene expression systems to temporally 

control PKCd expression in vivo 172. A mouse with the Tet-Off system would allow for PKCd 

expression to be inhibited upon doxycycline administration. Utilizing these models during tumor 

development would help answer questions regarding temporal mechanics, ultimately helping 

determine how long patients should receive treatment. 

 

Theoretical methods to identify patients most susceptible to PKCd inhibition  

 Identifying patients that will benefit most from PKCd inhibition can improve the 

likelihood of successful clinical trials and minimize any potential negative effects to patients.   

Based on our theoretical model, the patients most likely to respond to and benefit from PKCd 

inhibition will have a T cell-inflamed TME that is dominantly suppressed by strong M2 signaling 

and unable to respond to checkpoint therapies. To identify these patients, development of an 

immunosuppressive gene signature that measures the extent anti-inflammatory M2 TAM 

activation, as well as possible MDSC activity, could be essential. By examining the gene 

expression profiles of patients with a heavy burden of M2 TAMs (as measured by IHC), and who 

fail to initially respond to checkpoint therapies, one could develop a core list of genes that 

strongly correlate to this phenotype before expanding the list in a manner similar to what was 

done with the T cell signature score. Pairing this theoretical suppressive gene score with a T cell-

inflamed gene signature could expand the dimensionality of current patient classification from 

the current binary of T cell inflamed/non-inflamed to theoretically 4 different patient groups. 
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Group one consists of patients with a low suppressive score and a low T cell score. These 

patients are “immune deserts”, with strong cellular exclusion mechanisms and very little immune 

infiltration. As these effects are likely caused by tumor cell intrinsic pathways, these patients 

may benefit best from an examination of their oncogenic pathways. It is doubtful these patients 

would respond at all to PKCd inhibition, as there are no TAMs present and it is unlikely PKCd 

inhibition causes myeloid cells to overcome strong immune exclusion phenotypes or induce 

infiltration of cDC1s. 

The second group are patients with a low suppressive score and a high T cell score. These 

patients already likely respond quite well to checkpoint blockade therapy, with strong T cell 

activity and weak T cell-extrinsic suppressive mechanisms. Any TAMs in these patients are 

likely to already be M1-like, and therefore this patient group is unlikely to further benefit from 

PKCd inhibition. However, it would be very beneficial to further examine any patients in this 

group that fail to respond to checkpoint therapy for alterative suppression mechanisms or novel 

checkpoint markers. Additionally, patients who eventually relapse should be examined again 

using the immunosuppressive gene score, as secondary resistance to checkpoint could be 

occurring through an M2 TAM related immunosuppressive mechanism and thus could 

potentially benefit from subsequent PKCd inhibition during a second round of therapy. 

The third group and perhaps the most difficult to predict, are patients with a high 

suppressive score but a low T cell score. One likely scenario is that these patients suffer from a 

failure of cDC1s to enter the tumor, mature, pick-up antigen, and prime CD8+ T cells in the 

TdLN. As our mouse models of PKCd KO saw no improvements in priming, it is unlikely that 

PKCd inhibition would kickstart cDC1-mediated priming and trigger a CD8+ T cell response. 

However, there is another possible scenario where CD8+ T cells have been primed but are unable 
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to efficiently enter the TME in great numbers. For example, this situation can occur when 

reactive nitrogen species cause posttranslational modifications of T cell recruitment cytokines 

like CCL2, resulting in antigen specific CD8+ T cells failing to enter the TME 173. As mentioned 

earlier in the chapter, it is unclear whether the increase in CD8+ T cells observed in our model is 

due to improved proliferation, recruitment, or both. If PKCd indeed improves CD8+ T cell 

numbers through increased recruitment, then it is possible a select portion of patients in this 

unique scenario could see benefit from a PKCd inhibitor. 

The fourth and final population would be patients with a high immunosuppressive score 

and a high T cell score. These patients are theoretically less likely to respond checkpoint-based 

therapies than patients in group two, as the strong presence of immunosuppressive cells would 

presumably be the dominant form of CTL suppression in some patients. As stated earlier, we 

hypothesize these are the patients that would receive the most benefit from a PKCd inhibitor, 

specifically in combination with checkpoint inhibitors. By alleviating this method of myeloid 

cell-based suppression, patients who previously would not have responded to checkpoint therapy 

likely would now be sensitized to it. 

 

5.5 Summary of future directions 

 Looking forward, we postulate that this is just the first step in mining germline 

sequencing data for novel targets. The fact that a relatively small data set still yielded an 

actionable result that was mechanistically confirmed in mouse models bodes well for future 

GWA studies on larger scales. Our methodology of using a quantitative score to measure 

immunity could also be expanded outside of our T cell signature score, instead utilizing a 

theoretical immunosuppressive score or another custom gene score targeted to the immune 
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phenotype of interest. Inasmuch as therapeutic strategies aiming to decrease M2 phenotype 

macrophages from the tumor microenvironment and promote an M1-like state are highly 

desirable yet still lacking, our results suggest that PKCd may be an attractive therapeutic target in 

this regard. While there is substantial work that needs to be done to uncover the molecular basis 

for PKCd inflammation, we suspect that uncovering the upstream ligands and downstream 

phosphorylation substrates will ultimately be insightful. These unknowns notwithstanding, our 

data supports prioritizing the future development of allosteric inhibitors that preferentially inhibit 

PKCd activity while sparing other important PKC isoforms. 
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