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CHAPTER 1 

 

Background and Research Objectives 

 

1.1. Head and Neck Cancer 

Head and neck cancer is the sixth most common cancer worldwide, with mortality rates as high as 40-

50%1,2. Head and neck squamous cell carcinoma (HNSCC) is a subset of head and neck cancer 

originating from mucosal epithelium in the oral cavity, pharynx and larynx and accounts for 90% of all 

head and neck cancers. Oral cavity and larynx cancers can generally be attributed to tobacco use or 

excessive alcohol consumption, whereas cancers in the oropharynx are typically associated with human 

papillomavirus (HPV)3. Thus, HNSCC can be divided into HPV-positive (HPV+) and HPV-negative 

(HPVï) cancer. Standard treatment for HNSCC can include surgery, chemotherapy, radiotherapy, or a 

combination thereof, however, these treatments have low efficacy and high toxicity leaving HNSCC 

patients with poor prognoses4. In addition to these traditional treatment strategies, advancements have 

been made in the way of targeted therapies for HNSCC, namely the development of anti-epidermal 

growth factor receptor (EGFR) therapies. EGFR is highly expressed in HNSCC patients, and the anti-

EGFR therapy, cetuximab, has shown promising results in these patients although improvements in 

overall survival still remain minimal3. Aside from traditional and EGFR-focused therapies, 

immunotherapy has also become a popular treatment option for . Immune checkpoint inhibitors (ICI) 

against programmed cell death protein 1 (PD-1) and programmed death ligand-1 (PD-L1) have recently 

been approved as first-line therapies for recurrent and metastatic HNSCC5-9. Although checkpoint 

immunotherapy has incredibly improved survival and quality of life among HNSCC patients, overall 

response rates can still be as low as 20%5,10,11. The factors regulating immunotherapy response remain 

poorly understood owing in part to the complex intricacies of the tumor microenvironment (TME).  

 

1.2. The Tumor Microenvironment 
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The tumor microenvironment is a dynamic ecosystem consisting of a wide variety of host cell types 

that can interact with cancer cells and influence tumorigenesis. Composition of the TME varies between 

tumor types but generally includes tumor cells, immune cells, stromal cells, blood vessels and 

extracellular matrix (ECM)12. Initially, cells within the TME were thought to be bystanders of 

tumorigenesis, but we now know these cells play intricate roles in each stage of cancer progression 

including tumor initiation, invasion, intravasation, metastatic dissemination and outgrowth (Fig 1.1)13. 

Understanding the complexity and continuous evolution of the TME will help improve targeted 

therapeutics to enhance cancer treatment. 

 

 

Figure 1.1. Influence of the tumor microenvironment on tumor formation and metastasis. Adapted 

from de Visser and Joyce13. A normal host microenvironment would act to constrain the tumor; 

however, tumors manipulate the cells and factors around them to create a tumor-promoting environment 

and to facilitate increased proliferation, invasion, and intravasation at the primary site. The TME also 

plays a role in metastasis through the formation of the premetastatic niche, regulation of tumor cell 

survival, promotion of extravasation, and controlling metastatic dormancy and outgrowth. Figure made 

with BioRender. 

 

Immune cells are a major component of the TME that can either promote or suppress tumor growth 

depending on the context. As tumors form, a process called immunoediting occurs where the immune 

system can function as both an extrinsic tumor suppressor and a facilitator of tumor outgrowth. 
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Immunoediting consists of three phases: elimination, equilibrium, and escape. During this process, the 

innate and adaptive arms of the immune system act to destroy cancerous cells (elimination), but some 

tumor cells avoid immune destruction and give rise to a non-immunogenic cell population 

(equilibrium). This immune resistant tumor cell population now has the ability to expand and form a 

progressively growing tumor (escape)14.  

During the progression of a tumor, the immune compartment within the TME undergoes profound 

changes that can vary from patient to patient. Typically, tumors foster an immunosuppressive 

environment characterized by a decrease in cytotoxic CD8+ T cells and NK cells and an influx of 

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

(TAMs), and tumor-associated neutrophils (TANs). Additionally, CD4+ T cells and macrophages are 

skewed toward anti-inflammatory phenotypes (Th2 and M2, respectively), and dendritic cells (DCs) 

are pushed towards a state of defective maturation and dysfunction13,15. The type of immune infiltrate 

found within the TME can greatly impact patient outcomes and response to various treatments.     

 

1.3. T Cells in the TME 

CD8+ T cells, also called cytotoxic T lymphocytes (CTLs), are one of the major cell types within the 

TME that can directly eliminate tumor cells, therefore, a higher abundance of CD8+ T cells generally 

corresponds to better prognosis and therapy response12. CTLs recognize tumor-associated antigens and 

target the cells expressing them for killing via perforin and granzyme-mediated apoptosis or activation 

of the apoptotic cascade through Fas-FasL16. CD8+ T cells can exist in different states within the TME 

and often possess a hyporesponsive state known as exhaustion (Fig 1.2). Exhausted T cells are 

characterized by a progressive loss of effector function and sustained expression of inhibitory receptors 

like PD-1, CTLA-4, TIM-3, and LAG-315. Reinvigorating these exhausted T cells has become a popular 

treatment avenue in the clinic as seen by the rise of ICI which target inhibitory receptors on T cells.  
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Figure 1.2. Effect of CD8+ T cell exhaustion on tumor cell killing. Effector CD8+ T cells recognize 

cognate antigen on the tumor cell and produce cytotoxic molecules to kill the cell. Exhausted CD8+ T 

cells have high expression of inhibitory receptors that tumor cells take advantage of to prevent the T 

cells from enacting their cytotoxic function and escape cell death. Figure made with BioRender. 

 

 In addition to CTLs, there are also CD4+ helper T cells present in the TME that can differentiate 

into various subtypes including Th1, Th2, and Th17. Th1 cells are thought to be anti-tumorigenic as 

they often provide help to CTLs and B cells to enhance their response against the tumor. Th1 cells can 

also directly affect tumor cells through the production of cytokines like IFNg, TNFa, and IL-217. Th2 

cells serve a pro-tumorigenic function by secreting anti-inflammatory mediators such as IL-4, IL-5, and 

IL-1018. The role of Th17 cells in the TME is controversial as these cells have been reported to exhibit 

both pro-tumorigenic and anti-tumorigenic properties. Th17 cells can increase the abundance and 

function of cytotoxic CD8+ T cells as well as reduce Treg infiltration, but they also secrete cytokines 

like IL-17A, IL-17F, IL-21, and IL-22 that can drive angiogenesis and suppress anti-tumor immunity19-

21.  
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Regulatory T cells are another T cell subset found within the TME, and they help to maintain 

immune homeostasis and prevent autoimmunity in a normal host immune system. However, in the 

tumor, Tregs inhibit CTLs and prevent effective anti-tumor immune responses thus contributing to an 

immunosuppressive TME. Tregs also contribute to immunosuppression via IL-2 consumption, CTLA-

4-mediated suppression of antigen-presenting cells, and the secretion of various inhibitory cytokines22. 

 

1.4. Cancer-associated Fibroblasts in the TME 

The tumor stroma is another critical component of the TME that plays a role in tumor initiation, 

invasion, and metastasis23. Many of these stromal influences are driven by cancer-associated fibroblasts 

(CAF). CAF are activated fibroblasts that generate and remodel the extracellular matrix within the 

TME24. Cancer-associated fibroblasts can originate from different cell types including epithelial cells, 

endothelial cells, adipocytes, pericytes, stellate cells, mesenchymal stem cells, and tissue resident 

fibroblasts25. Due to the heterogeneous nature of these cells, CAF can have varying functions within 

the TME that modulate cancer progression (Fig 1.3). Some of these tumor-stimulating functions include 

maintenance of cancer stemness, promotion of angiogenesis, extracellular matrix remodeling, 

promotion of tissue invasion, metabolic reprogramming, and chemoresistance24-28. CAF can contribute 

to cancer stemness through paracrine signaling as different CAF subpopulations have been shown to 

enhance stemness via the WNT5a/ɓ-catenin or ERK1/2-FRA1-HEY1 signaling pathways29,30. CAF can 

promote angiogenesis via the secretion of pro-angiogenic factors like vascular endothelial growth factor 

A (VEGFA), CXC-chemokine ligand 12 (CXCL12), fibroblast growth factor 2 (FGF2), and platelet-

derived growth factor (PDGF)31. CAF remodel ECM and facilitate increased tumor stiffness via the 

production of collagens, matrix-crosslinking enzymes, matrix metallo-proteinases (MMPs), 

proteoglycans, and other ECM proteins32,33. This matrix stiffness can also contribute to epithelial-to-

mesenchymal transition (EMT) which facilitates the motility of cancer cells and therefore promotes 

tissue invasion and metastasis. Additionally, CAF secrete other tissue invasion-promoting factors like 

hyaluronan and proteoglycan link protein 1 (HAPLN1), plasminogen activator inhibitor-1 (PAI-1), and 
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exosomes containing miR-18b and miR-382-5p34-37. CAF have also been reported to participate in a 

phenomenon called the ñReverse Warbrug Effectò where CAF switch their metabolism to aerobic 

glycolysis and transfer intermediate metabolites to cancer cells fueling the tricarboxylic acid (TCA) 

cycle and OXPHOS38. This leads to the increased production of adenosine triphosphate (ATP) for 

accelerated cancer cell proliferation. CAF involvement in all the aforementioned pro-tumorigenic 

functions can also aid in the development of resistance to chemotherapy39. Another important function 

CAF pose in the TME is their effect on both innate and adaptive immune responses to alter tumor 

progression which will be discussed subsequently in greater detail (see section 1.6). In contrast to these 

tumor-promoting functions, CAF have also been shown to exhibit tumor-constraining properties. For 

example, depletion of myofibroblastic CAF in pancreatic cancer induces immunosuppression and 

enhances tumor growth40. Similarly, inhibiting the formation of fibroblast-rich desmoplastic stroma 

through deletion of sonic hedgehog increases tumor aggressiveness41. Type I collagen produced by CAF 

has also been shown to suppress tumor growth via mechanic restraint of tumor spread and augmentation 

of immune suppression42,43.    
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Figure 1.3. Cancer-associated fibroblasts play an important role in cancer progression. Adapted 

from Ziani et al25. CAF have several identifying markers as shown and can affect several processes 

involved in tumor formation and progression. Figure made with BioRender. 

 

1.5. Cancer-associated Fibroblast Heterogeneity 

CAF comprise a vastly heterogeneous stromal cell population with contrasting functions in the TME 

depending on subpopulation and cancer type. With the advent of single-cell RNA sequencing 

(scRNAseq) technologies, the extent to which we can characterize CAF subpopulations has grown 

immensely from previous identification tools such as flow cytometry, immunofluorescence, and in situ 

hybridization. Depending on the tumor type and tissue, countless CAF subpopulations exist, but there 

are three main CAF subsets recognized across multiple cancer types: myofibroblastic CAF (myCAF), 

inflammatory CAF (iCAF), and antigen-presenting CAF (apCAF) (Fig 1.4). These three CAF types 

were first discovered in pancreatic cancer but have since been identified in other cancers and their 
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functions can vary between tumor type44,45. iCAF and myCAF are more common and have been 

identified in many cancers such as breast, lung, liver, bladder, skin, ovarian, colon, and head and neck 

cancer46-54. apCAF are not as widely spread which is likely due to their proposed mesothelial origin55. 

Thus, apCAF have only been identified in a subset of cancers including breast, liver, and lung 

cancer48,56,57.  

myCAF are characterized by their high contractility and functions in ECM remodeling and wound 

healing. They are most commonly identified by elevated expression of a-smooth muscle actin (aSMA) 

and are often found directly adjacent to the tumor45. iCAF are defined by their expression of 

inflammatory cytokines such as IL-6 and CXCL12 as well as Ly6C expression. They are more distal 

from tumor cells and function primarily in immune cell modulation via secretion of inflammatory 

mediators45,58. The function of apCAF in the TME has not been fully elucidated. While they express 

MHC class II and are capable of presenting antigen to T cells, it is not clear whether apCAF actively 

participate in antigen presentation in the TME58. Furthermore, it is not known if apCAF can supply the 

other two signals required for T cell activation, namely co-stimulation and cytokine boost. 
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Figure 1.4. Cancer-associated fibroblasts are a highly heterogeneous cell population. Adapted 

from Lavie et al.58 Three primary CAF populations have differing functions within the TME that are 

mediated through expression of various receptors and secreted factors. The markers listed in the figure 

can vary between cancer type. Figure made with BioRender. 

 

In addition to myCAF, iCAF, and apCAF, there are a variety of other unique CAF populations that 

differ between cancer types. Until recently, CAF research has been centered in cancers known to have 

high stromal content such as pancreatic and breast. However, CAF composition in HNSCC is just 

beginning to be investigated. In 2017, Puram et al. performed scRNAseq on HNSCC tumors from 18 

patients and identified three CAF subsets corresponding to myCAF and two undefined subsets (CAF1 

and CAF2), but these two subsets have yet to be functionally characterized59. A different study defined 

two distinct CAF subsets in gingivobuccal oral carcinoma named C1 and C2 characterized by low or 

high aSMA expression, respectively. C1 CAFs facilitated increased proliferation and suppressed self-

renewal of cancer cells via BMP460. Takahashi et al. claims AKT3+ myCAF are a primary CAF 

population in HNSCC that modulate tumor progression via ECM remodeling, cytokine production, and 

metabolic effects61. In 2021, Zhang et al. combined publicly available scRNAseq and bulk RNAseq 
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datasets to identify eight CAF clusters, three of which were associated with poor overall survival62. 

Several other studies have maintained separation of HNSCC CAF into the three classic subtypes 

(myCAF, iCAF, apCAF)53,54,63. More recently, MHC-IhiGal9+ CAF that drive CD8+ T cell dysfunction 

and restrict CD8+ T cell infiltration have been identified in HNSCC64. Conversely, FAPhighPDGFRbhigh 

CAF were associated with increased CD8+ T cell infiltration in oropharyngeal squamous cell 

carcinoma (OPSCC) patients highlighting the functional differences between distinct CAF subsets65. 

These various subsets found in HNSCC display different functions within the TME and can be 

associated with either tumor progression or suppression. It remains unclear what factors drive CAF into 

an anti-tumor phenotype rather than a tumor-promoting phenotype and vice versa. Understanding the 

mechanisms that guide CAF phenotypes will lead to an enhanced knowledge of how these cells are 

affecting the tumor microenvironment. 

 

1.6. Cancer-associated Fibroblasts in Immune Regulation 

One of the major functions CAF have within the TME is their influence on the immune cell population 

(Fig 1.5). CAF are known to aid in facilitating an immunosuppressive TME either directly via secreted 

factors or indirectly via remodeling of matrix on which immune cells depend for intra-tumoral 

localization and migration. For example, CAF have been shown to affect innate immune cell 

recruitment and activation states via cytokines like CCL2, CXCL1, CXCL6, CXCL8, CXCL12, 

CXCL16, IL-6, IL-8, IL-11, IL-33, MCSF, and ChiL3166. In particular, IL-6, MCSF, CCL2, and 

CXCL12 have been shown to recruit monocytes to the TME and polarize them into immunosuppressive 

MDSCs and M2 phenotypes67-69. CAF can also recruit tumor-associated neutrophils (TANs) which are 

then able to inhibit T cell function in response to CAF-secreted IL-670,71. CAF recruit mast cells via 

CXCL12/CXCR4 signaling and once in the TME, mast cells can enhance a variety of CAF functions 

including collagen lattice contraction and production of collagenolytic enzymes72,73. Additionally, CAF 

are a major source of TGFb in the TME which can decrease NK cell activation and cytotoxic function 



 11 

as well as their ability to secrete IFNg74. CAF have a significant effect on the adaptive arm of the 

immune system as well. CAF can recruit Tregs to the TME and display the surface receptors B7H3, 

CD73, and DPP4 to promote Treg differentiation75-77. CAF can also affect other CD4+ T cells by 

favoring a tumor promoting Th2 and Th17 immune response via factors like CCL2, CCL5, CCL17, IL-

1, IL-6, IL-13, and IL-2678,79. Furthermore, CAF significantly affect the CD8+ T cell immune response 

by hindering their infiltration, proliferation, and effector function. CAF can also directly kill antigen 

specific CD8+ T cells through PD-1/PD-L2 and Fas/FasL engagement80.  

CAF were originally thought to contribute only to immunosuppression, but populations of immune-

stimulating CAF have recently been discovered. For example, certain CAF populations have been 

shown to enhance T cell stimulation and IFNg production via IL-678. In pancreatic cancer, aSMA+ CAF 

help foster an immunostimulatory TME and deletion of this CAF population results in high 

immunosuppression and tumor progression40. Additionally, several studies have defined a positive 

correlation between specific CAF subsets and CD8+ T cell proliferation, abundance, and cytotoxic 

function81-83. As evident, the substantial diversity of CAF cells complicates our understanding of the 

interplay between CAF and immune cells. Accordingly, further investigation of distinct CAF 

subpopulations and immune cells is needed to fully understand the scope of CAF-mediated influences 

in the TME.  
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Figure 1.5. Signaling between CAF and immune cells plays a pivotal role in the TME.  Adapted 

from Barrett and Pur®66. Tumor cells can drive fibroblast activation into different CAF subpopulations 

through biochemical and biomechanical cues (green box). CAF secrete various cytokines and factors 

to alter immune cells and immune cells can signal back to promote fibroblast activation (purple box). 

Figure made with BioRender.  

 

1.7. Cancer Immunotherapy 

The purpose of immunotherapy is to reinvigorate the hostôs own immune system against the tumor and 

has become one of the most promising therapeutic options in the history of cancer treatment. A subset 

of immunotherapy that has greatly evolved in recent years is immune checkpoint blockade which 

enhances the anti-tumor function of T cells by targeting checkpoint receptors and their ligands. ICI are 

antibodies that block the normal inhibitory processes elicited by checkpoint receptors to keep the 
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immune system from being overactive. Examples of ICI include monoclonal antibodies targeted against 

CTLA-4 (ipilimumab and tremelimumab), PD-1 (nivolumab, pembrolizumab, and cemiplimab), and 

PD-L1 (atezolizumab, durvalumab, and avelumab)84. PD-1 is a receptor expressed on the surface of 

activated T cells and PD-L1/PD-L2 are the ligands expressed on other cells including DCs, 

macrophages, CAF, and tumor cells. Under normal conditions, when the immune system becomes 

overactive, PD-L1 on DCs and macrophages interacts with PD-1 on T cells and inhibits cytotoxic 

functions. Tumors have adapted to overexpress PD-L1 in the TME and therefore inhibit CD8+ T cells 

from killing the tumor cells (Fig 1.6). CTLA-4 is similarly expressed on activated T cells and binds to 

B7-1/B7-2 which is expressed on antigen-presenting cells (APCs). However, tumor cells do not 

overexpress B7-1/B7-2 and checkpoint blockade immunotherapy using anti-CTLA-4 relies on APC-T 

cell interactions (Fig 1.7)85. Despite the raging success of immune checkpoint blockade, a large portion 

of patients still do not respond to treatment. Patient selection for ICI therapy is largely based on 

biomarker expression with obvious targets being PD-1/PD-L1 expression within the tumor. Aside from 

specific genes, there are other biomarkers including tumor mutational burden, microsatellite instability, 

and DNA damage response84. However, many proposed biomarkers have yet to be verified in large-

scale prospective clinical studies and the factors guiding resistance mechanisms to ICI remain largely 

unknown hindering the identification of reliable biomarkers.  
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Figure 1.6. PD-1/PD-L1 checkpoint blockade promotes clearance of tumor cells by T cells. PD-

1/PD-L1 checkpoint inhibition uses monoclonal antibodies to block the PD-1 receptor or PD-L1 ligand 

so that cytotoxic CD8+ T cells are able to kill the tumor cells without being inhibited by them. Figure 

made with BioRender.  

 

 

Figure 1.7. CTLA-4 checkpoint blockade promotes clearance of tumor cells by T cells. CTLA-4 

checkpoint inhibition uses monoclonal antibodies to block the CTLA-4 receptor so that cytotoxic CD8+ 

T cells are able to kill the tumor cells without being inhibited by antigen-presenting cells. Figure made 

with BioRender.  
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In addition to checkpoint blockade, there are other monoclonal antibodies (mAbs) designed to 

target tumor specific antigens and direct cytotoxic cells and toxins to the tumor. For example, 

trastuzumab was the first FDA approved anti-HER2 mAb for the treatment of breast cancer and is 

thought to act by inhibiting HER2 homodimerization and signaling as well as downregulating the level 

of expression of the receptor86,87. Rituximab is another successful mAb used in the clinic and was the 

first mAb approved for the treatment of non-Hodgkinôs B cell lymphoma88. Rituximab binds to CD20 

on the B cell surface and triggers the immune system to target these marked B cells for destruction. As 

evidenced by these and other mAbs employed in the clinic, monoclonal antibody therapy has become 

an important modality in cancer treatment and continues to evolve as new targets and mechanisms are 

discovered. 

Another popular immunotherapeutic treatment approach is CAR-T cell therapy. Chimeric antigen 

receptors (CAR) are fusion receptors with an extracellular antigen-specific domain and intracellular 

domain for activation and co-stimulation signaling. CAR-T cell therapy involves introducing CARs 

into a patientôs T cells using retroviral vectors to produce T cells specific for a certain tumor antigen 

and putting those cells back into the patient to attack the tumor. The most successful CAR-T therapy to 

date is CD19-targeted CARs used to treat B cell hematologic malignancies which has induced high 

rates of remission in acute lymphocytic leukemia89. Although CD19 CAR-T cells have seen great 

success, CAR-T therapy in solid tumors has not been as effective due to a lack of unique and universally 

expressed tumor antigens, poor trafficking of CAR-T cells into the tumor, limited survival in the TME, 

and loss of effector function. Despite these challenges, there have been a few successful clinical trials 

testing CAR-T therapy in solid tumors and new advancements such as CAR ligand-targeting vaccines 

have shown promising results in preclinical models90.   

 

1.8. CAF Association with Immunotherapy 

In recent years, CAF have been suspected to influence response to immune checkpoint immunotherapy. 

For example, a preclinical model of pancreatic ductal adenocarcinoma showed that depletion of CAF 
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expressing high levels of fibroblast activation protein improves response to aPD-L1 blockade91. 

Similarly, single-cell RNA sequencing revealed a CAF population associated with worse response to 

aPD-L1 immunotherapy in a clinical trial for bladder cancer92. Distinct CAF populations first identified 

in breast cancer were also shown to be associated with poor aPD-1 immunotherapy response in 

melanoma and lung cancer patients46. These studies have implicated CAF as a contributor to 

immunotherapy resistance, however, there have also been reports of CAF populations linked to 

response. A CAF population with strong interferon responses and heightened immunomodulatory 

potential is associated with better response to immune checkpoint blockade in breast cancer93. 

Additionally, a highly metabolic CAF population (meCAF) was identified in pancreatic cancer that was 

associated with increased immune cell infiltration, and patients with high abundance of meCAF had a 

drastically better response to immunotherapy compared to low meCAF abundance83. Furthermore, the 

work outlined in this dissertation describes another CAF population (tsCAF) linked to ICI response in 

HNSCC patients thus demonstrating the recent emergence of therapeutically beneficial CAF 

populations. Given the phenotypic heterogeneity of CAF, it is not surprising that they have pleiotropic 

roles in the regulation of response and resistance to immunotherapy. Additionally, CAF involvement in 

immunotherapy regulation is likely influenced by their diverse roles in tumor-associated inflammation. 

 

1.9. Prostaglandin E2 

Prostaglandins (PGs) are lipids derived from the metabolism of arachidonic acid (AA) that play critical 

roles in inflammation. Arachidonic acid can be metabolized via four different enzymatic pathways 

(cyclooxygenase, lipoxygenase, cytochrome p450, and anandamide) as well as through non-enzymatic 

reactions, but PGs are formed through the cyclooxygenase (COX) pathway. There are two isoforms of 

COX (also called prostaglandin G/H synthases) that metabolize AA into prostanoids which 

encompasses both prostaglandin and thromboxane products94. The first isoform, COX-1, is 

constitutively expressed in all tissues while COX-2 expression is inducible, mainly by inflammatory 
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cytokines like IL-1, IL-2, and TNFa95. COX-2 can also be induced by various growth factors and 

hypoxia, but both COX-1 and COX-2 metabolize AA into prostaglandin G2 (PGG2). PGG2 is unstable 

and immediately converts into PGH2 which is then metabolized into five major prostanoids: PGE2, 

PGI2, PGD2, PGF2, and thromboxane A2 (TXA2)94. PGE2 is the most widely studied of the five 

prostanoids and its role in cancer and inflammation has been extensively researched. PGE2 signals 

through a group of G-protein coupled receptors (GPCRs) called EP receptors. There are four subtypes 

of EP receptors: EP1, EP2, EP3, and EP4, each with different effector functions. EP1 is classified as a 

contractile receptor and mediates calcium mobilization and induces smooth muscle contraction. EP2 

and EP4 are relaxant receptors which mediate increases in cyclic AMP (cAMP) and induce smooth 

muscle relaxation, and EP3 is an inhibitory receptor which mediates decreases in cAMP and inhibits 

smooth muscle relaxation96. PGE2 can function as both an immunosuppressive and pro-inflammatory 

mediator. It has been shown to play important roles in the resolution of inflammation as well as tissue 

repair and regeneration97-100.   

 

1.10. PGE2 in Cancer 

PGE2 plays a significant role in the modulation of tumor progression and performs different functions 

within the TME depending on the receptor it signals through. PGE2 signaling through EP1 has been 

shown to enhance tumor cell proliferation, invasion, and migration in multiple cancers including 

hepatocellular carcinoma, non-small cell lung cancer (NSCLC), and melanoma101-104. PGE2-EP2 

signaling can activate multiple oncogenic pathways like the ɓ-catenin, PI3K, ERK, and STAT3 

pathways, which influence tumor-associated inflammation, tumor growth, and migration105-108. The 

effect of PGE2 signaling through EP3 remains controversial as some reports have shown that EP3 has 

a role in angiogenesis and malignant progression while others have shown that EP3 expression is 

absent in some cancers109. In contrast, the EP4 receptor is upregulated in several cancers including 

breast, colon, prostate, ovary, lung, and skin, and PGE2 affects tumor cell proliferation, apoptosis, 

migration, and metastasis through this receptor110-113. Accordingly, PGE2 signaling has been linked to 
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poor prognosis in several cancers and has become a potential therapeutic target. However, developing 

efficient PGE2-targeted therapies is complicated by PGE2ôs diverse effects on non-cancerous cells 

within the TME.  

 

1.11. PGE2 in Immune Regulation 

Although many of the documented functions PGE2 has in cancer are tumor-promoting, PGE2 is 

known to have a pleiotropic role in immune cell regulation and therefore can potentially have tumor 

suppressive effects as well. PGE2 possesses both immunosuppressive and immunostimulatory 

properties and has been shown to regulate myeloid cell, NK cell, and T cell functions within the TME. 

PGE2 plays a role in MDSC development, maturation, recruitment, and function to promote tumor 

immune evasion114. Additionally, PGE2 has also been reported to polarize macrophages from a pro-

inflammatory M1 phenotype towards an anti-inflammatory M2 phenotype as well as induce the 

expression of immunosuppressive factors115,116. However, PGE2 can also have immunostimulatory 

effects on macrophages by promoting secretion of pro-inflammatory factors like IL-6, IL-1b, and IL-

23117,118. Less is known about the interplay between PGE2 and NK cells, but PGE2 has been shown to 

inhibit NK cell cytotoxic function and cytokine generation through the EP4 signaling pathway119. In 

addition to macrophages, PGE2 can have diverse effects on CD4+ T cells as well. For example, PGE2 

has been shown to induce pro-tumorigenic Th2 phenotypes by restricting production of IL-2 and IFNg 

required for Th1 differentiation120. However, PGE2 signaling through EP4 can promote pro-

inflammatory Th1 differentiation and IL-23 mediated Th17 expansion121. Similarly, PGE2 can both 

induce and restrain regulatory T cell differentiation to alter the tumor immune landscape122,123. Few 

studies have investigated the relationship between PGE2 and CD8+ T cells and therefore, the effects 

of PGE2 on CD8+ T cell mediated anti-tumor immunity are not well known. Furthermore, the majority 

of these studies have explored indirect effects of PGE2 on CD8+ T cells through other immune cells 

influenced by PGE2 in the TME124,125. Similar to CAF, the diverse influences PGE2 has on immune 
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cells makes it difficult to fully understand the role of PGE2 in the regulation of the tumor immune 

environment.   

 

1.12. Research Objectives  

The studies in this dissertation aim to shed light on the role of distinct CAF subsets in the HNSCC 

tumor immune microenvironment and immunotherapy responses. We set out to characterize CAF 

subpopulations within HNSCC and their associations with response to immune checkpoint blockade. 

Additionally, we aimed to investigate a specific CAF subpopulation (tsCAF) that was predictive of 

favorable patient response to ICI and its relationship with T cells to better understand the effect tsCAF 

have on T cell mediated immune responses and checkpoint inhibition. Understanding the mechanisms 

mediating response and resistance to immunotherapy will guide the next generation of cancer therapy.  
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CHAPTER 2  

 

Materials and Methods1 

 

2.1. Clinical Design and Tissue Collection 

Biospecimens were harvested from a window of opportunity trial of locally advanced HNSCC patients 

(oral cavity, oropharynx, larynx, hypopharynx) who were candidates for primary surgical intervention 

with curative intent (NCT03238365). This study was conducted in accordance with the Declaration of 

Helsinki guidelines and approved by the Vanderbilt institutional review board (IRB #171883, IRB 

#030062). Informed written consent was obtained from all patients prior to sample collection. All 

enrolled patients were treated with 1 month of 240 mg nivolumab every 2 weeks for 2 doses prior to 

definitive surgery (n=50). Half of the patients received tadalafil, and no differences were noted in 

response rates between the two cohorts126. Consented patients were required to have fresh pre-

nivolumab biopsy as well pre- and post-imaging. Meta-clinical annotation using pathological criteria 

was used to delineate paired subject specimens as responders vs. non-responders. For both pre- and 

post-treatment timepoints, fresh specimens were collected for frozen fixation, paraffin embedded 

fixation, and processed for both bulk and single-cell transcriptomic sequencing. Due to insufficient 

RNA or data quality, only 32 of the 50 patients were used for bulk and single-cell RNA sequencing 

analyses.   

 

2.2. Tissue Dissociation 

Fresh HNSCC tumor specimens were collected in DMEM supplemented with streptomycin (200 

mg/mL), penicillin (200 U/mL), and amphotericin B (250 mg/mL). Tumor specimens were minced to  

 

1Portions of this chapter have been selected from Obradovic, A., Graves, D., Korrer, M. et al. 

Immunostimulatory cancer-associated fibroblast subpopulations can predict immunotherapy response in 

head and neck cancer. Clin Cancer Res. 2022. 
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2ï4 mm sized pieces in separate 6-cm dishes and digested to single-cell suspension using the Miltenyi 

Biotec human tumor dissociation kit (Miltenyi Biotec, #130-095-929) on the Miltenyi gentleMACSTM 

Octo Dissociator (Miltenyi Biotec, #130-096-427) following manufacturerôs instructions. Dissociated 

cells were aliquoted for single-cell sequencing, flow cytometry analysis, or CAF culture. 

 

2.3. Single-cell RNAseq 

Samples were processed to generate single-cell gene expression profiles (scRNAseq) using the 10x 

Chromium 3ô Library and Gel Bead Kit (10x Genomics), following the manufacturerôs user guide. 

After GelBead in-Emulsion reverse transcription reaction, 12ï15 cycles of PCR amplification were 

performed to obtain cDNAs used for RNAseq library generation. Libraries were prepared following 

the manufacturerôs user guide and sequenced on the Illumina NovaSeq 6000 Sequencing System. Gene 

expression data were processed with ñcellranger countò on the prebuilt human reference set of 30,727 

genes to generate counts matrices. Cell Ranger performed default filtering for quality control, and 

produced for each sample a barcodes.tsv, genes.tsv, and matrix.mts file containing counts of transcripts 

for each sample, such that the expression of each gene is in terms of the number of unique molecular 

identifiers (UMI) tagged to cDNA molecules corresponding to that gene. These data were loaded into 

the R version 3.6.1 programming environment, where the publicly available Seurat package v3.0 was 

used to further quality-control filter cells to those with fewer than 10% mitochondrial RNA content, 

more than 1,500 unique UMI counts, and fewer than 15,000 unique UMI counts. 

2.3.1. Single-cell Data Processing 

Gene expression UMI count matrices for each sample were normalized and scaled in R using the Seurat 

SCTransform command to perform a regularized negative binomial regression based on the 3,000 most 

variable genes. Scaled data from each patient were batch corrected by Seurat using the functions 

FindIntegrationAnchors and IntegrateData, with default parameters. The resulting dataset included 

22,906 high-quality cells (mean UMI count 4802) across 4 patients, including both pre-treatment and 

post-treatment timepoints for each patient (Patient1: 5,857 pre-treatment, 7,360 post-treatment; 
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Patient2: 4,938 pre-treatment, 1,550 post-treatment; Patient3: 487 pre-treatment, 1,741 post-treatment; 

Patient4: 401 pre-treatment, 572 post-treatment). The batch-corrected dataset was projected into its first 

50 principal components using the RunPCA function in Seurat, and further reduced into a two-

dimensional visualization space using the RunUMAP function with method umap-learn and Pearson 

correlation as the distance metric between cells. The data were clustered by the Louvain algorithm with 

silhouette score resolution-optimization selecting the resolution with maximum bootstrapped silhouette 

score in the range of resolution from 0.01 to 1.0 incremented by 0.01127. This resulted in an initial coarse 

clustering on gene expression. Within each cluster metaCells were computed for downstream 

regulatory network inference by summing SCTransform-corrected template counts for the 10 nearest 

neighbors of each cell by Pearson correlation distance.  

For each single cell, inference of cell type was performed using the SingleR package and the 

preloaded Blueprint-ENCODE reference, which includes normalized gene expression values for 259 

bulk RNAseq samples generated by Blueprint and ENCODE from 43 distinct cell types representing 

pure populations of stroma and immune cells (Martens and Stunnenberg, 2013; the ENCODE 

Consortium, 2012). The SingleR algorithm computes correlation between each individual cell and each 

of the 259 reference samples, and then assigns both a label of the cell type with highest average 

correlation to the individual cell and a P value computed by Wilcoxon signed-rank test of correlation 

to that cell type compared with all other cell types. Highest-frequency SingleR labels within each cluster 

among labels with P < 0.05 are projected into the Gene Expression Uniform Manifold Approximation 

and Projection (UMAP) space, such that localization of SingleR labels is highly concordant with the 

unsupervised clustering. Unsupervised Clusters determined by the resolution-optimized Louvain 

algorithm are therefore labeled as a particular cell type based on the most represented SingleR cell type 

label within that cluster. 

Differential gene expression analysis between single-cell clusters throughout chapter 3 is computed 

by the MAST hurdle model, as implemented in the Seurat FindAllMarkers command, with a log-fold 

change threshold of 0.5 and minimum fractional expression threshold of 0.25, indicating that the 
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resulting gene markers for each cluster are restricted to those with log fold change greater than 0 and 

nonzero expression in at least 25% of the cells in the cluster. 

2.3.2. Regulatory Network Inference 

From the integrated dataset, metaCells were computed within each gene expressionïinferred cluster by 

summing SCTransform-corrected template counts for the 10 nearest neighbors of each cell by Pearson 

correlation distance. A total of 200 metaCells per cluster were sampled to compute a regulatory network 

from each cluster. All regulatory networks were reverse engineered by the ARACNe algorithm. 

ARACNe was run with 100 bootstrap iterations using 1,785 transcription factors (genes annotated in 

gene ontology molecular function database as GO:0003700, ñtranscription factor activity,ò or as 

GO:0003677, ñDNA bindingò and GO:0030528, ñtranscription regulator activity,ò or as GO:0003677 

and GO:0045449, ñregulation of transcriptionò), 668 transcriptional cofactors (a manually curated list, 

not overlapping with the transcription factor list, built upon genes annotated as GO:0003712, 

ñtranscription cofactor activityò, or GO:0030528 or GO:0045449), 3,455 signaling pathway-related 

genes (annotated in GO biological process database as GO:0007165, ñsignal transductionò and in GO 

cellular component database as GO:0005622, ñintracellularò or GO:0005886, ñplasma membraneò), 

and 3,620 surface markers (annotated as GO:0005886 or as GO:0009986, ñcell surfaceò). ARACNe is 

only run on these gene sets so as to limit protein activity inference to proteins with biologically 

meaningful downstream regulatory targets, and we do not apply ARACNe to infer regulatory networks 

for proteins with no known signaling or transcriptional activity for which protein activity may be 

difficult to biologically interpret. Parameters were set to zero DPI (data processing inequality) tolerance 

and MI (mutual information) P-value threshold of 10-8, computed by permuting the original dataset as 

a null model. Each gene list used to run ARACNe is available on github127. 

2.3.3. Protein Activity Inference 

Protein activity was inferred for all cells by running the metaVIPER algorithm, using all cluster-specific 

ARACNe networks, on the SCTransform-scaled and Anchor-Integrated gene expression signature of 

single cells from each patient. Because the SCTransform Anchor-Integrated scaled gene expression 
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signature is already normalized as an internal signature comparing all cells with the mean expression 

in the dataset, VIPER normalization parameter was set to ñnone.ò The resulting VIPER matrix included 

1,239 proteins with activity successfully inferred from ARACNe gene regulatory networks. VIPER-

inferred protein activity matrix was loaded into a Seurat Object with CreateSeuratObject, then projected 

into its first 50 principal components using the RunPCA function in Seurat, and further reduced into a 

two-dimensional visualization space using the RunUMAPfunction with method umap-learn and 

Pearson correlation as the distance metric between cells. Clustering was performed by resolution-

optimized Louvain algorithm, as for gene expression, and SingleR-inferred cell type labels were carried 

over to identify cluster-by-cluster cell type labels. Differential protein activity between clusters 

identified by resolution-optimized Louvain was computed using bootstrapped t test, run with 100 

bootstraps, and top proteins for each cluster were ranked by P value. The entire pipeline is implemented 

as in Obradovic and colleagues127. Cluster cell counts were normalized to a fraction of the total sample 

separately for each patient and separately for pre-treatment and post-treatment samples, with 

differences in pre-treatment versus post-treatment frequency distribution. 

 

2.4. Association of Head and Neck CAF Signatures with Immunotherapy Response 

Fibroblast clusters including 5,414 cells from overall VIPER clustering of all cells were further isolated 

and subclustered, with differential protein activity and frequency pre-treatment versus post-treatment 

compared as in the analysis of initial clustering for all cells. A proteomic gene set for each head and 

neck CAF (HNCAF) cluster was defined on the basis of proteins differentially upregulated in each 

cluster. In the dataset of clinical trial patients profiled by bulk RNAseq that had been annotated with 

subsequent response (n=9) or non-response (n=19) to aPD-1 immunotherapy126, we applied VIPER 

transformation using the single-cell ARACNe networks on z-score scaled log10(TPM) counts from pre-

treatment bulk RNAseq data, and computed a differential protein activity signature ranking proteins by 

most upregulated in responders to most downregulated in responders. Enrichment of each HNCAF 

cluster marker set in the VIPER-transformed signature of responders versus non-responders from bulk 
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RNAseq was computed by gene set enrichment analysis (GSEA), with normalized enrichment score 

and P value determined by 1,000 random permutations of gene labels. Insufficient number of human 

papillomavirusïpositive (HPV+) samples prevented CAF enrichment analysis in HPV+ versus human 

papillomavirusïnegative (HPV-) groups. Clinical association of HNCAF signatures with outcome was 

further tested in The Cancer Genome Atlas (TCGA) head and neck cancer cohort processed by 

ARACNe and VIPER as above. Sample-by-sample normalized enrichment scores were computed 

ranking VIPER-inferred protein activity in each patient sample from highest to lowest activity and then 

applying GSEA. Normalized enrichment scores for HNCAF cluster signatures were binarized to less 

than zero (low) or greater than zero (high), and KaplanïMeier curve showing association with overall 

survival time was plotted along with the log-rank P value, such that HNCAF-0 enrichment is associated 

with improved overall survival (P = 0.0095, median survival time = 602 vs. 1,671 days) and HNCAF-

1 enrichment is associated with worse overall survival (P = 0.0041, median survival time = 1,718 vs. 

773 days). We further plotted the sample-by-sample enrichment of these HNCAF populations among 

different TCGA tumor types with high stromal involvement [head and neck squamous cell carcinoma 

(HNSC), pancreatic adenocarcinoma (PAAD), sarcoma (SARC), uterine carcinosarcoma (UCS), breast 

invasive carcinoma (BRCA), cholangiocarcinoma (CHOL), liver hepatocellular carcinoma (LIHC)] 

and plotted the distribution of these enrichment scores by tumor type to assess relative tumor-type 

specificity of the identified HNCAF signatures. 

 

2.5. Digital Spatial Profiling  

NanoString GeoMX digital spatial profiling (DSP) was further applied, profiling IO360 immune gene 

panel expression among three regions of interest (ROI) from 1 patient and four ROIs from another. 

Anti-CD8, anti-aSMA, anti-PanCK, and DAPI stains were used for morphology identification and 

ROIs were selected on the basis of high abundance of tumor (PanCK), cytolytic T cells (CD8), and 

fibroblasts (aSMA). ROIs were split into PanCK-positive and PanCK-negative components, with gene 
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expression evaluated separately in each. To further assess spatial colocalization of HNCAF subtypes 

with functionally exhausted T cells, we applied segment-by-segment gene set enrichment of HNCAF-

0 and HNCAF-1 markers as well as enrichment of a published T cell exhaustion signature128, and 

correlated normalized enrichment scores for these populations between spatial segments. 

 

2.6. CAF Phenotyping 

To assess phenotypic concordance between prior fibroblast categorizations, including CAF-

S1/S2/S3/S4 subtypes described in the setting of breast cancer46,75 and iCAF/myCAF subtypes 

described in the setting of pancreatic cancer44, we have performed pairwise gene set enrichment of 

fibroblast phenotype marker gene sets among our HNCAF clusters identified by scRNAseq. For CAF-

S1/S2/S3/S4 phenotype matching, we sorted S1/S2/S3/S4 cells by FACS using the gating strategy 

described by Costa and colleagues75 and subsequently performed bulk RNAseq of each sorted 

population, applied VIPER using single cellïderived ARACNe networks, and computed differential 

protein activity of each population against the mean to define population-specific signatures, with genes 

ranked from most differentially upregulated protein activity to most differentially downregulated 

protein activity in CAF-S1/S2/S3/S4. We then performed pairwise GSEA of HNCAF cluster marker 

gene sets (by VIPER protein activity) among CAF-S1/S2/S3/S4 gene signatures. We highlight the 

findings that CAF-S1 gene signature was significantly enriched for the gene sets of HNCAF-0 (NES = 

7.43, P = 1.1 x 10-13), HNCAF-1 (NES = 6.54, P = 6 x 10-11), and HNCAF-3 (NES = 6.24, P = 4.4 x 

10-10), CAF-S2 gene signature was not significantly enriched for any HNCAF population, CAF-S3 

signature was significantly enriched for HNCAF-4 gene set (NES = 3.09, P = 2 x 10-3), and CAF-S4 

signature was significantly enriched for HNCAF-2 gene set (NES = 6.7, P = 2.2 x 10-11). Published 

CAF-S1 subtype marker gene sets46 were directly tested by GSEA for enrichment in each single cell, 

with resulting enrichment scores plotted by HNCAF cell cluster. Published iCAF/myCAF VIPER-

inferred marker gene sets44 were directly tested by GSEA for enrichment in each single cell, with 
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resulting enrichment scores plotted by HNCAF cell cluster, such that cells in HNCAF-1 are enriched 

for iCAF signature and cells in HNCAF-2 are enriched for myCAF signature. This phenotypic 

classification scheme highlights the distinction between our HNCAF categorization observed from 

scRNAseq and prior CAF classification paradigms. 

 

2.7. Receptor-ligand Interactions 

Receptorïligand interactions were inferred between coarse-grained cell types using 2,557 high-quality 

receptorïligand interactions reported in the RIKEN FANTOM5 database129. This list of receptorïligand 

pairs was filtered to identify pairs where the ligand was significantly upregulated, at the gene expression 

level, in at least one subpopulation, across patients, and the corresponding receptor was significantly 

activated in another subtype, based on VIPER protein activity analysis, as proposed in Obradovic et 

al127. We further filtered these interactions to those detected in CAF and plotted the number of unique 

receptorïligand interaction pairs inferred between fibroblasts and each other detected subpopulation. 

 

2.8. CAF Isolation and Culture 

Fresh HNSCC tumor specimens were processed to single-cell suspension as described above. For 

HNCAF-0/3 (tsCAF), tumor single-cell suspension was cultured in DMEM supplemented with 10% 

FBS, streptomycin (100 mg/mL), and penicillin (100 U/mL) for 2ï3 weeks at 37C̄ until fibroblasts 

grew out. For HNCAF-1, tumor single-cell suspension was cultured in pericyte medium (ScienCell 

#1201) supplemented with 2% FBS, streptomycin (100 mg/mL), and penicillin (100 U/mL) for 2ï3 

weeks at 37C̄ until fibroblasts grew out. To verify CAF identity, RNA was isolated from CAF lysates 

using TRIzol (Invitrogen #10296010) and sent for bulk RNAseq. GSEAs for the HNCAF subtype 

protein activity signatures were then performed on the bulk sequencing data, along with inference of 

cell type proportions by CIBERSORTx. Fibroblasts were passaged when cultures reached 

approximately 80% confluence and all experiments in chapter 3 were performed with CAF under 10 
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passages. All experiments in chapter 4 were performed with hTERT-immortalized CAF. tsCAF were 

immortalized at early passages (<10) to avoid in vitro activation and ensure CAF stability. pBABE-

puro-hTERT plasmid (Addgene #1771) and pCL-Ampho retrovirus packaging vector (Novus 

Biologicals #NBP2-29541) were transfected into 293FT cells using Lipofectamine 3000 (Invitrogen 

#L3000008). 500,000 tsCAF cells were seeded in 10 cm culture dishes and cultured overnight. tsCAF 

were then transduced with retroviral supernatant in the presence of 8 Õg/mL of polybrene and selected 

with 1 Õg/mL of puromycin for 10 days. Monoclonal tsCAF cell lines were subsequently generated via 

limiting dilution. tsCAF were cultured in DMEM supplemented with 10% FBS, streptomycin (100 

Õg/ml), penicillin (100 U/ml), HEPES (10 mM), and Glutamax (1X) at 37ÁC in a 5% CO2-humidified 

atmosphere. 

 

2.9. T Cell Isolation 

CD8+ or CD3+ T lymphocytes were isolated from the peripheral blood of healthy human donors. 

Peripheral blood mononuclear cells (PBMCs) were obtained from the Vanderbilt Center for 

Immunobiology and T cells were isolated from PBMCs using magnetic bead sort with the MojoSort 

Human CD8 T Cell Isolation Kit (Biolegend #480129) or the MojoSort Human CD3 T Cell Isolation 

Kit (Bio-Legend #480022) according to manufacturerôs instructions. For isolation of CD3+ tumor-

infiltrating lymphocytes (TIL), fresh HNSCC tumor specimens were processed to single-cell 

suspension as described above. CD3+ TILs were isolated from the tumor single-cell suspension using 

magnetic bead sort with the MojoSort Human CD3 T Cell Isolation Kit. Primary human T cells were 

cultured in DMEM supplemented with 10% FBS, streptomycin (100 Õg/ml), penicillin (100 U/ml), 

HEPES (10 mM), Glutamax (1X), and IL-7 (1 ng/mL) at 37ÁC in a 5% CO2-humidified atmosphere. 

 

2.10. T Cell and CAF Coculture Assays 

tsCAF were cocultured directly or in transwells with CD8+ or CD3+ T cells. For direct coculture, a total 

of 25,000 CAF were plated in DMEM supplemented with 10% FBS in 96-well plates. After CAF had 
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attached to the plate, 50,000 primary human T cells were added to the CAF with or without CD3/CD28 

stimulation beads (Gibco # 11131D) and cocultured at 37C̄ in a 5% CO2-humidified atmosphere for 5 

days. Media was renewed on day 3. For chapter 3, cells were cultured for 5ï7 days with or without 20 

ng/mL TGFb and media was renewed on days 3 and 5. Cocultures with TILs were only cultured for 3 

days to preserve TIL viability. Following incubation, T cells were harvested and stained for flow 

cytometry.  

For chapter 3, CD3+ T cells were stained with Live/Dead Aqua (1:1600, Biolegend #423102) for 

15 minutes in PBS. Cells were then washed and stained for 15 minutes with an antibody cocktail 

containing anti-CD4-APC/Fire 810 (1:1000, Biolegend #344662, RRID: AB_2860884), anti-CD8-

BB515 (1:200, BD Biosciences #564526, RRID: AB_2744458), anti-PD-1-BV421 (1:100, Biolegend 

#329920, RRID: AB_10960742), anti-TIM-3-BV786 (1:100, Biolegend #345032, RRID: 

AB_2565833), anti-NKG2A-PE (1:200, Biolegend # 375104, RRID: AB_2888861), and anti-CD103-

PE/Cy7 (1:400, Biolegend #350212, RRID: AB_2561599). Cells were then washed, fixed, 

permeabilized, and stained with an intracellular antibody cocktail containing anti-Perforin-

PerCP/Cy5.5 (1:100, Biolegend #353314, RRID: AB_2571971) and anti-Granzyme B-Alexa Fluor 700 

(1:100, Biolegend #372222, RRID: AB_2728389). Cells were subsequently analyzed by flow 

cytometry using a Cytek Aurora.  

For chapter 4, CD8+ T cells were harvested and stained with Live/Dead Aqua (1:200, Biolegend 

#423102) for 15 minutes in PBS. Cells were then washed and stained for 15 minutes with an antibody 

cocktail containing anti-CD8-APC (1:100, Biolegend #300912, RRID: AB_314116), anti-PD-1-BV421 

(1:100, Biolegend #329920, RRID: AB_10960742), anti-TIM-3-BB515 (1:100, BD Biosciences 

#565568, RRID: AB_2744368), anti-NKG2A-PE (1:100, Biolegend # 375104, RRID: AB_2888861), 

and anti-CD103-BV785 (1:100, Biolegend #350230, RRID: AB_2734364). Cells were then washed, 

fixed, permeabilized and stained with an intracellular antibody cocktail containing anti-Perforin-

PerCP/Cy5.5 (1:100, Biolegend #353314, RRID: AB_2571971) and anti-Granzyme B-Alex Fluor 700 
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(1:100, Biolegend #372222, RRID: AB_2728389). Cells were subsequently analyzed by flow 

cytometry using a BD FACSCelestaTM Cell Analyzer. 

For transwell coculture, a total of 100,000 primary CAF (chapter 3) or 50,000 tsCAF (chapter 4) 

were plated in DMEM supplemented with 10% FBS in the lower chamber of the transwell (0.4 Õm 

pore size, Corning #3401 or #3413). A total of 200,000 CD3+ T cells or 100,000 CD8+ T cells were 

plated in DMEM supplemented with 10% FBS in the upper chamber of the transwell. Cells were 

incubated at 37ÁC for 7 days with media renewed on days 3 and 5 (chapter 3) or 5 days with media 

renewed on day 3 (chapter 4). Following incubation, tsCAF and T cells were collected for RNA 

isolation or flow cytometry. tsCAF collected for flow cytometry were stained with Live/Dead Aqua 

(1:200, Biolegend #423102) for 15 minutes in PBS. Cells were then washed, fixed, permeabilized and 

stained intracellularly with anti-COX-2-Alex Fluor 647 (eBioscience #51-9725-82, RRID: 

AB_2802310). Cells were subsequently analyzed by flow cytometry using a BD FACSCelestaTM Cell 

Analyzer. T cells collected for flow cytometry were analyzed as described above on either a Cytek 

Aurora or a BD FACSCelestaTM Cell Analyzer. All flow cytometry analyses were gated to include only 

live single cells.   

 

2.11. Conditioned Media Collection 

Conditioned media was collected from CD3/CD28-stimulated T cells cultured alone (T Cell CM), 

CD3/CD28-stimulated T cells cultured with tsCAF (Coculture CM), unstimulated T cells cultured with 

tsCAF (Unstim Coculture CM), and tsCAF cultured alone (tsCAF CM). 25,000 tsCAF cells were plated 

in 96 well plates and allowed to attach to the plate overnight. 50,000 primary human CD3+ T cells were 

then added to the tsCAF with or without CD3/CD28 stimulation beads (Gibco #11131D). For tsCAF 

CM, fresh media was added to tsCAF instead of T cells and for T Cell CM, 50,000 CD3+ T cells with 

CD3/CD28 stimulation beads were plated in new wells without tsCAF. Conditioned media was 

collected on days 3 and 5, combined, and centrifuged to remove any remaining cells. Media was stored 

at -80ÁC until further use.  
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2.12. Conditioned Media Assays 

Primary human CD8+ T cells were cultured in conditioned media (T Cell CM, tsCAF CM, Coculture 

CM, and Unstim Coculture CM) for 5 days with media refreshed every other day. Following incubation, 

CD8+ T cells were harvested and stained for flow cytometry as described above. For filtered conditioned 

media assays, T Cell CM and Coculture CM were collected as described above and subsequently 

filtered with Amicon Ultra-15 Centrifugal Filters (Sigma Aldrich #UFC900324) to remove compounds 

larger than 3 kDa. 10% FBS was added back to the filtered media to ensure adequate viability and 

primary human CD8+ T cells were then cultured in the filtered conditioned media for 5 days with media 

refreshed every other day. For boiled conditioned media assays, T Cell CM and Coculture CM were 

collected as described above and boiled in 100ÁC water for 20 minutes. Media was allowed to cool and 

10% FBS was added back to ensure adequate viability. Primary human CD8+ T cells were then cultured 

in the boiled conditioned media for 5 days with media refreshed every other day. For prostaglandin 

assays, primary human CD8+ T cells were cultured in 100 nM PGE2 (Cayman Chemical #14010), ent-

PGE2 (Cayman Chemical #10008294), 8-iso-PGE2 (Cayman Chemical #14350), PGD2 (Cayman 

Chemical #12010), or PGH2 (Cayman Chemical #17020) for 5 days with media refreshed every other 

day.  

 

2.13. Inhibition Assays 

2.13.1. PGE2 Inhibition Assays 

PGE2 biosynthesis was inhibited in tsCAF-T cell cocultures using two different COX-2 inhibitors 

(celecoxib or indomethacin). tsCAF and T cells were cocultured as described above in the presence of 

100 ÕM celecoxib (Cayman Chemical #10008672) or 100 ÕM indomethacin (Cayman Chemical 

#70270) and supernatants were collected. Primary human CD8+ T cells were then cultured in the PGE2-

deficient conditioned media for 5 days with media refreshed every other day. PGE2 signaling was 

inhibited on T cells with antagonists against the PGE2 receptors EP2 and EP4. Primary human CD8+ T 
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cells were cultured in conditioned media with 100 ÕM PF 04418948 (EP2 antagonist, 

MedChemExpress #HY-18966), 100 ÕM ONO-AE3-208 (EP4 antagonist, MedChemExpress #HY-

50901), or 50 ÕM PF-04418948 + 50 ÕM ONO-AE3-208 for 5 days with media refreshed every other 

day. Following incubation, CD8+ T cells were harvested and stained for flow cytometry as described 

above. 

2.13.2. NFkB Inhibition Assays 

For COX-2 induction experiments, tsCAF were cultured overnight in regular media or a 1:1 ratio of 

regular media:T cell conditioned media with or without the NFkB inhibitor, benzoxathiole (BOT). 10 

ÕM BOT was added to tsCAF one hour prior to the addition of T cell conditioned media and COX-2 

expression was assessed after overnight culture. For CD8+ T cell experiments, conditioned media was 

collected from NFkB-inhibited tsCAF cultures described above and primary human CD8+ T cells were 

then cultured in the conditioned media with CD3/CD28 stimulation for 5 days with media refreshed 

every other day.  

2.13.3. Cytokine Inhibition Assays 

For COX-2 induction experiments, tsCAF were cultured overnight in regular media or a 1:1 ratio of 

regular media:T cell conditioned media with or without neutralizing antibodies against TNFa (20 

Õg/mL), IL-1b (5 Õg/mL), IL-1a (1 Õg/mL), or all three combined. For CD8+ T cell experiments, 

conditioned media was collected from IL-1a-inhibited and triple-inhibited tsCAF cultures described 

above and primary human CD8+ T cells were then cultured in the conditioned media with CD3/CD28 

stimulation for 5 days with media refreshed every other day.  

 

2.14. Hydrophobic Fractionation 

Coculture CM was collected as described above and fractionated using a C8 solid-phase extraction 

column (Biotage #290-0200-CG) to separate the conditioned media into seven different levels of 

hydrophobicity. Column resin was activated with methanol (MeOH) and then re-equilibrated with 5:45 
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MeOH:H2O. Coculture CM (30 mL) was loaded onto the column and fractions were then eluted using 

positive pressure at a rate of < 10 mL/minute by gravity with a series of solvents: 1) 5:45 MeOH:H2O, 

2) 1:4 MeOH:H2O, 3) 2:3 MeOH:H2O, 4) 3:2 MeOH:H2O, 5) 4:1 MeOH:H2O, 6) 100% MeOH, 7) 3:7 

MeOH:CH2Cl2. The seven fractions were dried in vacuo using a Genevac EZ-2 (HPLC program; SP 

Industries), resuspended in DMEM, and filtered with a 0.45 Õm filter (Sigma Aldrich #SLHVR33RS). 

Primary human CD8+ T cells were then cultured in the seven fractions with CD3/CD28 stimulation for 

5 days with media refreshed every other day.  

 

2.15. HPLC-MS Analysis of Coculture Conditioned Media Fractions 

Generation of metabolomic arrays for activity was carried out as previously described130,131. Injections 

(20 ÕL) of combined active fractions F2 and F3 at 40 mg/mL were separated on a Luna C18 250 x 4.6 

mm column (Phenomenex #00G-4252-E0) with a 1 mL/min flow rate using an Accella Pump (Thermo 

Scientific) and the following mobile phases: A) 95% water/5% acetonitrile with 10 mM ammonium 

acetate and B) 5% water/95% acetonitrile with 10 mM ammonium acetate, both filtered through an 

Omnipore 0.2 Õm PTFE membrane (Millipore Sigma #JGWPO4700). The gradient program used was 

0 - 1 min, 100% A; 1 - 40 min, linear gradient to 50% B; 40 - 45 min, linear gradient to 100% B; 45 - 

50 min 100% B; 50 - 51 minutes linear gradient to 100% A; 51 - 55 minutes 100% A. The adjusted 

gradient program used was 0 - 1 min, 100% A; 1 - 35  min, linear gradient to 50% B; 35 - 45 min, linear 

gradient to 100% B; 45 - 46 min linear gradient to 100% A; 46 - 55 100% A. Flow was split 3:1 (ASI; 

Model 620) with 750 ÕL/min sent to an Accella PDA detector (Thermo Scientific) and 250 ÕL/min sent 

to a TSQ Quantum Access Max triple stage quadrupole mass spectrometer (Thermo Scientific) utilizing 

a HESI II electrospray ionization source for mass spectral analysis. Mass spectra were collected in both 

positive and negative ion mode with polarity switching every second. For positive mode: spray voltage 

4 kV; sheath gas pressure 50 psi (nitrogen); auxiliary gas pressure 55 psi (nitrogen); capillary offset 35 

V; tube lens offset 50 V. For negative ion mode: spray voltage 3.5 kV; sheath gas pressure 35 psi 

(nitrogen); auxiliary gas pressure 10 psi (nitrogen); capillary offset -35 V; tube lens offset -182 V. 
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Fractions were collected every minute beginning at minute 1 in 2 mL 96-well DeepWell Plates (Fisher 

Scientific #12566121) with a volume of 750 ÕL per well and dried down in vacuo using a Genevac EZ-

2 (HPLC program; SP Industries). Fractions generated by HPLC were resuspended in DMEM and 

sterilized with a 0.45 Õm filter (Sigma Aldrich #SLHVR33RS). Primary human CD8+ T cells were then 

cultured in the fractions with CD3/CD28 stimulation for 5 days with media refreshed every other day.   

 

2.16. Molecular Mass Determination via Reversed Phase Liquid Chromatography Followed by 

Tandem High Resolution Mass Spectrometry (LC-HRMS/MS) 

Optima grade LC-MS solvents for the mass spectrometry analyses were purchased from Thermo Fisher 

Scientific, USA. Individual standards (ent-PGE2, PGE2, 8-iso-PGE2, PGD2 and PGH2) were 

purchased from Cayman Chemical Company. Samples were analyzed in the Center for Innovative 

Technology (CIT) at Vanderbilt University using negative ion mode high resolution mass spectrometry 

as previously described132-134. Briefly, the dried fractionated sample was reconstituted in 900 ɛL 

methanol:water (50:50 v/v) to a concentration of 100 ng/ɛL and diluted to a final concentration of 10 

ng/ɛL in acetonitrile/water with 0.1% formic acid (3:97, v/v). Samples were separated via reversed 

phase liquid chromatography (C18, 6 ɛL injection volume) followed by high resolution MS and tandem 

high resolution mass spectrometry analysis (LC-HRMS/MS) using the methods outlined previously132-

137. Spectral features (retention time, m/z pairs) were imported and processed in Progenesis QI v.3.0 

(Non-linear Dynamics, Waters Corporation, Milford, MA). Putative annotations were determined 

within Progenesis QI using accurate mass measurements (<5 ppm error), isotope distribution similarity, 

retention time, and fragmentation spectrum matching database searches against METLIN and the CITôs 

in-house library138,139. 

 

2.17. qPCR 

Total RNA from cells was isolated using the RNeasy mini kit (Qiagen #74104) and complementary 

DNA was synthesized using the SuperScript VILO cDNA Synthesis Kit (Invitrogen #11754050) 
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according to manufacturerôs instructions. qPCR was performed using TaqMan Fast Advanced Master 

Mix (Applied Biosystems #4444557) and TaqMan real-time probes (Applied Biosystems). The relative 

gene expression was calculated using the ȹȹCT method. Expression of the target gene was normalized 

to the reference gene (HPRT) and the mean expression level of the control group. 

 

2.18. ELISA  

The level of IFNg in cell culture supernatants was measured using an ELISA MAX Deluxe kit 

(BioLegend #430104) following manufacturerôs instructions. The level of PGE2 in culture supernatants 

was measured using a Prostaglandin E2 ELISA kit ï Monoclonal (Cayman Chemical #514010) 

according to manufacturerôs instructions. Supernatants were collected from CAF-T cell cocultures as 

described above.  

 

2.19. Bulk RNA Sequencing of tsCAF and CD8+ T Cells 

tsCAF and CD8+ T cells were cocultured together in transwell plates (0.4 Õm pore size, Corning #3413) 

for bulk RNA sequencing. 50,000 tsCAF were plated in the lower chamber and 100,000 CD8+ T cells 

with CD3/CD28 stimulation were plated in the upper chamber of the transwell. Cells were incubated 

at 37ÁC in a 5% CO2-humidified atmosphere for 5 days. Media was renewed on day 3. Following 

incubation, tsCAF and CD8+ T cells were collected, and RNA was isolated from these cells using the 

RNeasy mini kit (Qiagen #74104). RNA was sent to Novogene for next generation sequencing on the 

Illumina platform.  

2.19.1. RNA Sequencing Analysis 

Raw data (raw reads) in fastq format were firstly processed through in-house perl scripts. Clean data 

(clean reads) were obtained by removing reads containing adapter, reads containing poly-N and low-

quality reads from raw data. At the same time, Q20, Q30 and GC content in the clean data were 

calculated. All the downstream analyses were based on the clean data with high quality. Reference 

genome and gene model annotation files were downloaded from the genome website directly. Index of 
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the reference genome was built using Hisat2 v2.0.5 and paired-end clean reads were aligned to the 

reference genome using Hisat2 v2.0.5. featureCounts v1.5.0-p3 was used to count the reads numbers 

mapped to each gene. And then FPKM of each gene was calculated based on the length of the gene and 

reads count mapped to this gene. Differential expression analysis was performed using the DESeq2 R 

package (1.20.0). The resulting P-values were adjusted using the Benjamini and Hochbergôs approach 

for controlling the false discovery rate. Genes with an adjusted P-value <=0.05 found by DESeq2 were 

assigned as differentially expressed. For Gene Set Enrichment Analysis, the genes were ranked 

according to the degree of differential expression in the two samples, and then the predefined gene set 

was tested to see if it was enriched at the top or bottom of the list.  

 

2.20. Statistical Analysis 

All quantitative and statistical analyses were performed using the R computational environment and 

packages described above with the exception of CAF composition and coculture experiments. 

Statistical analyses of these assays were performed using Prism 9 software (GraphPad). Differential 

gene expression was assessed at the single cell level by the MAST single-cell statistical framework as 

implemented in Seurat v3140, and differential VIPER activity was assessed by t test, each with 

BenjaminiïHochberg multiple-testing correction. Comparisons of cell frequencies were performed by 

nonparametric Wilcoxon rank-sum test, and survival analyses were performed by log-rank test. In all 

cases, statistical significance was defined as an adjusted P value less than 0.05. Details of all statistical 

tests used can be found in the corresponding figure legends. 
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CHAPTER 3 

 

Immunostimulatory Cancer-Associated Fibroblast Subpopulations Predict 

Immunotherapy Response in Head and Neck Cancer2 

 

3.1 Abstract 

Purpose: Cancer-associated fibroblasts (CAF) have been implicated as potential mediators of 

checkpoint immunotherapy response. However, the extensive heterogeneity of these cells has precluded 

rigorous understanding of their immunoregulatory role in the tumor microenvironment. 

Experimental Design: We performed high-dimensional single-cell RNA sequencing (scRNAseq) 

on four patient tumors pre-treatment and post-treatment from a neoadjuvant trial of patients with 

advanced-stage head and neck squamous cell carcinoma that were treated with the ŬPD-1 therapy, 

nivolumab. The head and neck CAF (HNCAF) protein activity profiles, derived from this cohort of 

paired scRNAseq, were used to perform protein activity enrichment analysis on the 28-patient parental 

cohort of clinically annotated bulk transcriptomic profiles. Ex vivo coculture assays were used to test 

functional relevance of HNCAF subtypes. 

Results: Fourteen distinct cell types were identified with the fibroblast population showing 

significant changes in abundance following nivolumab treatment. Among the fibroblast subtypes, 

HNCAF-0/3 emerged as predictive of nivolumab response, while HNCAF-1 was associated with 

immunosuppression. Functionally, HNCAF-0/3 were found to reduce TGFɓ-dependent PD-1+TIM-

3+ exhaustion of CD8+ T cells, increase CD103+NKG2A+ resident memory phenotypes, and enhance 

the overall cytolytic profile of T cells. 

Conclusions: Our findings demonstrate the functional importance of distinct HNCAF subsets in 

modulating the immunoregulatory milieu of human HNSCC. In addition, we have identified clinically 

actionable HNCAF subtypes that can be used as biomarkers of response in future clinical trials. 

2Selected from Obradovic, A., Graves, D., Korrer, M. et al. Immunostimulatory cancer-associated fibroblast 

subpopulations can predict immunotherapy response in head and neck cancer. Clin Cancer Res. 2022. 
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3.2 Introduction 

Anti-PD-1 immune checkpoint inhibitors (ICI) are currently the first-line therapy for 

recurrent/metastatic head and neck squamous cell carcinoma (HNSCC)5,6. Yet, overall response rates 

can be as low as 20%, with increased responses in tumors with elevated PD-L1 expression and tumor-

infiltrating T cells5,11,141. While this is partly a T cellïdependent mechanism, there may be additional 

cellular subpopulations in the tumor microenvironment (TME) responsible for mediating response to 

ICI142-145. Recent studies have suggested that cancer-associated fibroblasts (CAF) are associated with 

this resistance, but their role in T cell immunomodulation is still unclear in the human TME 46,91,92. 

In human breast cancer, four CAF subtypes (CAF-S1 to S4), were identified on the basis of the 

expression of six fibroblast markersðfibroblast activation protein (FAP), integrin b1 (CD29), a-

smooth muscle actin (aSMA), fibroblast-specific protein-1 (FSP-1), platelet derived growth factor 

receptor b (PDGFRb), and caveolin-1 (CAV1)75. In their follow-up study, single-cell RNA sequencing 

(scRNAseq) further divided CAF-S1 into eight subtypes with the majority of these subtypes linked to 

immunosuppression and resistance to immunotherapy46. In contrast, three molecularly and 

phenotypically distinct CAF subpopulations were identified in pancreatic cancer, based on spatial 

location and imputed function, as defined by cytokine and surface marker expression. These include 

inflammatory CAF (iCAF), myofibroblastic CAF (myCAF), and antigen-presenting CAF (apCAF)44,45. 

In head and neck cancer, three CAF types were previously identified by scRNAseq corresponding to 

myCAF and two undefined CAF subtypes (CAF1 and CAF2), but the functionality of these subtypes 

and their association with immunotherapy response remains unknown59. In general, these various 

orthogonal approaches to cancer-specific CAF characterizations have not provided a concordant 

classification of this important stromal host cell type.  

To assess whether CAF-related or other TME subpopulations can regulate clinical responses to 

nivolumab, we leveraged scRNAseq from a neoadjuvant trial to longitudinally profile pre-treatment 

and post-treatment human HNSCC and generate a dynamic atlas of the human HNSCC TME. Our 
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novel bioinformatic approach uses the Virtual Inference of Protein-activity by Enriched Regulon 

(VIPER) algorithm146,147 to address limitations imposed by high noise and significant gene dropout rates 

in most scRNAseq analysis platforms. Specifically, VIPER leverages knowledge of regulatory 

networks to allow full quantitative characterization of protein activity by assessing the enrichment of 

their transcriptional targets in differentially expressed genes. On average, the resulting protein activity 

profiles outperform antibody-based measurements and dramatically outperform gene expressionïbased 

analyses in terms of identifying and characterizing molecularly distinct TME subpopulations127, thus 

enabling mechanistic dissection of the HNSCC microenvironment at hitherto unattained resolution. In 

this chapter, we present the results of these protein activityïbased analyses on clinical biospecimens to 

generate a high-resolution atlas of the human HNSCC immune and stromal microenvironment under 

ICI pressures. 

 

3.3 Results 

3.3.1 Proteomic master regulatory network analysis of longitudinal single-cell transcriptomic 

profile identifies functionally unique CAF populations in the HNSCC microenvironment 

Longitudinal scRNAseq of patient tumors, pre-treatment and post-treatment with nivolumab, and gene 

expression clustering with Seurat revealed 12 broadly distinct cellular populations, consistently 

expressed across all the tumors sequenced (Supplementary Figure 3.1A-B). To achieve higher 

resolution of cellular subpopulation characterization, we used scRNAseq profiles from each cluster to 

infer subpopulation-specific gene regulatory networks with the ARACNe algorithm148, followed by 

protein activity analysis using VIPER. Protein activityïbased re-clustering identified two additional, 

previously undetected clusters for a total of 14 distinct cellular populations which were also consistently 

expressed across all 4 patients (Fig. 3.1A). To visualize key differences between these cellular 

populations, we generated a heatmap showing the activity of the five proteins most differentially 

activated in each cluster (Fig. 3.1B). We first assessed the ability of these VIPER-generated populations 

to accurately respond to expected treatment-induced changes. As expected, both gene expression and 
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protein activity analyses revealed increased T cells and IFNg protein activity following nivolumab 

treatment (Fig. 3.1C and Supplementary Figure 3.1C-D). When we interrogated changes in the 

abundance of other cell populations, VIPER clustering revealed heterogeneity among fibroblast cells 

not discoverable from gene expression clustering alone, with two clusters (clusters 4 and 9) presenting 

highly statistically significant post-treatment cellular fraction increase (Fig. 3.1C). Cell lineage 

inference, using SingleR149, identified both clusters as fibroblasts, suggesting that PD-1ïtargeted 

immunotherapy in head and neck cancer was associated with CAF upregulation (Fig. 3.1D). 

Accordingly, imputed receptor-ligand interactions between cell types127 suggested strong interplay 

between CAF and CD8 T cells (Supplementary Figure 3.1E). Furthermore, two additional clusters 

(clusters 6 and 7), also characterized as fibroblasts by SingleR (Fig. 3.1D), did not show significant 

fractional representation differences following immunotherapy (Fig. 3.1C), thus suggesting the 

existence of functionally distinct CAF subpopulations within the HNSCC TME. 
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Figure 3.1. VIPER analysis of longitudinal single-cell transcriptomic profiles of HNSCC show 

CAF changes associated with immunotherapy. A) Two-dimensional UMAP projection of cells across 

all samples (n=4), processed by VIPER and clustered by resolution-optimized Louvain. Cells are 

colored by unsupervised cluster number, with fibroblast clusters (4, 6, 7, 9) further labeled by cell type. 

B) Heatmap of top five most differentially upregulated proteins per cluster for each cell population in 

A. C) Boxplot of population frequency at baseline and following ŬPD-1 immunotherapy for each cell-

type cluster in A. CAF subtypes increasing in response to immunotherapy are emphasized with green 
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outline. **, P < 0.01. D) SingleR cell type inference projected on UMAP plot. Each cluster is assigned 

a lineage cell type based on its majority SingleR-inferred label. 

 

3.3.2 VIPER fibroblast clustering identifies unique subpopulations associated with response and 

resistance to immunotherapy 

To further evaluate functional differences between the distinct CAF subpopulations in the HNSCC 

TME, we performed protein activityïbased subclustering focusing only on fibroblast cells using 

ARACNe and VIPER. The analysis identified five molecularly distinct CAF clusters, preliminarily 

termed HNCAF-0 to HNCAF-4 (Fig. 3.2A). Importantly, gene expressionïbased subclustering of 

fibroblasts only identified two distinct CAF populations corresponding to the two fibroblast populations 

seen in Supplementary Figure 3.1A (clusters 3 and 6). As expected, these two clusters phenotypically 

match the two CAF populations previously identified in HNSCC such that cluster 3 corresponds to 

CAF1 and cluster 6 corresponds to CAF2 (Supplementary Figure 3.1F)59. Among the five HNCAF 

populations identified by protein activityïbased clustering, cell fractional representation increased for 

HNCAF-0 and HNCAF-3, decreased for HNCAF-1 and HNCAF-2, and was unaffected for HNCAF-4 

(Fig. 3.2B). The top 10 most differentially active proteins, presented as a ranked list of differentially 

active transcription factors and signaling molecules, in each of the five clusters highlight their potential 

functional properties to help define the molecular biology of each HNCAF phenotype (Fig. 3.2C). To 

assess the associations of each HNCAF subpopulation with clinical response to aPD-1 immunotherapy, 

we used the HNCAF molecular signatures to analyze the bulk RNAseq profiles from the 28-patient 

parental cohort annotated with clinical response to nivolumab. For this purpose, we first used VIPER 

to generate protein activity profiles from each bulk profile, using fibroblast-specific regulatory 

networks generated at the single-cell level, and then evaluated the enrichment of the most differentially 

active proteins in each HNCAF subpopulation (marker protein sets) among proteins differentially active 

in responders versus non-responders. The analysis revealed statistically significant enrichment of 

HNCAF-0 and HNCAF-3 marker genes in pre-treatment samples of patients who subsequently 

responded to aPD-1 immunotherapy (Fig. 3.2D). This result indicates that the HNCAF-0 and HNCAF-
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3 populations, which also expand following nivolumab treatment, may be predictive of clinical 

response in human HNSCC patients. In contrast, HNCAF-1, HNCAF-2, and HNCAF-4 cells did not 

expand following therapy and their markers were not significantly enriched in responders versus non-

responders. 
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Figure 3.2. Fibroblast sub-clustering reveals distinct populations associated with differential 

responses to PD-1-based immunotherapy with the potential to predict clinical outcome. A) 2-

dimensional UMAP projection of CAF across all samples (n=4), re-clustered by resolution-optimized 

Louvain and colored by cluster identity. B) Boxplot of cluster frequencies of each HNCAF type pre- vs 

post-nivolumab therapy, ** indicates P < 0.01. C) Heatmap of top 10 most differentially upregulated 
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proteins per cluster for each CAF population. D) Protein Activity Profile Enrichment plots of single-

cell protein population markers for each HNCAF cluster in bulk RNAseq signature of immunotherapy 

responders (R, n=9) vs non-responders (NR, n=19), profiled pre-treatment. In each plot, ES represents 

raw enrichment score and NES represents the normalized enrichment score, as computed by GSEA 

using the set of statistically significant differentially active proteins for each HNCAF population at the 

single-cell level as a gene set, and testing for enrichment in the ranked list of proteins most to least 

enriched in therapy responders vs non-responders (ranked 0-5000). P-values for Normalized 

Enrichment Score are assessed by 1000 random permutations of gene ranking. 

 

3.3.3 Fibroblast subtype analysis reveals novel classification paradigm in HNSCC 

Because of scant literature on CAF in human HNSCC, we next quantified the extent of CAF infiltration 

from surgical HNSCC specimens using flow cytometry. CAF abundanceðas defined by CD45- 

EpCAM- CD31-ðranged between 12% and 58% of the total live cells (Fig. 3.3A). Having confirmed 

significant abundance of CAF in human HNSCC, we proceeded to assess the presence of novel HNCAF 

subpopulations predicted by the VIPER analysis. Distinct CAF subpopulations termed CAF-S1, CAF-

S2, CAF-S3, and CAF-S4 have been previously identified in breast cancer based on the expression of 

CD29 and FAP by flow cytometry75. Kieffer and colleagues showed that CAF-S1 can be found in 

HNSCC but the presence of other CAF-S populations in HNSCC remains unknown46. Hence this 

protein-based framework was initially used to assess how the VIPER imputed HNCAF align with the 

breast cancer CAF scheme. Following the same gating strategy employed by Costa and colleagues75, 

we confirmed the presence of all four breast cancer CAF-S populations in HNSCC (Fig. 3.3B). 

Interestingly, CAF-S1 and CAF-S2 were most abundant, while CAF-S3 and CAF-S4 abundance was 

quite minimal (Fig. 3.3C). We then sorted CAF-S1 to S4 cells from HNSCC tumors and performed 

bulk RNAseq of each subpopulation to assign these sorted cells to the VIPER generated HNCAF 

populations. Pairwise GSEA of the HNCAF protein activity signatures in the bulk transcriptome 

indicated that the gene sets representative of HNCAF-0, HNCAF-1, and HNCAF-3 were all enriched 

in the same breast subtype (CAF-S1), while HNCAF-2 and HNCAF-4 were both enriched in CAF-S4 

with HNCAF-4 also enriched in CAF-S3 (Supplementary Figure 3.2A). CAF-S2ðprimarily defined 

as double negative for FAP and CD29ðdid not significantly align with any HNCAF. These analyses 
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importantly showed that VIPER-clustered HNCAF provide much greater resolution of functionally 

distinct CAF phenotypes compared with the flow-based CAF-S1/S2/S3/S4 framework. Specifically, 

the CAF-S1 subtype matched three distinct HNCAF subtypes, which have opposing association with 

clinical responses to immunotherapy. In addition, the HNCAF subtypes did not clearly correlate with 

any of the CAF-S1 subclusters later identified by gene expression in breast cancer apart from ecm-

myCAF (Supplementary Figure 3.2B). HNCAF-0, 1, 2, and 3 were all significantly enriched for the 

ecm-myCAF signature, with HNCAF-0 and HNCAF-3 being more enriched than HNCAF-1 and 

HNCAF-2. However, ecm-myCAF are associated with immunosuppression and resistance to 

immunotherapy leading us to believe that HNCAF-0 and HNCAF-3 differ from ecm-myCAF in terms 

of functionality46. 

We also tested for concordance of our classification schema with previously defined gene set 

markers of iCAF and myCAF, as first described in pancreatic cancer44. Cell-by-cell enrichment of iCAF 

and myCAF gene signatures revealed an enrichment for the iCAF signature in HNCAF-1 cells and for 

myCAF in HNCAF-2 cells (Supplementary Figure 3.2C-D). Correlations between our HNCAF 

populations and the breast or pancreatic CAF phenotypes is summarized in the classification scheme 

shown (Fig. 3.3D). While presenting some similarity to CAF-S1 cells, we conclude that HNCAF-0 and 

HNCAF-3 represent novel, molecularly distinct fibroblast subpopulations, potentially unique to head 

and neck cancer and predictive of patient outcome (Fig. 3.2D), which do not completely match the 

iCAF/myCAF classification. Furthermore, in contrast to the HNCAF-0 and HNCAF-3 subtypes, 

iCAF/myCAF and CAF-S1/S2/S3/S4 are not significantly enriched in responder cohorts, suggesting 

that these classification schemes do not accurately depict CAF function in HNSCC (Supplementary 

Figure 3.3). Cumulatively, these data underscore the greater resolution of HNCAF from our VIPER 

analysis compared with previous efforts, and more critically, the HNCAF populations identified 

through VIPER allow prognostic correlations of CAF cells in HNSCC. 
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Figure 3.3. Prognostically associated HNCAF sub-populations provide greater resolution than 

previously characterized CAF phenotypes. A) Relative frequencies of stromal 

(CD45-Epcam-CD31-), epithelial/endothelial (CD45-Epcam+/CD31+) and immune (CD45+) cell 

components across HNSCC patients quantified by flow cytometry (n=5). B) Flow cytometry gating 

strategy to isolate previously described CAF phenotypes from HNSCC specimens. C) Relative 

frequency for each CAF subtype from B among total CAF quantified by flow cytometry (n=5). D) 

Phenotype-matching between unsupervised HNCAF clusters from scRNAseq and previously defined 

CAF-S1 to CAF-S4, as well as iCAF and myCAF. Each single-cell HNCAF population is labelled as 

the sorted CAF-S1 to CAF-S4 population with highest gene set enrichment, as shown in Supplementary 

Figure 3.2. The data in A and C were analyzed using one-way ANOVA and * indicates P < 0.05, ** 

indicates P < 0.01. 
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3.3.4 HNCAF-0 predicts a favorable disease course in TCGA, in contrast to the HNCAF-1 

population 

To evaluate the prognostic relevance of the CAF populations identified in a setting free from external 

immunotherapeutic pressures, we quantified the enrichment of HNCAF protein activity signatures in 

TCGA HNSCC cohort (Fig. 3.4 and Supplementary Figure 3.4). GSEA150, on a patient-by-patient basis, 

revealed significant enrichment of the HNCAF-0 signature in patients with better overall survival in 

TCGA (Fig. 3.4A), suggesting that these cells may not only be important regulators of immunotherapy 

response but may also play a key role in mounting clinically relevant, endogenous immune responses 

against HNSCC. In contrast, the HNCAF-1 protein activity signature was associated with early worse 

overall survival when there was a sufficient number of patients (Fig. 3.4B). Prognosis in HNSCC has 

been associated with higher TIL level in TCGA cohort151, and these results were consistent with the 

differential immunomodulatory functional roles of distinct VIPER-derived HNCAF cells. 



 49 

 

Figure 3.4. HNCAF-0 and HNCAF-1 have contrasting prognostic associations. A) Kaplan-Meier 

plot of HNCAF-0 Protein Activity Gene Set Enrichment among TCGA dataset of head and neck 

squamous cell carcinoma patients in association with overall survival time, limited to patients with 

under 10 years of follow-up. Enrichment scores were binarized by log-rank maximization to ñhigh 

HNCAF-0ò and ñlow HNCAF-0ò and showed significant association with improved survival (P = 

0.0095, median survival time = 602 days vs 1671 days). Hazard ratio is shown below the plot, with 

95% confidence interval. B) Kaplan-Meier plot of HNCAF-1 Protein Activity Gene Set Enrichment 
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among TCGA head and neck squamous cell carcinoma patients in association with overall survival 

time, limited to patients with under 10 years of follow-up, as in A. HNCAF-1 enrichment shows 

significant association with worse survival (P = 0.0041, median survival time = 1718 days vs 773 days). 

Hazard ratio is shown below the plot, with 95% confidence interval. 

 

3.3.5 HNCAF-0/3 cells inhibit TGFb-dependent T cell exhaustion in functional coculture 

experiments 

Prompted by these intriguing clinical findings (Fig. 3.2D), we studied the potential interactions of 

HNCAF-0 and HNCAF-3 cells with other TME subpopulations. Interactome analysis showed that 

HNCAF have more receptorïligand interactions with CD8+ T cells than with any other cell subtype in 

the TME (Supplementary Figure 3.1E). Therefore, we next interrogated the relationship between 

HNCAF-0 and human CD8+ T cells in situ and in vitro. DSP (NanoString) of immune-related transcripts 

and protein markers was performed on HNSCC tissue from patients prior to nivolumab treatment. We 

first analyzed global CAF infiltration pattern in HNSCC tissue using anti-aSMA, anti-CD8, and anti-

cytokeratin antibodies. These multiplexed immunofluorescent images exhibited colocalization of CAF 

with CD8+ T cells in the stromal compartment (Fig. 3.5A, white arrow). Reliable validated antibodies 

for each of the VIPER-derived HNCAF subpopulations are currently unavailable, preventing histologic 

analysis of each HNCAF population at this time.  

To test whether HNCAF-0 cells can directly affect the biology of the CD8+ T cells, we performed 

in vitro coculture assays with HNCAF harvested from surgical resection mixed with either naµve T cells 

or tumor-infiltrating T cells. Primary fibroblasts enriched for HNCAF-0/3 were isolated from human 

HNSCC samples and their transcriptional identity was verified by RNAseq and protein activity analysis 

(Supplementary Figure 3.5). Because of the phenotypic similarity between HNCAF-0 and HNCAF-3, 

we were unable to enrich solely for HNCAF-0 and proceeded with a heterogeneous population enriched 

for both HNCAF-0 and HNCAF-3. When cocultured with T cells isolated from PBMCs of healthy 

donors, HNCAF-0/3 cells reduced the PD-1+TIM-3+ exhaustion phenotype among exogenously 

activated CD8+ T cells and increased the CD103+NKG2A+ tissue-resident memory (Trm) phenotype, 
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as well as their cytolytic function, based on perforin and granzyme B expression (Fig. 3.5B). It is 

important to note that reduced exhaustion and increased Trm phenotypes caused by HNCAF-0/3 was 

not due to PD-1:PD-L1 signaling (Supplementary Figure 3.6A-B). Transwell coculture assays revealed 

that HNCAF-0/3ïmediated T cell activation increase and induction of Trm phenotypesðbut not T cell 

exhaustion phenotype mitigationðdepends on cell-to-cell contact (Fig. 3.5C). In addition, coculture 

of HNCAF-0/3 cells with tumor-infiltrating T cells isolated directly from human HNSCC specimens 

resulted in an equivalent increase in Trm phenotype and cytotoxicity among CD8+ T cells, but HNCAF-

0/3 cells could not rescue the exhaustion phenotype of terminally exhausted tumor-infiltrating T cells 

(Fig. 3.5D). However, the duration of coculture for these experiments was shorter than with PBMCs 

due to issues with tumor-infiltrating T cell viability and downregulation of PD-1+TIM-3+ exhaustion 

phenotypes likely requires longer interaction times. Regardless, HNCAF-0/3 cells strongly promoted 

production of the activation markers, perforin, granzyme B, and IFNg, in tumor-infiltrating T cells (Fig. 

3.5D-E), suggesting that HNCAF-0/3 may prevent terminal exhaustion in early activated T cells as well 

as reinvigorate already exhausted T cells in the TME. Notably, we found that HNCAF-0/3 completely 

rescued TGFb-mediated PD-1/TIM-3 induction in culture, without inhibiting total TGFb signaling, as 

defined by CD103 induction (Fig. 3.5F).  

To evaluate CAF influences on T cell exhaustion in situ without a validated antibody for each 

HNCAF population, we leveraged the DSP data to evaluate colocalization of HNCAF-0 and HNCAF-

1 protein activity signatures in regions enriched for the T cell functional exhaustion signature. Indeed, 

the HNCAF-1 signature enrichment significantly correlated with increased T cell exhaustion signature 

enrichment (r = 0.94, P = 0.0014). In sharp contrast, the HNCAF-0 signature was not significantly 

associated with the T cell exhaustion signature in the TME region of interest (Fig. 3.5G-H). Given the 

association of HNCAF-1 cells with an immunosuppressive environment, we aimed to evaluate the 

direct impacts of isolated HNCAF-1 cells on T cell phenotypes in coculture, as performed for HNCAF-

0/3 cells. However, despite repeated experiments, T cells cocultured with HNCAF-1 rapidly died, 
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leaving an insufficient number of viable cells for further analyses (Fig. 3.5I and Supplementary Figure 

3.6CïE). T cell death induction was not observed when T cells were cultured in isolation or with 

HNCAF-0/3 cells, suggesting HNCAF-1 mediates accelerated T cell apoptosis ex vivo. 

 

 

Figure 3.5. HNCAF spatially co-localizes with CD8+ T cells and HNCAF-0/3 functionally decrease 

TGFb dependent T cell exhaustion in vitro. A) Pre-treatment DSP immunofluorescence imaging 
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from a representative patient treated with PD-1 immunotherapy, such that tumor cell localization is 

indicated by panCK staining (green), cytotoxic T cell localization by CD8 staining (red), fibroblast 

localization by SMA staining (yellow), and nucleated cells by DAPI staining (blue). Arrows indicate 

interactions between SMA+ fibroblasts and CD8+ T cells. B) Coculture experiment of naµve T cells 

derived from peripheral blood mononuclear cells (PBMC) with CD3/CD28 stimulation and isolated 

HNCAF-0/3 cells, showing T cell exhaustion markers (%PD-1+ TIM-3+ cells), tissue residency memory 

markers (%CD103+ NKG2A+ cells), and cytotoxicity (%Perforin+ GzmB+ cells) (n=3-12). C) Coculture 

experiment of T cells with HNCAF-0/3 cells as in B except in contact-isolating transwell culture (n=3-

9). D) Coculture experiment of tumor-infiltrating lymphocytes (TIL) with CD3/CD28 stimulation and 

isolated HNCAF-0/3 cells (n=9-15). E) Interferon gamma levels in coculture of naµve T cells derived 

from PBMC and TIL with HNCAF-0/3 cells determined by ELISA (n=3 for PBMCs; n=6 for TIL). F) 

Rescue experiment of T cells derived from PBMCs with CD3/CD28 stimulation and TGFɓ with or 

without HNCAF-0/3 (n=6-9). G) Spatial enrichment of HNCAF-0/3 gene set vs enrichment of T cell 

exhaustion signature in Nanostring DSP of tissue slices across patients (n=2). H) Spatial enrichment of 

HNCAF-1 gene set vs enrichment of T cell exhaustion signature in Nanostring DSP of tissue slices 

across patients (n=2). Signatures are positively correlated with respect to spatial co-localization 

(correlation coefficient = 0.94, P = 0.0014). I) Quantitation of live cells out of total CD8+ T cells 

determined by flow cytometry from coculture with HNCAF-0/3 or HNCAF-1. B-D, F) Percentages 

were quantified by flow cytometry. Results are shown as mean Ñ SD and are representative of at least 

three independent experiments. The data were analyzed using one-way ANOVA (B-D, F, I) or the 

Student t test (E) and * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **** 

indicates P < 0.0001. 

 

3.3.6 HNCAF-0 can predict clinical outcome to aPD-1 blocking antibodies 

To test for the potential generalizability of these HNCAF subpopulations, we next performed 

enrichment of HNCAF protein activity signatures across TCGA, by tumor type, focusing on tumors 

with high stromal cell content. Enrichment analyses revealed that HNCAF-0 enrichment is relatively 

specific to HNSCC while HNCAF-1 enrichment is more broadly observed (Supplementary Figure 

3.7A-B). Intriguingly, HNCAF-1 enrichment is highest in pancreatic adenocarcinoma, which is known 

to be unresponsive to PD-1ïbased immunotherapy (Supplementary Figure 3.7B). HNCAF-1 

phenotypically matches the previously defined iCAF population from pancreatic cancer (Fig. 3.3D). 

To externally validate our HNCAF-0/3ôs potential for clinical response prediction, we tested for 

enrichment of protein activity signatures in another cohort of patients with HNSCC treated with aPD-

1 immunotherapy, pembrolizumab152. The analysis revealed statistically significant enrichment of 

HNCAF-0 and HNCAF-3 marker genes in pre-treatment samples of patients who subsequently 

responded to pembrolizumab, validating the association of HNCAF-0/3 with immunotherapy response 
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in an independent cohort (Fig. 3.6A). Although not as enriched as HNCAF-0 and HNCAF-3, analysis 

of this cohort also revealed a significant enrichment of HNCAF-2 in responders pre-treatment (Fig. 

3.6A). HNCAF-3, which showed the strongest overall enrichment in responders compared with non-

responders (Fig. 3.6A), also showed the highest predictive area under receiver operating characteristic 

(AUROC), with an AUROC of 0.8 (Fig. 3.6B), an improvement as compared with reported AUROC 

of PD-L1 tumor proportion score (AUROC = 0.66) and PD-L1 combined positive score (AUROC = 

0.61)153 
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Figure 3.6. HNCAF-0 and HNCAF-3 are also predictive of favorable responses to 

pembrolizumab. A) Protein activity profile enrichment plots of single-cell protein population markers 

for each HNCAF cluster in bulk RNAseq signature of pembrolizumab immunotherapy responders (R, 

n=5) vs non-responders (NR, n=15), profiled pre-treatment152. B) Area Under the Receiver Operating 

Characteristic (AUROC) plots corresponding to pre-treatment predictive power of patient-by-patient 

protein activity profile enrichment for each HNCAF population show in A. 95% confidence intervals 

are included.  
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3.4 Discussion 

In this study, we used protein activity profiles, as measured by the VIPER algorithm analysis of a 

longitudinal single-cell transcriptomics HNSCC data set, to identify five molecularly distinct CAF 

subtypes. We took advantage of the longitudinally harvested biospecimens from a neoadjuvant clinical 

trial to show that two subtypes, HNCAF-0 and HNCAF-3, are predictive of favorable clinical responses 

to aPD-1 checkpoint blockade therapy. Moreover, we discovered HNCAF-0/3 cells have an 

immunostimulatory effect on CD8+ T cells while HNCAF-1 cells are associated with 

immunosuppression. From a functional perspective, we have shown that HNCAF-0/3 fibroblasts 

prevent induction of an exhausted T cell phenotype and are associated with increased CD8+ T cell 

cytotoxicity. HNCAF-1 fibroblasts, in contrast, correlate with increased T cell exhaustion in situ and T 

cell apoptosis in vitro, suggesting contrasting roles for these CAF subtypes. Functional significance of 

HNCAF-2 and HNCAF-4 subtypes has yet to be defined.  

Protein activityïbased clustering with VIPER has previously been shown to outperform gene 

expressionïbased clustering127 and we have corroborated this with the identification of five HNCAF 

subtypes compared to two with gene expressionïbased clustering. Although we are not the first to 

identify CAF in HNSCC by single cell sequencing, we were able to achieve greater resolution with 

VIPER allowing for a more granular picture of the CAF composition in HNSCC46,59. We were also able 

to integrate the major subclasses of CAF identified in breast cancer and pancreatic cancer into our 

HNSCC CAF data. We showed through GSEA that CAF-S1, identified in breast cancer and in our 

HNSCC samples as CD29+FAP+ fibroblasts, correspond to three of the HNCAF groups we identified, 

HNCAF-0, HNCAF-1, and HNCAF-375. Kieffer and colleagues further dissected CAF-S1 in breast 

cancer and identified eight subgroups but only focused on the five most abundant groups46. We 

performed GSEA of these five subgroups but were only able to identify one with significant enrichment 

in our HNCAF subpopulations: ecm-myCAF. We did find that the ecm-myCAF signature was 

significantly enriched on four of our five HNCAF groups. The discrepancies between our sub-clustering 

of CAF-S1 and Kieffer and colleagues may be due to tumor-specific differences in the CAF 
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heterogeneity between breast and HNSCC as well as the use of a protein activityïbased algorithm in 

contrast to gene expression46. In addition, we have found a CAF population (HNCAF-0) that is 

relatively specific to HNSCC amid the other CAF types seen across different cancers. At this time, we 

hypothesize that tumor intrinsic factors may be influencing the differentiation of tumor-specific CAF 

subpopulations (HNCAF-0) while nonspecific CAF subpopulations like HNCAF-1 could be derived 

from mesenchymal stem cells154-158.  

Despite the incomplete biological understanding of the HNCAF subsets, our work introduces a 

novel clinically actionable biomarker for HNSCC. ICIs have revolutionized the field of cancer 

immunotherapy with mAbs targeted against CTLA-4, PD-1, and PD-L1 being recently approved for 

use as frontline therapies for HNSCC and other cancer types5,11,159. The factors driving resistance to ICI 

remain largely unknown, making it difficult to select those who will respond and who will not. 

Accordingly, there remains an unmet need for reliable biomarkers predictive of response to guide 

patient selection and optimization of ICI treatment. In recent studies, CAF have been implicated to 

influence resistance to checkpoint immunotherapy. A preclinical model of pancreatic ductal 

adenocarcinoma showed that depletion of CAF expressing high levels of FAP improves response to 

aPD-L1 blockade91. Similarly, scRNAseq revealed a LRRC15+ CAF population associated with worse 

response to aPD-L1 immunotherapy in a clinical trial for bladder cancer92. Furthermore, distinct CAF 

populations identified in breast cancer were also shown to be associated with poor aPD-1 

immunotherapy response in melanoma and lung cancer46. All these studies have implicated CAF 

primarily as contributors to resistance; however, the precise nature of molecularly distinct CAF 

subtypes and their role in mediating the effect of immunotherapy remains poorly investigated. With our 

ability to provide a higher resolution CAF repertoire, we show that the presence of two unique HNSCC-

specific CAF subtypes is predictive of clinical response to immunotherapy in HNSCC. In particular, 

our functional findings suggest that HNCAF-0/3 fibroblasts are active participants in the immune 

response elicited by PD-1ïdirected immunotherapy through T cell modulation. For HNSCC, we are 
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currently evaluating whether these CAF subtypes behave differently in virally associated HPV+ 

HNSCC versus HPV- tumors.  

Previous studies have typically shown CAF as promoters of immunosuppression. CAF have been 

shown to prevent T cell infiltration and to kill T cells in an antigen-dependent manner, via PD-L2 and 

FasL80,91. CAF have also been shown to suppress T cells through upregulation of PD-L1 and PD-L2 

and through recruitment of regulatory T cells75,160. While confirming the immunosuppressive role of 

some HNCAF subtypes, our work has also established a novel pro-inflammatory role for distinct CAF 

subtypes, which act as a promoter of T cell activation and cytotoxicity. In light of this 

immunostimulatory function, we have termed the HNCAF-0/3 phenotype as T cellïstimulating CAF 

(tsCAF). On the basis of previous studies identifying TGFb1 signaling through SMAD3 as a regulator 

of PD-1 expression, we hypothesize that tsCAF may repress SMAD3 to transcriptionally inhibit PD-

1/TIM-3 expression161. Although our data strongly suggest that HNCAF-0/3 are immunostimulatory, 

the inability to sort these cells to obtain pure populations is a major limitation of this study as the CAF 

cells used in our functional studies do not encompass a pure population at this point. Proteomic-based 

approach to select and sort CD29+FAP+ CAF into tsCAF and HNCAF-1 is an active area of 

investigation. Recently, tumor restrictive CD105- CAF have been demonstrated in murine models of 

PDAC which are mediated by the adaptive immune system81. CD105- CAF highly overlaps with the 

myCAF gene signature, which has also previously been demonstrated to be tumor constraining40. 

Because the tsCAF we describe here are distinct from the myCAF population, both molecularly and by 

surface marker expression, we believe they represent a distinct CAF population from CD105- CAF.  

Interestingly, we found that coculture of HNCAF-0/3 with CD8+ T cells induced a Trm phenotype 

that co-expressed NKG2A. NKG2A is an inhibitory receptor that we and others found to be highly 

enriched in tumor-infiltrating Trm CD8+ T cells in HNSCC162,163. NKG2A ligation with its ligand HLA-

E reduces cytotoxicity and effector function and is therefore a novel immunotherapy target164. Clinical 

trials combining NKG2A blockade (monalizumab) and other checkpoint inhibitors have shown 
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promising results in HNSCC162. While it is not clear why NKG2A is upregulated on tumor-infiltrating 

CD8+ T cells, our findings suggest HNCAF characterization may also inform clinical development of 

NKG2A inhibition along with other ICIs. We found that upregulation of NKG2A required contact 

between the HNCAF-0/3 and activated CD8+ T cells, which suggests that induction is mediated by 

either a surface ligand on HNCAF-0/3 or a component in the extracellular matrix produced by the CAF. 

To our knowledge, NKG2A expression on CD8+ T cells has never been associated with fibroblasts and 

our finding here provides a clear link between intratumoral NKG2A expression on CD8+ T cells and 

the tumor stroma. Future studies will need to be performed on HNSCC specimens to determine whether 

NKG2A expression on CD8+ T cells is localized to stromal regions or associated with increased 

HNCAF-0/3 cells.  

Plasticity of CAF subtypes have also been well demonstrated45,165, and our CAF atlas provides an 

excellent framework to develop strategies to force CAF differentiation toward the pro-inflammatory 

tsCAF phenotype rather than the immunosuppressive HNCAF-1 phenotype, to be combined with 

immunotherapy. Our characterization of each CAF subpopulation through their master regulatory 

network lends itself toward this strategy. Further investigation of the signals that induce tsCAF 

formation and activation, possibly by targeting master regulators of the two subtypes, either 

genetically166,167 or pharmacologically, via the OncoTreat algorithm168 is currently underway. 

Critically, this study highlights a much greater molecular heterogeneity of CAF subtypes than 

previously appreciated and demonstrates the critical need to functionally characterize their pleiotropic 

effects in terms of cancer progression, outcome, and response to immunotherapy and other cancer 

treatments. 
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CHAPTER 4 

 

Crosstalk Between CD8+ T Cells and Immunostimulatory Head and Neck Cancer-

Associated Fibroblasts Promotes T Cell Activation via Prostaglandin E23 

 

4.1 Abstract 

Responses of head and neck squamous cell carcinoma (HNSCC) to PD-1 immune checkpoint 

inhibitors (ICI) are variable, likely due, in part, to complex and heterogeneous tumor 

microenvironments. T cell-stimulating cancer-associated fibroblasts (tsCAF) are a subset of head and 

neck CAF associated with favorable responses to ICI, yet the underlying cellular and molecular 

mechanisms that drive this association are unclear. To understand the involvement of tsCAF in 

immunotherapy response, we investigated the relationship between tsCAF and CD8+ T cells, the main 

cell type targeted by PD-1 ICI. We discovered that tsCAF secrete prostaglandin E2 (PGE2) to elicit 

features associated with enhanced CD8+ T cell function, namely the reduction of PD-1+TIM-3+ 

exhaustive phenotypes and the induction of CD103+NKG2A+ tissue-resident memory phenotypes. 

However, tsCAF synthesis of PGE2 is dependent on prior T cell-mediated activation of the NFkB-

COX-2-PGE2 signaling pathway in tsCAF. Our findings demonstrate pro-inflammatory molecular 

crosstalk between CD8+ T cells and tsCAF and highlight the importance of distinct CAF subsets in 

regulating ICI response in human HNSCC.  

 

 

 

 

 

 
3Selected from Graves et al. Crosstalk Between CD8+ T Cells and Immunostimulatory Head and Neck 

Cancer-Associated Fibroblasts Promotes T Cell Activation via Prostaglandin E2. Communications 
Biology. 2024. In review. 
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4.2 Introduction 

Head and neck squamous cell carcinoma (HNSCC) is an aggressive and often recurrent cancer with 

mortality rates as high as 40-50%1,169. Despite advancements in traditional therapeutic strategies, 

including radiotherapy and chemotherapy, little improvement has been made for HNSCC patient 

survival170,171. In recent years, immunotherapies have revolutionized cancer treatment, and immune 

checkpoint inhibitors (ICI) have become standard first- and second-line therapies for recurrent and 

metastatic HNSCC5-9. Despite the success of checkpoint immunotherapy in some patients, overall 

response rates remain as low as 20% in HNSCC5,10,11. Due to the immense complexity of the tumor 

microenvironment (TME), the factors mediating resistance to ICI are not well understood and 

undoubtedly, involve several cell types within the TME. However, recent studies have specifically 

implicated cancer-associated fibroblasts (CAF) as potential mediators of response46,91,92,172,173.  

CAF comprise a vastly heterogeneous stromal cell population with pleiotropic functions in the 

TME depending on subpopulation and cancer type40,44,45,75,79. CAF have been shown to possess both 

immunosuppressive and immunostimulatory qualities, and this substantial diversity has made it 

difficult to fully understand their roles in tumor immunity. For example, a preclinical model of 

pancreatic ductal adenocarcinoma showed depletion of CAF expressing high levels of fibroblast 

activation protein (FAP) improved response to aPD-L1 blockade91. Similarly, multiple studies have 

identified distinct CAF populations associated with poor immunotherapy response in cancers like 

melanoma46, lung cancer46, and bladder cancer92. CAF have been shown to foster an 

immunosuppressive TME through the recruitment of tumor-associated macrophages79, myeloid derived 

suppressor cells79, and regulatory T cells (Treg)75,79. On the other hand, deletion of aSMA+ CAF has 

been shown to induce an immunosuppressive TME and pancreatic tumor progression, suggesting that 

aSMA+ CAF may have an important role in anti-tumor immunity40,43. Tumor-restrictive CAF have also 

been shown to mediate adaptive immune responses in the tumor56,78,81. For example, CAF can enhance 

IFN-g production to stimulate the immunogenicity of T cells78. Distinct CAF subtypes have been 
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identified in both breast cancer93,174 and lung cancer82 that are associated with better clinical responses, 

particularly to tyrosine kinase inhibitors and aPD-1 immunotherapy. These studies emphasize the 

heterogeneous roles CAF can play in tumor immune responses and demonstrate the clear unmet need 

to better understand how these variations affect therapeutic response. However, to fully grasp the effects 

of CAF on therapeutic response, further investigation of distinct CAF subsets is needed. 

Chapter 3 detailed the identification of multiple distinct CAF subsets in HNSCC including T cell-

stimulating CAF (tsCAF, also called HNCAF-0/3) which was associated with better patient response. 

The work outlined in chapter 3 provided a strong clinical indicator that could help guide patient 

selection for use of aPD-1 immunotherapy in HNSCC. However, further investigation is warranted to 

better understand how tsCAF regulate immunotherapy responses in HNSCC. In this chapter, we 

investigate the mechanisms behind the role of tsCAF in immunotherapy response by examining the 

relationship between tsCAF and CD8+ T cells. CD8+ T cells are the driving force of checkpoint 

immunotherapy and out of all cell types, tsCAF have been shown to have the most interactions with 

CD8+ T cells (see chapter 3). Therefore, studying the relationship between these two cell types will 

provide valuable insight into tsCAF involvement in the variability of immunotherapy response. Our 

data indicate that reciprocal crosstalk occurring between tsCAF and CD8+ T cells leads to NF-kappaB-

cyclooxygenase-2-prostaglandin E2 (NFəB-COX2-PGE2) pathway activation in tsCAF. In turn, 

tsCAF-secreted PGE2 reduces exhaustive phenotypes and induces tissue resident memory (Trm) 

phenotypes on CD8+ T cells. Exhausted T cells are characterized by a hypofunctional state with severe 

loss of effector functions175 while Trm T cells can control tumor growth and have been implicated as 

potential effectors of ICI176. The ability of tsCAF to transition T cells from exhausted states to Trm 

states allows greater potential for immune checkpoint inhibition. These findings highlight the 

importance of understanding relationships between distinct CAF subtypes and T cells in the TME to 

decipher immunotherapy response mechanisms. Understanding these mechanisms could lead to the 

improvement of existing immunotherapies as well as the development of novel therapies. 
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4.3 Results 

4.3.1 tsCAF reduce exhaustive phenotypes and induce Trm phenotypes in CD8+ T cells via 

reciprocal crosstalk  

The previous chapter demonstrated that tsCAF isolated from patients with HNSCC predicted a 

favorable response to aPD-1 immunotherapies (Fig. 4.1A). To assess the impact of tsCAF on T cell 

phenotypes, we cocultured hTERT-immortalized tsCAF derived from HNSCC patients (identity 

confirmed by gene signature)177 with stimulated CD8+ T cells derived from peripheral blood 

mononuclear cells (PBMCs) in healthy donors. In coculture, tsCAF reduced PD-1+TIM-3+ exhaustive 

phenotypes and increased CD103+NKG2A+ Trm phenotypes in CD8+ T cells compared to stimulation 

alone (Fig. 4.1B-C). tsCAF induced an early, transient increase in PD-1 and TIM-3 expression in CD8+ 

T cells, indicative of activation, followed by a subsequent loss of PD-1 and TIM-3 likely due to tsCAF-

mediated regulation (Supplementary Figure 4.1A-B). In addition to promoting Trm phenotypes, tsCAF 

also increased the expression of the cytotoxicity markers, perforin and granzyme B, on CD8+ T cells 

(Fig. 4.1D). Taken together, these data support that tsCAF can shift CD8+ T cells away from exhaustive 

phenotypes and towards Trm phenotypes. 

The mechanisms by which tsCAF regulate CD8+ T cell phenotypes are not known; however, the 

work shown in the previous chapter suggests a secretory mechanism based on reduced expression of 

PD-1 and TIM-3 on CD8+ T cells when cocultured in transwell with tsCAF. To evaluate these 

mechanisms further, we cultured CD8+ T cells with vehicle, tsCAF, or conditioned media derived from 

T cells, tsCAF, or cocultured tsCAF/CD8+ T cells with or without CD3/CD28 stimulation (Fig. 4.1E). 

Interestingly, relative to stimulated T cells, conditioned media from tsCAF alone did not alter CD8+ T 

cell exhaustion or Trm markers; however, conditioned media from tsCAF cocultured with CD8+ T cells 

reproduced the previously observed exhaustion and Trm phenotypes in CD8+ T cells (Fig. 4.1F, and 

Supplementary Figure 4.1C-D). These data suggest stimulated CD8+ T cells release a factor/factors that 
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induce tsCAF to secrete a T cell-stimulating factor/factors and implies an important two-way secretory 

crosstalk between tsCAF and CD8+ T cells.  

 

Figure 4.1. tsCAF reduce exhaustive phenotypes and induce tissue-resident memory phenotypes 

in CD8+ T cells via reciprocal crosstalk. A) Schematic summarizing the identification of tsCAF. B-
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D) Primary human CD8+ T cells derived from PBMCs were cultured without stimulation 

(unstimulated), with CD3/CD28 stimulation (stimulated), or with tsCAF and CD3/CD28 stimulation 

(+tsCAF) for 5 days. Representative flow plots are shown for stimulated (left) and +tsCAF (middle) 

conditions. Percentages were quantified by flow cytometry (right). E) Experimental setup for culturing 

primary human CD8+ T cells in various conditioned media (CM). CM was obtained from CD3/CD28-

stimulated T cells, tsCAF, and tsCAF cocultured with unstimulated T cells or CD3/CD28-stimulated T 

cells. F) Primary human CD8+ T cells derived from PBMCs were cultured with tsCAF or in CM with 

CD3/CD28 stimulation for 5 days and subsequently assessed for exhaustion/Trm markers. Percentages 

were quantified by flow cytometry. Graphs shown as mean Ñ SD and analyzed by Repeated Measures 

One-Way ANOVA with Geisser-Greenhouse correction; n=3 biologically independent samples 

examined in triplicate; *P Ò 0.05, **P Ò 0.01, ***P Ò 0.001, ****P Ò 0.0001. 

 

4.3.2 CD8+ T cell and tsCAF crosstalk induces an inflammatory associated transcriptome in tsCAF 

without markedly altering the CD8+ T cell transcriptome 

To further elucidate the relationship between tsCAF and CD8+ T cells, we used RNA sequencing 

(RNAseq) to assess tsCAF and CD8+ T cell transcriptomics in the presence of CD3/CD28 stimulation, 

before and after transwell coculture (Fig. 4.2A). Hierarchical clustering revealed marked alterations to 

the tsCAF transcriptome following coculture with stimulated CD8+ T cells, whereas the influence of 

tsCAF on the CD8+ T cell transcriptome was minimal when compared to stimulation alone (Fig. 4.2B). 

Top differentially expressed genes in tsCAF following coculture with stimulated CD8+ T cells were 

associated with immune regulation such as CXCL9, CXCL10, CXCL11, and HLA-DRA (Fig. 4.2C-D). 

Consistent with this finding, Gene Set Enrichment Analysis (GSEA) revealed enrichment of immune-

related Hallmark, Reactome, and KEGG pathways in tsCAF following coculture with CD8+ T cells 

(Fig. 4.2E and Supplementary Figure 4.2). In contrast to tsCAF, the transcriptome of CD8+ T cells was 

minimally altered following coculture, with KEGG nicotinate and nicotinamide metabolism as the only 

significantly altered pathway enriched in CD8+ T cells cocultured with tsCAF (Fig. 4.2F-H). 

Interestingly, nicotinamide is an integral component for cellular energy dynamics and has been 

implicated in preventing T cell exhaustion178. Collectively, these findings support the hypothesis that 

stimulated CD8+ T cells induce widespread transcriptomic changes in tsCAF and may induce 

immunostimulatory functions in tsCAF. In contrast, tsCAF likely impact exhaustive and Trm 
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phenotypic changes in CD8+ T cells through non-transcriptional and potentially proteomic or 

metabolomic mechanisms as indicated by minimal transcriptional alterations.  

 

Figure 4.2. CD8+ T cell and tsCAF crosstalk markedly alters the tsCAF transcriptome compared 

to the CD8+ T cell transcriptome. A) Schematic denoting the four conditions for RNAseq: CD8+ T 
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cells cultured alone (CD8), CD8+ T cells cultured in transwell with tsCAF (coculture CD8), tsCAF 

cultured alone (tsCAF), and tsCAF cultured in transwell with CD8+ T cells (coculture tsCAF). B) Heat 

map with hierarchical clustering of differentially expressed genes among the four conditions. C) 

Volcano plot displaying all significant differentially expressed genes between coculture tsCAF and 

tsCAF. D) Heatmap of 10 most differentially upregulated and downregulated protein-coding genes for 

coculture tsCAF compared to tsCAF. E) Bubble plot of top differentially regulated Hallmark pathways 

in coculture tsCAF compared to tsCAF. F) Volcano plot displaying all significant differentially 

expressed genes between CD8 and coculture CD8. G) Heatmap of the 10 most differentially 

upregulated and downregulated protein-coding genes in coculture CD8 compared to CD8. H) GSEA 

enrichment plot of KEGG nicotinate and nicotinamide metabolism pathway comparing coculture CD8 

to CD8. n=4 biologically independent samples for each condition.  

 

4.3.3 tsCAF secrete a heat sensitive, minimally hydrophobic small molecule that alters CD8+ T cell 

phenotypes 

CAF have been shown to impact immune cell function through a variety of secreted factors including 

extracellular vesicles, cytokines (including chemokines), and metabolites179-181. To begin to decipher 

the class of the tsCAF-secreted factor that alters CD8+ T cell phenotypes, we filtered tsCAF/CD8+ T 

cell coculture conditioned media to remove molecules larger than 3 kDa which includes extracellular 

vesicles and cytokines. Interestingly, the 3 kDa filtered coculture conditioned media retained the ability 

to reduce exhaustive phenotypes and to induce Trm phenotypes in CD8+ T cells, indicating that the 

tsCAF-secreted factor is a small molecule excluding extracellular vesicles or cytokines (Fig. 4.3A). 

While some small molecules, like peptides and some metabolites, are denatured by heat, other 

metabolites and nucleic acids are relatively thermoresistant182,183. To assess the heat sensitivity of the 

tsCAF-secreted factor, tsCAF/CD8+ T cell coculture conditioned media was boiled prior to using it for 

CD8+ T cell culture. Boiled coculture conditioned media was unable to recapitulate the effects on CD8+ 

T cell phenotypes, indicating that the tsCAF-derived T cell-stimulating factor is sensitive to high 

temperatures (Fig. 4.3B).  

To further delineate the class of small molecule secreted by tsCAF, the relative hydrophobicity of 

the molecule was assessed using solid phase extraction (SPE) chromatography. Conditioned media 

from tsCAF/CD8+ T cell coculture was initially filtered to remove molecules over 3 kDa and then 

fractionated from low hydrophobicity to high using a C8 SPE column, which retains non-polar 
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compounds184. CD8+ T cells were then cultured in the resulting fractions and assessed for exhaustion 

and Trm phenotypes (Fig. 4.3C). The T cell phenotype-altering activity observed in non-fractionated 

coculture conditioned media correlated with fractions 2 and 3, indicating the T cell-stimulating factor 

resides in fractions with lower hydrophobicity (Fig. 4.3D). Next, an activity metabolomics assay was 

performed to further narrow the identification of the T cell-stimulating molecule by combining fractions 

2 and 3 (F2/F3) and examining it with reversed phase high-performance liquid chromatography in 

combination with mass spectrometry (HPLC-MS). Using HPLC-MS and splitting the column effluent 

in between a fraction collector and the ionization source, metabolites in F2/F3 were separated into 48 

1-minute fractions. At the same time, corresponding mass spectrometry data was collected in polarity 

switching mode using a triple quadrupole analyzer. The 48 fractions were initially pooled by column 

into six different groups to help identify the individual fractions that would require further functional 

testing. CD8+ T cells were cultured in the pooled fractions and the activity data identified fractions 33 

- 40 for individual assessment (Supplementary Figure 4.3). Among the identified fractions, fractions 34 

- 36 retained the highest ability to reduce PD-1+TIM-3+ and to induce CD103+NKG2A+ on CD8+ T 

cells, indicating the T cell-stimulating factor was present in these fractions (Fig. 4.3E). Assessment of 

the corresponding mass spectrometry data for these fractions showed only one major eluting peak in 

this region with a mass to charge ratio (m/z) of 351.15 in negative scanning mode (Fig. 4.3F). This 

finding was validated by repeating the analysis using an adjusted gradient to modify retention time of 

the peak of interest and confirmed that the new peak retention time correlated with the T cell-stimulating 

factor activity (Fig. 4.3G-H).  
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Figure 4.3. tsCAF secrete a heat sensitive, minimally hydrophobic small molecule that alters CD8+ 

T cell phenotypes. A-B) Normal media (DMEM) and conditioned media (CM) obtained from 

CD3/CD28-stimulated T cells (T Cell CM) or tsCAF cultured with CD3/CD28-stimulated T cells 

(coculture CM) was filtered to remove anything larger than 3 kDa in size (A) or boiled for 20 minutes 
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to degrade heat-sensitive molecules (B). Primary human CD8+ T cells derived from PBMCs were 

cultured without stimulation (unstimulated), with CD3/CD28 stimulation (stimulated), or in the 

resulting filtered/boiled conditioned media with CD3/CD28 stimulation for 5 days and assessed for 

exhaustion/Trm markers by flow cytometry. C) Schematic of hydrophobic fractionation via solid phase 

extraction (SPE). Conditioned media from tsCAF/CD8+ T cell coculture was filtered and subsequently 

fractionated by degree of polarity using a C8 SPE column. D) Primary human CD8+ T cells derived 

from PBMCs were cultured in the fractions shown in C with CD3/CD28 stimulation for 5 days with F1 

being the least hydrophobic and F7 being the most hydrophobic. E-F) Fractions 2 and 3 (F2/F3) from 

coculture conditioned media that had been hydrophobically fractionated as in C were combined and 

using HPLC-MS separated into 48 fractions with corresponding mass spectrometry data. Primary 

human CD8+ T cells were cultured with CD3/CD28 stimulation for 5 days in F2/F3 prior to HPLC-MS 

(F2/F3 crude extract) or in fractions 33-40 generated by HPLC and subsequently assessed for 

exhaustion/Trm markers (E). HPLC-MS analysis of F2/F3 with biologically active wells highlighted in 

red where the chromatogram shows summed ion intensities in negative mode (F). Importantly, fraction 

elution is delayed by 1 min, e.g. fraction 34 corresponds to a retention time of 33 min instead of 34 

min. G-H) HPLC-MS was performed on F2/F3 as in E-F except HPLC was run on an adjusted gradient 

to alter the retention time of the biologically active peak. Primary human CD8+ T cells were cultured 

with CD3/CD28 stimulation for 5 days in F2/F3 prior to HPLC-MS (F2/F3 crude extract) or in fractions 

24-31 generated by adjusted gradient HPLC and subsequently assessed for exhaustion/Trm markers 

(G). HPLC-MS analysis of F2/F3 ran on adjusted gradient with biologically active wells highlighted in 

red and the chromatogram shows summed ion intensities in negative mode (H). Percentages were 

quantified by flow cytometry. Graphs shown as mean Ñ SD and analyzed by Repeated Measures One-

Way ANOVA with Geisser-Greenhouse correction (A-B, D) or Ordinary One-Way ANOVA (E, G); n=3 

biologically independent samples examined in triplicate; *P Ò 0.05, **P Ò 0.01, ***P Ò 0.001, ****P 

Ò 0.0001; m/z, mass to charge ratio. 

 

4.3.4 PGE2 secreted by tsCAF reduces exhaustion markers and induces Trm markers on CD8+ T 

cells  

The abundant feature identified in fractions 2 - 3 from tsCAF/CD8+ T cell coculture conditioned media 

that correlated to T cell stimulation activity profiles was subsequently analyzed via LC-HRMS/MS 

analysis. Accurate mass determination revealed that the putative tsCAF-derived factor had a likely 

chemical formula of C20H32O5 (m/z = 351.2177, [M-H]-, 0.49 ppm), and was selected for fragmentation. 

The METLIN database was queried for known compounds with similar molecular weights and found 

that prostaglandin E2 (PGE2) has the same chemical formula and fragmentation pattern as the tsCAF-

derived T cell-stimulating factor. However, PGE2 has several isomers that could not be excluded based 

solely on chemical formula and fragmentation pattern. Therefore, we investigated the top five potential 

matches from the METLIN database by LC-HRMS/MS using commercially available standards for 

PGE2, ent-prostaglandin E2 (ent-PGE2), 8-iso-prostaglandin E2 (8-iso-PGE2), prostaglandin D2 
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(PGD2), and prostaglandin H2 (PGH2) (Fig. 4.4A and Supplementary Figure 4.4). LC-HRMS/MS 

analysis of the five isomers revealed PGE2 and ent-PGE2 had the same retention time (14.2 minutes) 

as the metabolite of interest isolated from F2/F3. Although PGH2 also showed a peak at 14.2 minutes, 

it had two additional peaks, with one at a similar retention time as PGD2 (Fig. 4.4B). The multiple 

peaks are likely due to PGH2 instability, resulting in the conversion to PGD2 and PGE2. When cultured 

with CD8+ T cells in the presence of CD3/CD28 stimulation, PGE2, 8-iso-PGE2, and PGH2 showed 

similar activity to that of tsCAF/CD8+ T cell coculture conditioned media (Fig. 4.4C). Like PGH2, 8-

iso-PGE2 is unstable in aqueous conditions with a half-life of ~2 hours before it epimerizes into 

PGE2185. This suggests the activity seen from 8-iso-PGE2 and PGH2 may be caused by PGE2 produced 

from the conversion between these compounds. It is important to note that PGE2 is sensitive to high 

temperatures186, which is consistent with our finding that boiled coculture conditioned media is inactive 

(Supplementary Figure 4.5).  

PGE2 is synthesized via the arachidonic acid pathway, and cyclooxygenase-2 (COX-2) is a key 

pathway enzyme responsible for production of PGE2187. Previous studies have shown that 

inflammatory pathways induce the expression of COX-295, therefore using RNAseq we assessed COX-

2 expression in tsCAF cocultured in transwells with stimulated CD8+ T cells. COX-2 (PTGS2) was 

significantly increased in tsCAF cocultured with CD8+ T cells compared to tsCAF alone (Fig. 4.4D). 

Elevated gene expression was confirmed using quantitative real-time PCR and correlating protein 

expression was established using flow cytometry (Fig. 4.4E-F).  Consistent with observations from 

LC-MS, RNAseq, and flow cytometry, increased levels of PGE2 were detected using ELISA in tsCAF 

cocultured with stimulated CD8+ T cells compared to tsCAF alone (Fig. 4.4G). Taken together, these 

data indicate that CD8+ T cells stimulate tsCAF to overexpress COX-2, which leads to the synthesis 

and secretion of PGE2, the metabolite that in turn reduces exhaustive phenotypes and induces Trm 

phenotypes in CD8+ T cells.  
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4.3.5 Inhibition of PGE2 biosynthesis and signaling abrogates tsCAF ability to alter CD8+ T cell 

phenotypes 

To further validate PGE2 as the factor secreted by tsCAF that alters T cell exhaustion and Trm 

phenotypes, we inhibited both PGE2 biosynthesis and function. First, production of PGE2 was 

prevented by inhibiting COX-2 with either indomethacin or celecoxib in coculture of tsCAF and CD8+ 

T cells. CD8+ T cells cultured in coculture conditioned media subjected to COX-2-inhibition had similar 

levels of PD-1/TIM-3 and CD103/NKG2A expression as untreated CD8+ T cells (Fig. 4.4H). This 

suggests that inhibition of COX-2, and consequently PGE2 biosynthesis, abrogates the ability of tsCAF 

to alter CD8+ T cell phenotypes. To demonstrate this effect was due to PGE2 deficiency and not the 

lack of all prostaglandins, we inhibited PGE2 signaling with antagonists specific to the two PGE2 

receptors (EP2 inhibited with PF-04418948, and EP4 inhibited with ONO-AE3-208) predominantly 

expressed on CD8+ T cells (Supplementary Figure 4.6A). Inhibition of EP2 or EP4 alone was not 

sufficient to prevent the tsCAF/CD8+ T cell coculture conditioned media from altering CD8+ T cell 

phenotypes but blocking both EP2 and EP4 prevented consistently observed reduced exhaustion and 

induced Trm CD8+ T cell phenotypes (Fig. 4.4I). This suggests PGE2 signals through both EP2 and 

EP4 receptors and dual inhibition is necessary to restrict PGE2 signaling. Collectively, these data 

further support that reciprocal crosstalk between CD8+ T cells and tsCAF results in tsCAF secretion of 

PGE2, which alters CD8+ T cell exhaustion and Trm phenotypes.  
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Figure 4.4. PGE2 secreted by tsCAF reduces exhaustion markers and induces Trm markers on 

CD8+ T cells. A) Chemical structures of PGE2 and relevant isomers identified by mass spectrometry 

of F2/F3 from tsCAF/CD8+ T cell coculture conditioned media. B) LC-HRMS/MS analysis of F2/F3 

from coculture conditioned media compared to prostaglandin isomers in A. Chromatograms show 

summed ion intensities in negative mode. C) Primary human CD8+ T cells derived from PBMCs were 

cultured without stimulation (unstimulated), with CD3/CD28 stimulation (stimulated) or in 100nM of 

individual prostaglandin isomers with CD3/CD28 stimulation for 5 days and assessed for exhaustion 

and Trm markers. D) Normalized gene counts for PTGS2 (COX-2) from RNAseq shown in Figure 4.2 

of tsCAF and cocultured tsCAF (n=4 biologically independent samples). E) Quantitative real-time PCR 



 74 

(RQ) analysis of PTGS2 (COX-2) in tsCAF and cocultured tsCAF. F) Representative flow plot (left) 

and quantification (right) of COX-2 expression on tsCAF and cocultured tsCAF. G) PGE2 levels in 

conditioned media from CD8+ T cells alone, tsCAF alone, or CD8+ T cells/tsCAF coculture determined 

by ELISA (n=6 biologically independent samples examined in triplicate for coculture CM). H) 

Conditioned media was collected from the culture of CD3/CD28-stimulated CD8+ T cells or 

CD3/CD28-stimulated CD8+ T cells/tsCAF with or without COX-2 inhibitors: 100 ÕM indomethacin 

or 100 ÕM celecoxib. Primary human CD8+ T cells derived from PBMCs were cultured in the resulting 

conditioned media with CD3/CD28 stimulation for 5 days. I) Primary human CD8+ T cells derived 

from PBMCs were cultured with or without EP2 (PF-04418948) and EP4 (ONO-AE3-208) antagonists 

for 5 days. EP2 and EP4 antagonists were used at 100 ÕM when administered alone and 50 ÕM when 

administered together. Graphs shown as mean Ñ SD and analyzed by Repeated Measures One-Way 

ANOVA with Geisser-Greenhouse correction (C, G-H) or Unpaired Studentôs t-test (D-F); n=3 

biologically independent samples examined in triplicate unless stated otherwise; *P Ò 0.05, **P Ò 0.01, 
***P Ò 0.001, ****P Ò 0.0001. 

 

4.3.6 CD8+ T cell derived IL-1a can induce COX-2 expression in tsCAF via NFəB   

Next, we set out to identify the CD8+ T cell-derived factor that induces COX-2 expression in tsCAF 

and subsequent PGE2 production. NFkB signaling has been shown to upregulate COX-2 expression in 

human fibroblasts95, therefore we proceeded to investigate T cell-mediated induction of COX-2 via 

NFkB in tsCAF. To test this, we treated tsCAF cultured in T cell conditioned media with an NFkB 

inhibitor, benzoxathiole (BOT), and observed a significant decrease in COX-2 expression compared to 

T cell conditioned media alone (Fig. 4.5A). Consistent with reduced COX-2 expression, we observed 

that NFkB inhibition also led to decreased PGE2 production (Fig. 4.5B). To further assess the role of 

NFkB activation in tsCAF on PGE2-mediated T cell activation, we specifically inhibited NFkB in 

tsCAF during culture with T cell conditioned media and then analyzed PD-1/TIM-3 and 

CD103/NKG2A expression on CD8+ T cells cultured in this conditioned media (Fig. 4.5C). Inhibition 

of NFkB in tsCAF showed a nearly complete reversal in the effect of tsCAF on CD8+ T cell phenotypes 

suggesting that T cell-mediated activation of NFkB signaling in tsCAF is responsible for PGE2 

production (Fig. 4.5D).  

Although multiple cytokines activate NFkB, CD8+ T cells specifically express TNF (TNFa), IL1B 

(IL-1b), and IL1A (IL-1a) (Supplementary Figure 4.6B-D), which have been shown to induce COX-2 
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in human fibroblasts via NFkB95. To determine activation of the COX-2-PGE2 axis in tsCAF by these 

cytokines, we exogenously added recombinant TNFa, IL-1b, and IL-1a to tsCAF and showed that all 

three cytokines induced COX-2 expression (Supplementary Figure 4.7). We next employed neutralizing 

antibodies against each cytokine as inhibitors for tsCAF cultured in T cell conditioned media. Single 

inhibition of TNFa or IL-1b was not able to abrogate COX-2 induction by T cell conditioned media, 

however IL-1a inhibition significantly decreased COX-2 expression in tsCAF (Fig. 4.5E). 

Furthermore, simultaneous inhibition of TNFa, IL-1b, and IL-1a further reduced COX-2 expression 

compared to IL-1a inhibition alone (Fig. 4.5E). In addition to reduced COX-2 expression, we observed 

that tsCAF cultured in T cell conditioned media and treated with TNFa, IL-1b, and IL-1a neutralizing 

antibodies secreted less PGE2, with triple inhibition of TNFa, IL-1b, and IL-1a showing the most 

significant decrease in PGE2 levels (Fig. 4.5F). Like NFkB, we wanted to assess whether the effects 

of TNFa, IL-1b, and IL-1a inhibition impact PGE2-mediated T cell activation. As before, we added 

conditioned media from tsCAF cultured in T cell conditioned media, with or without neutralizing 

antibodies against the three cytokines, to CD8+ T cells (Fig. 4.5C). Both IL-1a inhibition and triple 

inhibition of TNFa, IL-1b, and IL-1a showed a significant reduction in the ability of tsCAF to alter 

exhaustion and Trm phenotypes on CD8+ T cells. This result suggests T cell-generated IL-1a, TNFa, 

and IL-1b are, in part, responsible for PGE2 production in tsCAF (Fig. 4.5G). Taken together, these 

data indicate CD8+ T cells activate the NFkB pathway in tsCAF, in part via IL-1a, to induce COX-2 

expression and PGE2 production which in turn feeds back onto the CD8+ T cell to alter exhaustion and 

Trm phenotypes (Fig. 4.6).   
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Figure 4.5. CD8+ T cell derived IL-1a can induce COX-2 expression in tsCAF via NFəB.  A) 

Representative flow plot (left) and quantification (right) of COX-2 expression on tsCAF cultured alone 

or in T cell conditioned media (T Cell CM) with or without 10 ÕM benzoxathiole (BOT), an NFkB 

inhibitor. B) PGE2 levels in conditioned media from tsCAF cultured alone or in T cell conditioned 

media with or without the NFkB inhibitor. C) Experimental setup for culturing primary human CD8+ 
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T cells in various inhibited tsCAF conditioned medias (CM). Conditioned media was obtained from 

tsCAF cultured alone (not activated) or in T cell conditioned media (activated with T cell CM) with or 

without inhibitors against NFkB, IL-1a, or TNFa, IL-1b, and IL-1a combined. D) Primary human 

CD8+ T cells derived from PBMCs were cultured in NFkB-inhibited conditioned media as shown in C 

with CD3/CD28 stimulation for 5 days and subsequently assessed for exhaustion/Trm markers. E) 

Representative flow plot (left) and quantification (right) of COX-2 expression on tsCAF cultured alone 

or in T cell conditioned media (T Cell CM) with or without neutralizing antibodies as inhibitors against 

TNFa (20 Õg/mL), IL-1b (5 Õg/mL), IL-1a (1 Õg/mL), or all three combined. F) PGE2 levels in 

conditioned media from tsCAF cultured alone or in T cell conditioned media with or without 

neutralizing antibodies as inhibitors against TNFa, IL-1b, IL-1a, or all three combined. G) Primary 

human CD8+ T cells derived from PBMCs were cultured in IL-1a-inhibited or TNFa, IL-1b, IL-1a 

triple-inhibited (all inhibitors) conditioned media with CD3/CD28 stimulation for 5 days as shown in 

C. Percentages were quantified by flow cytometry. Graphs shown as mean Ñ SD and analyzed by 

Repeated Measures One-Way ANOVA with Geisser-Greenhouse correction; n=3-4 biologically 

independent samples examined in triplicate (B, D-G) or quadruplicate (A); *P Ò 0.05, **P Ò 0.01, ***P 

Ò 0.001, ****P Ò 0.0001. 

 

 

Figure 4.6. Crosstalk between tsCAF and CD8+ T cell promotes activation via PGE2. CD8+ T cells 

secrete various cytokines, including IL-1a, TNFa, and IL-1b, to activate the NFkB signaling pathway 
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in tsCAF and induce COX-2 expression. Heightened COX-2 expression leads to increased PGE2 

synthesis and secretion which then acts on the EP2 and EP4 receptors on CD8+ T cells to reduce PD-

1+TIM-3+ exhaustive phenotypes and induce CD103+NKG2A+ Trm phenotypes. AA = Arachidonic 

Acid, PGG2 = Prostaglandin G2, PGH2 = Prostaglandin H2, PGE2 = Prostaglandin E2.  

 

4.4 Discussion 

In this study, we uncovered reciprocal crosstalk between HNSCC tsCAF and CD8+ T cells that alters 

the CD8+ T cell repertoire to phenotypes associated with favorable responses to ŬPD-1 checkpoint 

immunotherapies. Upon activation, CD8+ T cells secrete factors, including IL-1a, that induce NFkB 

signaling in tsCAF, which results in subsequent COX-2 expression and PGE2 synthesis. PGE2 is 

secreted by tsCAF and stimulates CD8+ T cells away from PD-1+TIM-3+ exhaustive phenotypes and 

towards CD103+NKG2A+ Trm phenotypes. Exhausted CD8+ T cells experience progressive loss of 

effector function and cytokine production and sustain expression of inhibitory receptors, which 

ultimately contributes to the failure of ICI therapies188. In contrast, Trm CD8+ T cells exhibit high 

activation and efficient effector functions aiding in immunosurveillance and control of tumor 

growth189,190. Trm cells are prognostic of improved survival in human epithelial cancers176 and have 

been implicated in the success of checkpoint immunotherapies191,192. Therefore, our findings suggest 

that tsCAF prime CD8+ T cells to be more amenable to checkpoint inhibition and helps to explain our 

previously observed association between tsCAF and favorable responses to immunotherapy in patients 

with HNSCC (see chapter 3). 

PGE2 has been widely studied in the field of cancer and is generally thought to be 

immunosuppressive. However, recent studies have revealed PGE2 can possess both pro- and anti-

inflammatory properties regarding immune cell regulation and may have a more pleiotropic role in anti-

tumor immunity. For example, PGE2 has been shown to increase secretion of pro-inflammatory factors 

like IL-6, IL-1b, and IL-23 in macrophages117,118 but can also induce anti-inflammatory factors like IL-

10115 and promote M2-like phenotypes116. Similarly, PGE2 can both promote121,123 and block120,122 Th1 

phenotypes in T cells as well as regulatory T cell (Treg) differentiation. Although the effects of PGE2 
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on CD4+ T cells have been extensively documented, there are limited studies investigating the 

relationship between PGE2 and CD8+ T cells193-195. Here, we uncovered a novel pro-inflammatory 

function of PGE2 on CD8+ T cells in which PGE2 stimulates CD8+ T cells to be less exhaustive and 

more Trm-like. This function occurs through CD8+ T cell mediated activation of NFkB in tsCAF to 

induce PGE2 production via COX-2, which in turn alters CD8+ T cells. Activated CD8+ T cells likely 

secrete multiple factors that induce NFəB signaling in tsCAF. In this study, we determined that IL-1a, 

and to a lesser extent TNFa and IL-1b, activate the NFkB pathway in tsCAF. Undoubtedly, there are 

additional factors that contribute to COX-2 induction including PGE2 itself, which has been shown to 

induce COX-2196 and suggests a positive feedback loop for PGE2 synthesis. 

COX-2 expression has been broadly associated with carcinogenesis through the promotion of 

angiogenesis and metastasis as well as supporting apoptotic resistance in cancer cells197. However, 

correlations between COX-2 expression and head and neck cancer risk or severity remain controversial. 

In some studies, a significant association has been observed between COX-2 expression and reduced 

overall survival in patients with head and neck cancer198,199 while other studies have found the opposite 

or no significant correlation200,201. Concordantly, although the majority of studies have found no 

protective association between COX targeting drugs such as nonsteroidal anti-inflammatory drugs 

(NSAIDs) and HNSCC risk, some studies suggest contradictory findings202-204. Regardless, our findings 

suggest that CD8+ T cell mediated COX-2 expression by tsCAF may enhance ICI response in patients 

with HNSCC. While this study implicates NSAID use may reduce the effectiveness of 

immunotherapeutic treatments in HNSCC, additional factors, such as the expression and role of COX-

2 in various cell types, will need to be considered.  

Although PGE2-mediated T cell polarization potentially contributes to the observed association 

between tsCAF and favorable immunotherapy response (see chapter 3), additional studies are needed 

to fully appreciate the role of tsCAF in regulating ICI. Future studies should focus on how tsCAF impact 

other cell types in the tumor immune microenvironment as well as cancer cells. Herein, we identified 
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reciprocal crosstalk between tsCAF and CD8+ T cells resulting in T cell activation of tsCAF to possess 

an immunostimulatory phenotype, which in turn causes tsCAF to stimulate CD8+ T cells towards a Trm 

phenotype. This pro-inflammatory crosstalk via the PGE2 axis between tsCAF and T cells represents a 

novel finding that further supports immunoregulatory pleiotropy among CAF and highlights the 

complexity of CAF in immune response. 
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CHAPTER 5 

 

Conclusions and Future Directions 

 

5.1 Implications 

Inhibition of immune checkpoint receptors has become a core pillar of treatment across several cancer 

types. In a normal host environment, the function of immune checkpoint receptors is to inhibit T cell 

effector functions and ramp down immune responses to maintain immune homeostasis. In the context 

of cancer, inhibition of these checkpoint receptors allows for more efficient tumor cell killing by 

cytotoxic T cells, thereby leading to the development of ICI therapies. ICI therapies have induced 

durable responses in many solid tumors even in metastatic settings, but there are still a significant 

number of patients who do not respond205. The factors influencing resistance mechanisms are not well 

understood and likely differ between tumor types. Furthermore, the immense complexity of the TME 

hinders the ability to decipher these resistance mechanisms.  

Our work described in chapter 3 identified a beneficial role for a subtype of CAF in response to 

aPD-1 immunotherapy among HNSCC patients. We performed longitudinal scRNAseq of human 

HNSCC tumors before and after treatment with nivolumab and identified five molecularly distinct 

populations of CAF (HNCAF-0, 1, 2, 3, and 4). Of these CAF subsets, the HNCAF-0 and HNCAF-3 

subsets (collectively termed tsCAF) were significantly enriched among the responders pre- and post-

treatment suggesting that tsCAF may be involved in preventing resistance mechanisms to 

immunotherapy. Understanding ICI resistance mechanisms will help improve treatment response and 

guide patient selection. While ICI can yield dramatic tumor control in some patients, they are also 

costly, potentially cause severe side effects, and have variable efficacy. Thus, selecting patients for ICI 

therapy is usually guided by expression of predictive biomarkers associated with response. The most 

commonly used biomarkers for PD-1 checkpoint blockade are PD-L1 expression, tumor mismatch 

repair deficiency and high tumor mutational burden, but these biomarkers are not always successful in 
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identifying patients who will respond206. The factors driving resistance to ICI remain largely unknown, 

making it difficult to identify reliable biomarkers predictive of response. Here, we identified a novel 

CAF population (tsCAF) predictive of clinical response to aPD-1 checkpoint immunotherapy 

suggesting this CAF population could be used as a biomarker for patient selection. However, a 

limitation to clinical translation is the lack of a single identifying marker for tsCAF which are currently 

identified via a gene signature. The lack of a surrogate marker for tsCAF may hinder the application of 

tsCAF as a biomarker in the clinic.  

CAF are highly heterogeneous with different putative functions depending on population subtype 

and tumor type, thus making therapeutic strategies targeting CAF difficult. It is now recognized that 

distinct pro-tumorigenic CAF populations must be specifically targeted for CAF-centered therapies to 

be successful. CAF are also highly plastic and have been shown to transition from one subtype to 

another thus enabling the potential for therapeutic reprograming of tumor-promoting CAF subtypes 

into tumor-constraining subtypes45,165. Accordingly, another clinical implication of the work described 

herein is the polarization of one HNCAF subtype into another. The understanding of HNCAF 

composition aids in the development of strategies to force CAF differentiation towards the pro-

inflammatory tsCAF phenotype rather than the immunosuppressive HNCAF-1 phenotype. Although it 

is not currently known what factors drive fibroblasts into tsCAF or HNCAF-1, the potential for 

combining this strategy with immunotherapy could reshape the treatment of HNSCC.  

In chapter 4, we uncovered reciprocal crosstalk between HNSCC tsCAF and CD8+ T cells that may 

contribute to the possible role tsCAF has in regulating ICI response. Through coculture assays and 

metabolomics, we discovered that activated CD8+ T cells secrete factors (including IL-1a, IL-1b, and 

TNF-a) that induce NFkB signaling in tsCAF and subsequent upregulation of COX-2 expression and 

PGE2 synthesis. Secreted PGE2 can then signal to the CD8+ T cells and reduce PD-1+TIM-3+ 

exhaustive phenotypes and induce CD103+NKG2A+ Trm phenotypes. These T cell phenotypes are 

conducive to checkpoint immunotherapy response due to the fact that exhausted T cells have impaired 
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function and are known to contribute to the failure of ICI while Trm have been implicated in 

contributing to the success of ICI188,191,192. Therefore, the ability of tsCAF-secreted PGE2 to induce Trm 

phenotypes and reduce exhaustion phenotypes coincides with tsCAF correlation to ICI response in 

patients. However, it is unclear whether altering PGE2 or COX-2 expression would improve 

immunotherapy responses in HNSCC. COX-2 has been associated with worse overall survival in 

HNSCC in some cases but not in others198-201. Additionally, studies on drugs targeting COX-2 such as 

nonsteroidal anti-inflammatory drugs (NSAIDs) in HNSCC have shown contradictory findings, but 

there is little known about the combination of NSAIDs with immunotherapy in HNSCC202-204. Our 

findings suggest NSAID use could impede the efficacy of immunotherapeutic treatments in HNSCC, 

but further investigation is required to support this postulate. 

 

5.2 Limitations 

A limitation of these studies is that the tsCAF cells used for in vitro assays are not a pure population, 

they consist of two different CAF subtypes: HNCAF-0 and HNCAF-3. Despite immortalization and 

single-cell dilutions, separation of HNCAF-0 from HNCAF-3 in culture was not possible and thus the 

lack of a pure cell population could have affected our findings. However, HNCAF-0 and HNCAF-3 

have similar associations with ICI response and appear to be phenotypically similar based on protein 

activity-based clustering. So, it is likely HNCAF-0 and HNCAF-3 possess similar functions in the TME 

and therefore pure HNCAF-0 or HNCAF-3 populations would show similar effects on T cell 

phenotypes to those seen with the mixed population. Furthermore, based on gene expression and protein 

activity profiles, HNCAF-0 and HNCAF-3 are closely connected and may represent two different 

activation states of the same CAF population. Further investigation is required to confirm this but given 

the immunotherapeutic and phenotypic similarities between the two, we proceeded with a mixed 

population which we termed tsCAF.  

Another important limitation to the studies presented in this dissertation is the in vitro nature of the 

experiments. While in vitro assays provide valuable insight into the relationships between different cell 
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types, there are many characteristics of the tumor microenvironment that are not captured in in vitro 

systems like complex cell-to-cell interactions, histology, environmental growth factors, mechanical 

signals, and nutrient/oxygen gradients207. This is an important consideration in the context of tsCAF-

derived PGE2 and its role in regulating immunotherapy responses in HNSCC. Given the context-

dependent effects both COX-2 and PGE2 have in the tumor immune microenvironment, it is possible 

that COX-2/PGE2 induction would not synergize with ICI and could worsen response rates. The effect 

tsCAF have on CD8+ T cells could also be masked by interactions between CD8+ T cells and other cell 

types within the TME. Therefore, 3D organoid cultures and in vivo studies would better encapsulate a 

physiologically relevant environment. Currently, tsCAF studies are not easily transferrable to in vivo 

experimentation since an equivalent CAF population has not been identified in mice and tsCAF 

identification currently relies on a gene signature derived from human samples. Thus, the only utilizable 

mouse models are those in which human tsCAF cells are implanted into immunodeficient or humanized 

mice indicating potential for in vivo tsCAF studies in patient-derived xenografts (PDX). PDX models 

involve the transplantation of resected tumor tissue from human patients into immunocompromised 

mice. PDX would theoretically allow for an in vivo tumor model containing tsCAF and enable 

investigation of tsCAF effects within the TME in a physiologically relevant setting. However, there are 

several factors to consider such as the success of PDX establishment, presence of tsCAF within the 

original patient tumor, viability of immune cells, and accurate representation of the tumor immune 

response. PDX models have been successfully established in HNSCC before, but the addition of tsCAF 

could prevent PDX from establishing in this context208-210. If PDX generation was successful, tsCAF 

still might not survive or retain their original functions. Furthermore, accurate immune representation 

is difficult to achieve with PDX given the lack of genes encoding for human cytokines necessary for 

immune cell survival211. Consequently, PDX models might not be the best avenue to properly 

investigate the role tsCAF play in the tumor immune microenvironment.  

When assessing HNSCC tumor progression or response to therapy, it is important to consider HPV 

status of the patient. HNSCC can be divided into HPV+ and HPVï cancer each with its own unique 
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tumor landscape guiding therapy response rates. Patients with HPV+ HNSCC generally respond much 

better than HPVï patients to standard-of-care treatments like chemotherapy, radiation, and surgery. 

HPV+ HNSCC mostly affects younger males without a history of tobacco or alcohol use and this likely 

contributes to the better prognosis seen with HPV+ cancer. Additionally, anti-tumor immune responses 

differ drastically between HPV+ and HPVï cancer due to the presence of viral antigens in HPV+ cancer, 

hence the importance of defining HPV status when assessing immune interactions within HNSCC. 

Despite differences in the tumor immune environment, HPV status does not seem to affect ICI response 

as evidenced by recent clinical trials5,6,212. However, a more comprehensive understanding of anti-tumor 

immune regulation between HPV+ and HPVï cancer is required before a conclusive statement can be 

made regarding HPV status in immunotherapy response.  Unfortunately, we had an insufficient number 

of HPV+ samples and therefore could not evaluate whether the HNCAF subtypes behave differently 

between HPV+ and HPVï tumors.   

 

5.3 Future Directions 

Since HPV status greatly affects HNSCC tumor immunity, it is important to determine how this affects 

HNCAF phenotypes and more importantly, how it affects the tsCAF population. It is not clear whether 

the tsCAF population would still be associated with immunotherapy response when broken down by 

HPV status, thus future studies should explore tsCAF properties in HPV+ vs HPVï tumors. Additional 

patient samples with adequate HPV infection representation should be collected and tsCAF assessed 

for immunotherapeutic correlations in this cohort. Additionally, the other HNCAF populations should 

also be reexamined to see if they acquire an association with immunotherapy response when separated 

by HPV status. Furthermore, it would be ideal if future functional studies for all HNCAF populations 

were performed in both HPV+ and HPVï tumors given their differing immune landscapes.  

Our work suggests the tsCAF population could be a novel biomarker for PD-1 checkpoint blockade 

in HNSCC. However, clinical implementation will likely require detection of tsCAF based on one or 

two surrogate markers. Current studies have focused on identifying defining markers for tsCAF but 
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have not been successful as of yet, therefore future works should continue with marker identification 

for tsCAF. Additionally, finding a surrogate marker has the potential to enable in vivo studies as the 

marker could be used to identify an equivalent CAF population in mice.  

As previously noted, the in vitro nature of the experiments presented in this dissertation is a major 

limitation. While in vivo experimentation may not be feasible at this time, patient-derived organoids 

(PDOs) are a viable option and should be a focus for future studies. Numerous studies have shown that 

PDOs can better recapitulate the basic characteristics, cell-to-cell interactions, and histological 

complexity of primary tumors than regular 2D culture207,213-216. The incorporation of other factors from 

the TME is important as the influence tsCAF have on CD8+ T cells could change when other 

environmental factors are present. Furthermore, tsCAF could have significant influence on other cell 

types found within the TME that may affect the overall contributions of tsCAF to tumor restraint and 

progression. Accordingly, another future direction should be to investigate the relationship of tsCAF 

with other cell types such as tumor cells, myeloid cells, NK cells, and B cells. CAF are known to interact 

with these specific cell types to influence tumorigenesis and immune responses, therefore it is likely 

that these cell-to-cell interactions play a critical role in the context of HNSCC as well. Whether these 

interactions would foster a pro- or anti-tumorigenic environment and whether they influence tsCAF-

mediated regulation of immunotherapy remains to be seen and thus requires further investigation. 

 The work performed in this dissertation primarily focuses on the tsCAF population as this was the 

only CAF subset to have a significant association with ICI response. However, we did identify three 

other HNCAF populations (1, 2, and 4), and while they may not directly affect immunotherapy 

responses, they could still play important roles in immune regulation within the TME. In chapter 3, we 

determined that HNCAF-1 are considered to be a type of iCAF while HNCAF-2 are considered to be a 

type of myCAF. However, the function of HNCAF-1 and HNCAF-2 in HNSCC is not clear even though 

the iCAF and myCAF subtypes have been well studied. Our studies suggest HNCAF-1 may have an 

immunosuppressive role in the TME, but this possibility has not been fully explored. Additionally, we 

have yet to investigate any functional significance of HNCAF-2 and HNCAF-4 subtypes in the HNSCC 
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TME. Thus, future studies should characterize the HNCAF-1, HNCAF-2, and HNCAF-4 populations 

and determine their respective roles in the HNSCC TME.  

 

5.4 Concluding Remarks 

The findings outlined in this dissertation highlight the potential involvement of a distinct CAF subset 

(tsCAF) in regulating ICI response in human HNSCC and support pro-inflammatory crosstalk between 

CD8+ T cells and tsCAF in the HNSCC TME. The tsCAF subset represents a novel head and neck CAF 

population associated with better immunotherapy responses and has the potential to directly regulate 

immune checkpoint inhibition via PGE2-mediated polarization of CD8+ T cells. However, the exact 

role tsCAF play in regulating checkpoint immunotherapy response requires further elucidation. This 

work adds to the vastly heterogeneous nature of CAF and demonstrates the critical need to functionally 

characterize their pleiotropic effects in immune modulation and immunotherapy response. Ultimately, 

the work described here will provide novel insights into our understanding of CAF composition and 

heterogeneity, immunomodulatory effects of CAF, and CAF-mediated immunotherapy regulation in 

the HNSCC TME.  
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APPENDICES 

Chapter 3 Appendix 

Supplementary material for Chapter 3: Immunostimulatory Cancer-Associated Fibroblast Subpopulations 

Can Predict Immunotherapy Response in Head and Neck Cancer 
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Supplementary Figure 3.1. Single-cell RNA sequencing and VIPER inference shows increased T cell 

activity induced by nivolumab A) 2-dimensional UMAP projection of scRNAseq gene expression data 

before VIPER is applied, colored by unsupervised cluster grouping (n=4). B) 2-dimensional UMAP 

projection of gene expression data from A, colored by cell type inferred from SingleR, as in Figure 3.1D. 

C) Validation of CD4 and CD8 T cell gene signatures in responders of HNSCC patients during ŬPD-1 

treatment with bulk RNAseq data (n=8). D) Interferon Gamma VIPER-inferred protein activity among T 

cell populations pre- vs post-immunotherapy (n=4). E) Plot of inferred receptor-ligand interactions between 

cell types, such that receptor-ligand pairs with known interaction have significant upregulation of ligand 

gene expression among fibroblasts, and significant upregulation of corresponding receptor protein activity 

by VIPER in another cell type. Width of lines is weighted by the number of inferred interactions between 

fibroblasts (in the middle), and each other cell type. F) Heatmap of differentially expressed CAF1/CAF2 

genes defined by Puram et al.59 for each gene expression-based CAF cluster identified in A (Clusters 3 and 

6). 
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Supplementary Figure 3.2. Phenotypic matching of single-cell HNCAF populations to flow-sorted 

populations. A) Pairwise Protein Activity Gene Set Enrichment of single-cell HNCAF gene sets (rows) 

among bulk RNAseq of sorted CAF populations, CAF-S1, CAF-S2, CAF-S3, and CAF-S4. Best match by 

enrichment for each HNCAF cluster is outlined in red. B) Cell-by-Cell enrichment of published CAF-S1 
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subcluster gene sets46 in our single-cell HNCAF dataset, grouped by cluster. C-D) Cell-by-Cell enrichment 

of published iCAF and myCAF protein activity gene sets44 in our single-cell HNCAF dataset, grouped by 

cluster, such that HNCAF-1 is enriched for iCAF gene set, and HNCAF-2 is enriched for myCAF gene set.  

 

 

 

 

Supplementary Figure 3.3. iCAF/myCAF and CAF-S1/S2/S3/S4 population markers are not 

significantly enriched in immunotherapy responders vs non-responders pre-treatment. A-B) Gene Set 

Enrichment plot of iCAF (A) and myCAF (B) protein activity markers in bulk RNAseq signature of 

immunotherapy responders (n=9) vs non-responders (n=19), profiled pre-treatment. C-F) Gene Set 

Enrichment of Top 50 most upregulated proteins from bulk RNAseq of CAF-S1 vs CAF-S2/S3/S4 (C), 

CAF-S2 vs CAF-S1/S3/S4 (D), CAF-S3 vs CAF-S1/S2/S4 (E), and CAF-S4 vs CAF-S1/S2/S3 (F) in bulk 

RNAseq signature of immunotherapy responders (n=9) vs non-responders (n=19), profiled pre-treatment. 
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