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Bacillus Calmette-Guerin (BCG) is the first line therapy for bladder cancer 

patients with non-invasive disease. However, roughly 40% of patients exhibit no 

response, tumor recurrence or tumor progression following BCG treatment. Type 

I interferon (IFN-I) has potent anti-tumor effects against urothelial carcinoma 

(UC) and may be an alternative treatment option for patients who do not respond 

to BCG standard of care. However, the mechanisms that mediate the IFN-I-

stimulated immune responses against UC are not fully elucidated. Herein, we 

evaluated the anti-tumor mechanisms of IFN-I in UC by use of adenoviral 

interferon-α (Ad-IFNα/Syn3) in human patients, and poly(I:C) or lentiviral IFN 

(LV-IFN) in mice. To this end, I evaluated the IFN-I enhanced immune response 

by observing increases in expression of immune cell and checkpoint markers in 

tumors pre- and post- IFN-I treatment. I also characterized the tumor-immune 

landscape, identified important antitumor effector cells, and described the 

pathways elicited to recruit the immune response. I found that IFN-I increased 

the intratumoral levels of Ly6G cells, CD8 T cells, and NK cells, and that the anti-

tumor benefit of IFN-I was dependent on IL-6 signaling and multiple immune cell 

types. I sought to establish therapeutic synergy between IFN-I therapy and PD-1 

pathway checkpoint inhibition, and found combination therapy increases survival 

but is not wholly synergistic, and has additional effect in increasing the immune 

infiltrate, angiogenesis, and enriching gene signatures of metabolism, 

extracellular matrix organization, and MAPK/AKT signaling. Altogether, these 

studies highlight the importance of targeting multiple aspects of the immune 

response against tumors, and provide a preclinical conceptual example for using 

type I IFN activation to increase the therapeutic benefit of PD-1 blockade for 

bladder cancer patients. 
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Chapter 1: Introduction 

The term “cancer” was first described by Hippocrates in the late centuries Before 

Common Era, but incidences of cancerous lesions have been documented back 

to the Ancient Egyptians. Hailing to the treatment practices of those archaic 

times, surgical intervention and removal of tumors has been the ultimate method 

of therapy for cancer since 1500 B.C.E. (1). The surgery itself could be 

dramatically aggressive, resulting in loss of life, low life expectancy, and low 

quality of life, if preserved. Not until the early 20th century did other treatment 

modalities such as radiation and hormone therapy begin to enter the medical 

field, with indications for the treatment of cancers, particularly for tumors 

incapable of being safely resected by surgery.  The premise of chemotherapy 

was introduced by coincidence during World War II, a by-product of defense 

research to protect soldiers against mustard gas. Since its discovery, 

chemotherapy has been catapulted into the front line of cancer treatments; 

agents which first began as general DNA damagers have evolved into pathway- 

and gene-specific targeted drugs that can be used alone, in combination with 

other chemotherapy agents, or used in an adjuvant capacity in combination with 

other therapy modalities. The most recent addition to the arsenal of cancer 

therapeutics has been the rapidly expanding field of immunotherapy. With the 

goal of capitalizing on the body’s own defense system, immunotherapy has been 

highlighted as the future of cancer therapy, meant to succeed where most other 

modalities have failed in treatment and prevention of recurrence. In the following 

chapter, I aim to provide an overview of the current field of bladder cancer and its 

diagnosis and treatment, our immune system and how it recognizes and respond 
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to tumors, with attention paid to mechanisms of tumor-immune suppression, and 

finally a discussion on the immunotherapies used to overcome tumor-

immunosuppression and treat cancer, focusing on the current status of therapies 

in all tumors and specifically in bladder cancer. 

 

1.1: Bladder Cancer 

 

Bladder cancer is the second most widely prevalent cancer type of the 

genitourinary malignancies, ranking as the tenth most common malignant 

disease worldwide (2). Indeed, 80,470 new cases of bladder cancer and 17,670 

estimated deaths attributed to bladder cancer were predicted to occur in the U.S. 

in 2019 (3), making it the fourth most common cancer type in men and the twelfth 

most common type in females. These estimated incidence and death rates have 

increased by 4.4% and 7.3%, respectively, since 2016. Bladder cancer affects 

men more frequently than women at a ratio of about 3:1, and incidences increase 

with age (2). While genetic predisposition to bladder cancer and other 

environmental factors related to diet and occupational exposure to chemical and 

water contaminants have shown to be linked to bladder cancer diagnoses (4), 

cigarette smoking is the primary risk factor for bladder cancer. Unsurprisingly 

epidemiologically, regions where smoking rates are highest have the highest 

rates of bladder cancer occurrence.   

Most patients are initially diagnosed due to observance of blood in their 

urine (hematuria)(5), subsequently confirming the presence of suspected 

cancerous lesions by cystoscopy, biopsy, and histopathology. As with most 

cancer types, prognosis for bladder cancer depends on the stage and 



 3 

histopathology of the disease. Early staged, minimally-invasive tumors generally 

present with good prognosis following the standard of care of tumor resection, 

Bacillus Calmette-Guerin (BCG) therapy, and lifelong monitoring (6); patients 

with late staged, advanced and potentially metastatic disease have little 

treatment options as alternative to aggressive chemotherapy and cystectomy, or 

surgical removal of the bladder (7). Despite having a good prognosis, patients 

still have high rates of disease recurrence and even progression, making bladder 

cancer one of the most expensive of all cancer types due to the constant 

surveillance and need for reception procedures. For the more aggressive and 

muscle-invasive cancers, radical cystectomy, including prostatectomy in men and 

hysterectomy in women in addition to bladder removal, is the gold-standard of 

therapy. These procedures result in severely impaired quality of life and an 

abysmal 10-year survival rate of <34% when disease involves the surrounding 

lymph nodes (8).  With a fairly stable bladder cancer incidence due to the lasting 

effects of global tobacco usage, and the potential of costly life-long monitoring 

and lowered quality of life, there is great interest in development of effective 

alternative treatment options to improve the care and survival of bladder cancer 

patients. 

This section aims to provide a discussion of key differences in bladder 

cancer phenotypes, Muscle-Invasive bladder cancer (MIBC) and Non-muscle 

Invasive bladder cancer (NMIBC) with a focus on NMIBC, and provide a 

summary of the current treatment practices and the utility of biomarkers in early 

detection and therapy response. 
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1.1.1: Defining the Characteristics of Muscle-Invasive vs. Non-Muscle Invasive 

Bladder Cancer Phenotypes 

 

Pathophysiology. Most incidences (about 90%) of bladder cancer are classified 

as urothelial carcinomas, and originate from the epithelial cells lining of the 

bladder called the urothelium (5). Tumors differ greatly in their histology owing to 

their diverse cells of origin or to divergence of cell clones (clonality), which results 

in multifocal disease within the standard two-pathway development model of 

bladder cancer (papillary, non-invasive lesions or non-papillary, invasive lesions). 

Bladder cancer is staged according to the classical Tumor, Node, Metastasis 

(TNM) system in which minimally invasive tumors (stages Tis, Ta, and T1) 

represent tumors that have remained on the urothelial mucosal surface, 

potentially beginning to invade the submucosal lamina propria, or carcinoma in 

situ (CIS) (Figure 1). These tumors may also characteristically project out into 

the bladder lumen, becoming papillary in nature. Tumors can additionally be 

classified as low-grade or high-grade depending on their invasive status into the 

lamina propria and muscularis propria. Stage T2, T3, and T4 tumors have 

invaded past the first two tissue layers (urothelium and lamina propria) into the 

muscular bladder wall and beyond. Early staged tumors (Tis-T1/T2) are typically 

classified as non-muscle invasive bladder cancers (NMIBC), and late stage 

tumors (T2-T4) are usually appropriately named muscle-invasive bladder cancers 

(MIBC) (5, 9). Approximately 75% of new diagnoses of bladder cancer are 

NMIBC, and the other 25% of cases are MIBC or metastatic disease (4). About 

15-40% of high-grade Ta staged NMIBC tumors, and 30-50% of high-grade T1 

staged NMIBC tumors progress to highly invasive disease; however only about 
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20% of initially diagnoses NMIBC patients progress to MIBC with the potential for 

metastasis (10). Urothelial carcinomas can also be classified by variant 

Figure 1: Stages, grades, and subtypes of bladder cancer. Staging of bladder 

cancer according to the TMN system is shown according to the tissue layer of the 

tumor invasion. Non-muscle invasive (NMIBC) tumors are the least tissue 

invasive tumors, typically papillary in nature and have lower stages (Tis-T1/T2) 

and lower graded disease. Muscle-invasive (MIBC) tumors are more aggressive 

with higher stages (T2-T4) and higher grades, including invasion past the bladder 

muscular wall and into fat and the bloodstream. Grading schemes at the bottom 

of the figure reflect World Health Organization (WHO) and International Society 

of Urological Pathology (ISUP) disease stratification classifications. PUNLMP, 

papillary urothelial malignancy of low malignant potential. This figure was taken 

with permission from Sanli, O, Dobruch J, Knowles MA, Burger M, Alemozaffar 

M, Nielsen ME, Lotan Y. 2017. Bladder Cancer. Nat Rev Dis Primers (5). License 

number 4580430584829. 

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Dobruch%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knowles%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Burger%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alemozaffar%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alemozaffar%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nielsen%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lotan%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
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histologies including micropapillary, sarcomatoid, squamous, and glandular 

differentiation (11); many of these subtypes are aggressive and thus important to 

identify in order to avoid misdiagnoses and inappropriate treatment regimes.  

 

Molecular Characteristics. In addition to the TNM classification and invasion 

status, bladder tumors can be subtyped by their molecular landscape and 

characteristics. In humans and also in mouse models of NMIBC, precursors to 

tumors present as hyperplastic lesions where the two most common genetic 

alternations found are loss of heterozygosity of chromosome 9, particularly 9q, 

and mutations in FGFR3 (12, 13). The deleted areas on chromosome 9 

encompass loci for multiple tumor suppressors including CDKN2A, TSC1, and 

PTCH1, and are often found deleted in other tumor types (14, 15). FGFR3 

activating mutations can trigger activating mutations in PIK3CA and downstream 

cell cycle regulatory pathways such as RAS/MAPK signaling, resulting in 

increased cell growth and division (15, 16). Whole exome-sequencing of NMIBCs 

revealed high frequencies of inactivating mutations in chromatin-modifying 

proteins KDM6A, ARID1A, CREBBP, and EP300, present at significantly higher 

levels than in other cancer types, signifying a key role for epigenetic regulation in 

the development of these tumors (17-19). In contrast to NMIBC, flat dysplastic 

lesions or CIS are precursors to MIBC tumors, with generation of MIBCs in 

humans and mouse models requiring the inactivation of tumor suppressor genes 

Trp53, Rb1, and Pten. These alterations affect cell cycle regulation, genetic 

instability and immortality, and regulation of the PI3K/AKT/mTOR pathway (20), 

ultimately resulting in increased disease aggressiveness, invasion, and worse 

clinical outcomes. In addition to the difference in overall patterns of mutated 
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genes in these two major tumor groups, there is also a significant difference in 

their mutational burden. According to exome sequencing studies, NMIBCs have 

showed an average of 169-195 mutations, less than two-thirds of 302 mutations 

found in MIBCs (17, 18).  

 

Molecular Subtyping. Molecular subtyping of bladder cancer goes deeper than 

just characteristics identifying NMIBC and MIBC.  As briefly touched on above, 

urothelial carcinoma can have differing cells of origin, generating heterogeneous 

tumors with varying clinical outcome suggesting there can be subtyping within 

subtypes. Transcriptional profiling has provided the best subtyping definitions, 

though to date, the major studies performed use different nomenclatures and so 

bioinformatics tools have been enlisted to find alignment and overlap of these 

profiles (Figure 2). The initial profiling study performed by Lund encompasses 

tumors of all grades and stages (NMIBC and MIBC) and defined the following 

five subtypes: urobasal A, genomically unstable, (immune) infiltrated, squamous 

cell carcinoma-like, and urobasal B (21). Low-grade Ta tumors were classified as 

urobasal A, consisting of high levels of markers of urothelial differentiation, cell 

adhesion, early cell cycle, and FGFR3-related genes. Stage T1 and high-grade 

tumors contained more genomically unstable and infiltrated tumors, classified by 

late cell cycle gene expression and markers of urothelial differential, or high 

levels of immune cell and stromal markers, respectively. These higher-staged 

NMIBC tumors showed more overlap with subtypes of MIBC, which other 

independent transcriptional analyses have segregated into two major tumor 

groups: “luminal” and “basal” (18, 22, 23). The luminal and basal clusters are 

identified by mutually exclusive expression of differentiation markers that were 
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Figure 2: Molecular subtyping of bladder cancer. Several subtypes of NMIBC 

and MIBC have been defined based on transcriptional characteristics. a) 

UROMOL classification scheme of NMIBC into three class subtypes: Class 1 is 

characterized by high expression of early cell cycle and uroplakin genes, which 

are involved in urothelial differentiation; Class 2 expresses late cell cycle genes 

and shows increases in keratins as well as uroplakins; Class 3 tumors show high 

expression of keratins, a sign of undifferentiated (basal) cells, and high levels of 

long non-coding RNAs. b) Characterization of bladder cancer subtypes defined 

by the University of North Carolina (UNC), MD Anderson Cancer Center (MDA), 

The Cancer Genome Atlas (TCGA), and Lund University (Lund) projects. UNC, 

MDA, and TCGA included MIBC alone; Lund included both NMIBC and MIBC. 

Key markers and therapeutic targets are shown aligning to Lund nomenclature. 

This figure was taken with permission from Sanli, O, Dobruch J, Knowles 

MA, Burger M, Alemozaffar M, Nielsen ME, Lotan Y. 2017. Bladder Cancer. Nat 

Rev Dis Primers (5). License number 4580430584829.  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Dobruch%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knowles%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knowles%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Burger%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alemozaffar%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nielsen%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lotan%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=28406148
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similar to the intrinsic basal and luminal subtypes of breast cancer (24). MIBC 

luminal tumors often display papillary morphology and express markers of 

urothelial differentiation such as KRT20, uroplakins, E-cadherin, early cell cycle 

genes, and FGFR3. Basal tumor markers reflect their cells of origin in the basal 

layer of the bladder, expressing CD44, KRT5, KRT14, markers of EMT, with 

some showing low expression of the claudin gene family or squamous 

differentiation markers (25). Data from studies performed by UNC, MD Anderson, 

and TCGA show that their MIBC clusters overlap with the Lund study’s subtyping 

nomenclature of unstable and infiltrated tumors (mostly luminal MIBC), and the 

more basal-like groups of urobasal B and squamous cell carcinoma-like (basal 

MIBC) (21).  

Of the major currently published transcriptional studies, the UROMOL 

study focused solely on NMIBC, transcriptional profiling 460 patients with either 

low-grade or high-grade Ta, T1 and CIS tumors (26).  Comparing their 

nomenclature to the original Lund findings, UROMOL Class 1 tumors were very 

similar to urobasal A tumors. Consisting of mostly Ta tumors, patients who were 

Class 1 showed the best prognosis of all groups. Class 2 contained more high-

grade and T1 tumors, more likely to be at risk for recurrence and progression to 

MIBC, and aligned most commonly with genomically unstable and infiltrated Lund 

profiles (21). It is thought that Class 2 tumors, may represent tumors of origin for 

luminal-like MIBC tumors that retain more markers of urothelial differentiation, 

based on their characteristic expression of late cell cycle, EMT, and stem-cell 

related genes (5). Class 3 tumors had both common gene signatures like FGFR3 

of the urobasal A subtype, but also displayed a basal expression pattern similar 

to basal MIBCs including expression of KRT5+, KRT14+, and CD44+ (26).  



 10 

Some researchers in the field believe that molecular subtyping of bladder 

cancer is at the forefront in the future of disease diagnostics and treatment 

planning, predicting that the use of transcriptional profiling will overtake the 

traditional reliance on pathology for bladder cancer diagnosis. However, despite 

the broader categories of luminal and basal and even more defined categories 

like infiltrated and genomically unstable, within each subtype are more specific 

tumors types with actionable therapeutic targets, suggesting that future 

dependence on molecular classifiers for cancer diagnosis could be a journey 

down the rabbit hole. This prospect it a heavily debated topic among the field, 

and for the immediate future, efforts are aimed at combining conventional 

histopathology, immunohistochemistry, and molecular classification to subtype 

bladder cancer diseases and assign therapy (27-30).  

In summary, bladder cancer is broadly assigned to a two-pathway system: 

non-muscle invasive (NMIBC) or muscle-invasive (MIBC). These two 

classifications differ in their stage and grade, as well as their molecular 

landscapes and molecular subtypes.  These characteristics influence disease 

pathology, progression, and prognosis. NMIBCs tend to be papillary, earlier 

staged, lower grade, and minimally invasive, characterized by FGFR3 mutations 

and higher expression of urothelial differentiation markers, but overall lower 

mutational burden. MIBC tumors by comparison are more dysplastic, aggressive, 

higher staged, and potentially metastatic. They are characterized by TP53, RB1, 

PTEN, and PI3K/AKT/mTOR pathway mutations, have higher mutational loads, 

and can be broadly molecularly subtyped into luminal and basal MIBC.  The 

differences in these two urothelial tumor classifications lead to significant 

variation in clinical implications, as well as treatment and disease management. 
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In the future, there needs to be a consensus on nomenclature and characteristics 

of bladder cancer subtypes to aid in standardization of patient diagnoses and 

development of comprehensive treatments (31). The studies described in the 

subsequent chapters will be focused on NMIBC disease. 

 

1.1.2: Standard Treatment Practices for Urothelial Carcinomas 

 

Diagnosis and prognosis. As previously mentioned, most bladder cancer 

patients are diagnosed due to incidence of hematuria that is followed by 

evaluation by cystoscopy (32). Abnormal findings potentially indicating papillary, 

solid, muscle-invasive, or carcinoma in situ lesions require histological 

confirmation obtained from biopsy or transurethral resection of the tumor area 

(33). Commonly, urine cytology is measured in conjunction with cystoscopy to 

detect missed cancer: shed abnormal cells can indicate the presence of 

cancerous lesions (34). Expectedly, bladder cancer prognosis and disease 

management depend on classification of either NMIBC or MIBC lesions, staging, 

and grading (7, 35, 36). In low grade NMIBC tumors (Ta, T1), recurrence is 

usually common, but with low risk of progression; in high grade NMIBC tumors 

(majority T1, CIS), often regarded as precursors to development of invasive 

cancer, progression rates range from 40-83% if tumors are left untreated (37). 

MIBC tumors (T2, T3, T4), even after aggressive chemotherapy and radical 

cystectomy have recurrence rates of 20-30% for T2, 40% for T3, and >50% for 

T4 staged lesions (38). These patients also have shown a 5-year overall survival 

rate of less than 30% (39); additionally of note, initially diagnosed NMIBCs that 
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have progressed to MIBC show worse overall prognosis and cancer-specific 

survival as compared to primary diagnosed MIBC (40). 

 

Management and treatment. All newly diagnosed bladder tumors undergo 

endoscopic resection, typically as part of diagnostic cystoscopy. This procedure, 

transurethral resection of bladder tumor (TURBT), is performed to remove all 

visible tumor and provide an appropriate sample for accurate pathologic staging 

(33). Multiple guidelines are available for recommended management of bladder 

cancer, but in general, NMIBCs are typically managed by TURBT and risk-based 

intravesical therapy with Bacillus Calmette-Guerin (BCG), while MIBCs are more 

insistently treated with radical surgery with or without pre-surgical systemic 

therapy of chemotherapy, radiation, or immunotherapy (7, 35, 41, 42).  

TURBT. TURBT is performed by passing an electrified-wire loop resectoscope 

through the urethra during local or general anesthesia, resecting the tumor in a 

piecemeal fashion until all visible tumor is removed (43). Patients with low-risk 

disease, identified by solitary, Ta tumors that are <3 cm in size, are often treated 

by an initial TURBT followed by routine surveillance by cystoscopy for up to 5 

years, with future recurrences treated with additional TURBT (42). Intermediate- 

and high-risk patients, identified by larger, multifocal or recurrent Ta tumors, T1 

tumors, or CIS, follow initial TURBT with lifelong surveillance, potential repeat 

TURBT, and adjuvant immunotherapy with intravesical BCG (42). Unfortunately, 

understaging disease is a serious risk for patients, caused by incomplete 

resection due to tumor multiplicity, size or location, and results in inadequate 

treatment and higher probability of disease relapse and progression (44, 45). 

Thus, it is important and recommended for high-grade disease to be resected 
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again when incomplete resections have occurred, or when the tumor invades 

past the urothelium, to improve staging accuracy and patient survival (46, 47). 

Traditional TURBT as treatment for more advanced disease is not highly 

practiced due to chance of bladder perforation and the inevitable decision for 

removal of the bladder (48). 

Intravesical therapy. Bladder cancer patients with intermediate- and high-risk 

NMIBC disease typically undergo adjuvant intravesical therapy with BCG. BCG, 

or Bacillus Calmette-Guerin, is an attenuated mycobacterium originally 

developed as a vaccine for tuberculosis (49). It was found to provide antitumor 

activity in urothelial carcinoma by intravesical instillation into the bladder by 

decreasing recurrence and inhibiting tumor progression (50). BCG acts as an 

immunotherapy, in that it stimulates a local inflammatory response characterized 

by an influx of granulocytes, monocytes and dendritic cells, and induced 

expression of inflammatory cytokines such as TNF-, GM-CSF, IFN, IL-2 among 

others (51). This inflammatory response is believed to activate a cytotoxic cell-

mediated killing of tumor cells, producing the efficacy of BCG in preventing 

recurrence and progression (52). In North America particularly, patients treated 

with BCG exhibited a 68% complete response rate compared to 47% of patients 

receiving chemotherapy (53). Adjuvant therapy with BCG includes maintenance 

therapy (follow up instillations after initial treatment course) for 1-3 years 

depending on disease risk to further reduce incidence of tumor progression. 

Patients who have tumor recurrence/relapse, disease progression, or have 

intolerable adverse effects while on maintenance therapy or after treatment 

course of BCG are deemed “BCG unresponsive” or “BCG failures” (54). For 
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these patients, there are few alternative therapeutic options to radical 

cystectomy, although bladder preservation strategies including chemotherapy, 

investigational immunotherapeutic agents, and clinical trials may be considered 

(55). 

Cystectomy. For patients with high grade NMIBC, BCG unresponsive NMIBC, 

and MIBC, cystectomy (surgical removal of the bladder), or radical cystectomy 

with lymph node dissection is the gold standard of treatment. Radical cystectomy 

in men includes prostatectomy, and in women includes hysterectomy, and partial 

excision of the vagina and urethra (5). Following radical cystectomy, urine is 

diverted from its normal pathway by a segment of intestine into either a newly 

constructed neobladder (intestine segment with anastomosed ureters) which can 

still provide continence, or into a non-continent ileal conduit diversion brought to 

the skin as a stoma for use with an urostomy bag (56). Survival outcomes post-

radical cystectomy depend on final pathological staging of the removed bladder 

and tumor. The 10-year recurrence-free survival is 76% for patients staged T1-

T3a, 61% for T3b, and 45% for T4 when lymph nodes are not involved in cancer 

progression/stage, but when lymph nodes are involved survival drops to 34% 

regardless of stage (8). Radical cystectomy can seriously affect patient quality of 

life, and so much effort is being put towards perioperative care and Enhanced 

Recovery after Surgery (ERAS) protocols. 

 Systemic therapy. Neoadjuvant and adjuvant chemotherapy are used mostly in 

MIBC patients both prior to and directly following radical cystectomy to varying 

results. Typically, platinum based chemotherapy is efficacious used in a 

gemcitabine-cisplatin combination, producing a decrease in risk of death after 

surgery and a reduction in diseases recurrence (57, 58). In the neoadjuvant 
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setting, arguments for cisplatin-based chemotherapy use include its potential to 

downstage bulky and invasive tumors which can improve surgical outcomes, but 

its use can also delay other therapies and allow disease progression if patients 

do not respond (11). Patients who are diagnosed with metastatic disease initially 

or following cystectomy are treated with standard of care cisplatin-based 

chemotherapy combinations such as methotrexate, vinblastine, doxorubicin, 

cisplatin (M-VAC), cisplatin, methotrexate, vinblastine (CMV), or gemcitabine-

cisplatin plus paclitaxel (59). However, most patients with metastatic disease, 

while initially responsive to systemic chemotherapy, will ultimately progress with 

a median survival of 14 months and an overall 5-year survival rate of 5-20% (60).   

Typically given in combination with chemotherapy rather than single 

modality for optimal survival improvement (61), radiation therapy or 

chemoradiation can be used in bladder preservation protocols when radical 

surgery has substantial quality of life consequences. These treatments are 

subsequent to TURBT (together deemed trimodal therapy) and can result in 5-

year cancer-specific survival rates between 50-82%, although roughly one-fourth 

of patients will eventually need to undergo radical cystectomy due to lack of 

response (62). 

Systemic immunotherapy has more recently come into treatment practices 

in MIBC with the recent US Food and Drug Administration approval of 

atezolizumab (anti-PD-L1 mAb) and nivolumab (anti-PD-1 mAb) for treatment of 

advanced and metastatic urothelial carcinoma (63). Initial results as a second-

line treatment have been promising enough that clinical trials are ongoing for 

first-line care, and patients in earlier stages of urothelial cancer. 
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Investigational therapy. Due to frequency of recurrence of NMIBC despite BCG 

induction and maintenance treatments, and the life-changing decision for 

cystectomy, new treatments are being investigated for use in BCG unresponsive 

patients. Oncolytic viruses and adenoviral-mediated interferon- (Ad-IFN2b) are 

being explored as intravesical therapies to not only target cancer cells, but also 

to stimulate the host immune system to fight tumors cells as well (64, 65).  Early 

clinical trials of Ad-IFN2b gene therapy has shown safety and efficacy with 43% 

of patients exhibiting complete response at an average of 31 months, and 35% of 

patients free of high-grade recurrence at 1 year (66, 67). Many bladder tumors 

harbor molecular alterations that are potentially druggable, such as FGFR3 or 

alterations in the PI3K-AKT and MAPK pathways, and many clinical trials are 

enrolling and investigating the therapeutic potential of targeted therapies in 

bladder carcinoma (NCT02465060, NCT03410693, NCT03047213). As 

mentioned above, systemic immunotherapy with checkpoint inhibition in 

treatment of MIBC and NMIBC is a current area of investigation. The mechanism 

and functional importance of these will be further discussed in proceeding 

sections. 

Together, once diagnosed, it is necessary for proper stratification of 

bladder cancer patients in order to receive the most effective therapy. However, 

the most effective treatment scheme may come at high cost both literally, due to 

high disease recurrence and progression rates, and figuratively, as patients can 

face serious challenges to their quality of life depending on their disease and the 

appropriate therapeutic action. For MIBC patients, standard of care radical 

cystectomy in combination with chemotherapy or immunotherapy provides the 
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best survival outcomes. For NMIBC patients, tumor resection followed by 

intravesical BCG are standard practice generating ~70% complete response 

rates; but for those that are deemed BCG unresponsive, no effective second-line 

therapy exists as an alternative to cystectomy (68-70). These patients make up a 

target population for investigational therapies that can improve prognosis, aid in 

the preservation of bladders and nullify life-altering surgical intervention.  

 

1.1.3: Potential of Biomarkers for Early Detection, Diagnosis, and Response 

 

Early detection and diagnosis. Early screening of high-risk patients as a 

potential option for early detection for bladder cancer is not a viable option owing 

to the lack of genetic markers and heredity of the disease. However, due to the 

invasiveness and cost of cystoscopy and biopsy as diagnostic tools, there is a 

strong desire among the field to identify novel, noninvasive diagnostic methods. 

Cytology is often performed in the diagnosis of urothelial carcinoma, to serve as 

a backup mechanism for detecting malignant cells originating from the bladder 

that a cystoscopy may overlook (71); within the premise of cytology lies the 

potential for urine-based tumor markers for early cancer detection and diagnosis. 

Several proteomic based tests have been approved by the FDA for diagnosis 

and surveillance, but many of these tests are below 80% sensitivity and range 

from 60-90% in specificity (72-74). Liquid biopsy detection of urinary markers by 

cell free DNA (cfDNA) have been used prognostically in identifying bladder 

cancer recurrence, progression and metastasis (75, 76). Urinary detection of 

DNA methylation status has been used for risk stratification and to differentiate 

bladder cancer patients from controls at sensitivities > 90% (77, 78). MicroRNAs 
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(miRNAs) and expression of other genes in voided urine are also being studied 

for diagnostic testing to mixed successes, with sensitivities ranging from 71-94% 

and specificity from 51-100% (72, 79). However, despite the emerging evidence 

of the utility of urine molecular diagnostic markers, currently there are no urinary 

based tumor markers that are definitively able to detect bladder tumors based on 

sensitivity and specificity (80, 81).  

 

Markers of response. Many therapies for bladder cancer, like BCG, have been 

used for decades, and yet there is still no tool to aid in stratification of patients as 

likely responders and non-responders to therapy. Kamat and colleagues describe 

a urinary cytokine based assay that could predict the likelihood of tumor 

recurrence with 85.5% accuracy based on changes in a panel of nine induced 

cytokines after BCG therapy (82). Research on urinary exosomes as a marker for 

therapeutic response has been investigated in prostate cancer, but remain to 

show convincing evidence of correlation with response (83). To date, risk 

stratification models based on clinicopathological features from biopsied 

specimens remain the most widely used tools available to predict therapeutic 

response in bladder cancer (84). Future utilization of biomarkers in the detection 

of cancer (predictive) and response to therapy (prognostic) will require validation 

to minimize false-negative results, but their potential shows great promise in 

directing the field toward improved patient care and treatment strategies.  

 

1.1.4: Summary 
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Bladder cancer is a malignancy most often associated with older men, with a 

fairly stable incidence outlook as tobacco usage and exposure has been 

ingrained in daily life worldwide. Bladder cancer can be subtyped by several 

different phenotypic and genotypic aspects, but clinical stratification is based on 

tumor invasion status into the muscular wall of the bladder (NMIBC vs. MIBC) 

and pathological grading. While the standard of treatments for NMIBC are costly, 

though effective for the majority of patients, there is room for improvement 

particularly for those who have failed BCG. Standard treatments for patients with 

MIBC greatly affect quality of life and survival outcomes, so the continued 

investigation into immunotherapy and bladder preservation strategies is crucial. 

Improving the treatment and survival of patients with bladder cancer will require 

further development of early detection tools and more effective local and targeted 

therapies moving forward. Exploring the role of the immune response to foreign 

signals and tumors, and the mechanisms tumors use to evade the host defense 

system will be reviewed in the next section. 
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1.2: The Immune Response and Tumor Immunity 

 

The human immune system as we know it today is a product of evolution, 

originating from an archaic defense mechanism which used protein receptors to 

recognize common features of dangerous pathogens (85). The first line of 

defense for animals, known as the “innate” immune system, involves fast-

responding molecules and cells that rush to the site of an infection. The innate 

response is often sufficient to contain and eliminate sources of danger to the 

host, and is therefore a very important first step in host protection. Higher 

organisms later developed a secondary immune response, a predominantly 

cellular mechanism intricately designed to target pathogens based on specificity, 

and be able to mount a quicker defense response in the incidence of recurrent 

infection, otherwise known as “adaptive” immune memory. Although 

evolutionarily created to identify and fend off invasion and infection by 

microorganisms, the same principles of recognizing a “foreign” molecule that 

initiates a cellular and molecular immune response can be applied to cancer.  

Cancer is known for its loss of normal cell regulatory function and gain of 

innumerable genetic alterations (86). These alterations and dis-regulations have 

been known to result in the expression of antigens, leading to presentation of 

“foreign” peptides recognized by MHC molecules on surveilling immune cells 

(87). In a normal immune response, this peptide presentation and recognition by 

an immune cell would result in elimination of the tumor cell. Unfortunately, 

despite the ability of our inherent defense system to recognize and kill cancer 

cells, the durability and persistence of tumors presumably meant that something 

was hindering our immune cells from destroying it. Definitive proof of these 
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immune inhibitory mechanisms was found in mice, when Dunn and colleagues 

discovered that cancer cells had the unique ability to delete T cell targets and 

thus avoid being detected and attacked (88). Tumors can also suppress an 

immune response by activating negative regulatory pathways that exploit 

immune homeostasis and inhibit immune cell effector functions (89, 90). Deemed 

tumor-immune “evasion” or “escape”, these mechanisms allow tumors to survive 

in an environment that would normally prove hostile. 

The following section provides a background on the normal mechanisms 

of immune response when foreign antigens are discovered, including responses 

of the innate and adaptive arms of the immune system, and will also provide a 

discussion on the specialties of tumor-immunology and the mechanisms of 

tumor-immunosuppression. 

 

1.2.1: Overview of Innate vs. Adaptive Immune Response to Foreign or Tumor 

Signals  

 

Innate response. As touched on above, the innate immune system biologically 

evolved as the first line of defense against pathogens. Innate immunity usually 

encompasses the myeloid derived lineage of phagocytic and inflammatory white 

blood cells (neutrophils, monocytes, macrophages), complement, cytokines, and 

acute phase proteins, all of which are designed to provide immediate response to 

signals of infection or damage (91). These responses are hard-wired from 

germline encoded genes to recognize molecular patterns common to microbial, 

toxic, or allergenic structures that are not present in the host (92). Membrane-

associated proteins called pattern-recognition receptors (PRRs) recognize 



 22 

essential microbial components known as pathogen associated molecular 

patterns (PAMPs) and host tissue distress signals known as damage-associated 

molecular patterns (DAMPs) (93). PRRs are constitutively expressed on large 

numbers of cells, and once activated, initiate specific signaling pathways to 

eliminate the foreign invader (94). PRRs can be differentiated by their expression 

patterns and ultimate function, generally either classified as cytoplasmic 

receptors (NLRs, RLRs) or membrane-bound receptors (TLRs). Toll-like 

receptors (TLRs) are one class of transmembrane PRRs that have been 

evolutionarily conserved across species, existing as either extracellular or 

intracellular signaling proteins that recognize microbial lipids and nucleic acids 

(Table 1) (94). Most prominently expressed on antigen-presenting cells (APCs) 

including macrophages and dendritic cells (DCs), stimulation of receptors with 

a TLR ligand (microbial component) initiates a signaling cascade driven by 

either MyD88 or TRIF adaptor molecules, resulting in the production of pro-

inflammatory cytokines and type I interferons (IFN), respectively (95, 96). IFN 

and cytokines serve to further recruit and activate more immune cells and lead 

to pathogen destruction, to be discussed more in depth below. TLRs were 

among the first targets validated for cancer immunotherapy based on the 

clinical efficacy of BCG therapy, an agonist of TLR2 and TLR4, in patients with 

early-stage bladder cancer (97). Exploitation of TLR signaling continues to be 

explored and utilized in many cancer therapies today. 

 The other major class of PRRs, cytoplasmic receptors including RIG-I 

like receptors (RLRs), cytosolic DNA sensors, and nucleotide-binding 

oligomerization domain [NOD]- leucine-rich repeat containing receptors 
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(NLRs), are associated with recognition of bacterial and viral components in 

TLR PAMP	Recognition DAMP	Recognition Location Signal	Adaptor

1

Lipoproteins,	peptidoglycans,	

lipopolysaccharides cell	surface TIRAP,	MyD88

2

Lipoproteins,	peptidoglycans,	

BCG

Heat	shock	proteins	

(HSPs),	proteoglycans cell	surface TIRAP,	MyD88

3

dsRNA,	viral	RNA,	tRNA,	

siRNA,	poly(I:C) mRNA

intracellular,	

endosomes TRIF

4

lipopolysaccharides	(LPS),	

BCG HSP60,	70;	Fibrinogen cell	surface

TRAM,	TRIF,	TIRAP,	

MyD88

5 Flagellin cell	surface MyD88

6 Lipopeptides	(mycoplasma) cell	surface TIRAP,	MyD88

7

ssRNA,	imidazoquinolines,	

guanosine	analogs ssRNA

intracellular,	

endosomes MyD88

8 ssRNA,	imidazoquinolines ssRNA

intracellular,	

endosomes MyD88

9

viral	DNA,	CpG	DNA,	CpG	

ODNs

intracellular,	

endosomes MyD88

Table	1:	Recognition	by	Toll-Like	Receptors	(TLRs)
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the cytosol (98). NLR family members can sense intracellular bacterial 

peptidoglycans, cellular stress products, microbial products, and noninfectious 

crystal particles (99). The most common family members of NLRs, NOD1 and 

NOD2 and NLRPs, form oligomers once activated to further initiate production 

of other inflammatory cytokines, active NF-kB inflammatory signaling, and 

induce the inflammasome complex which leads to the cleaving and secretion of 

IL-1 family members (100, 101). RLRs are RNA helicases that recognize 

cytosolic dsRNA and are particularly important in viral infections. Unlike TLRs, 

RLRs are expressed by most cell types. The most described RLR helicases 

are retinoic-acid-inducible protein I (RIG-I), melanoma differentiation 

associated gene 4 (MDA5), and LGP2, which when stimulated initiate a 

cascade to increase production of inflammatory cytokines and type I IFN, like 

NLRs and TLRs (98). Similarly, cytosolic DNA sensors like STING and cGAS 

detect viral and cytoplasmic DNA and initiate a type I IFN inflammatory 

response. 

Surveilling phagocytes based in common entry tissues and PRR-

expressing epithelial cells are among the first responders to foreign pathogens. 

Upon PRR recognition, they initiate an NF-kB-mediated signaling cascade of 

cytokines to stimulate inflammation within the infected tissue, causing more 

DCs, macrophages, and other innate cells to produce cytokines and 

chemokines to attract circulating leukocytes and begin the first stages of the 

cellular arm of the innate response (102). These cytokines are considered pro-

inflammatory, and are important in staging the innate defense, but once 

mounted they must also be regulated to eventually subside to prevent 

extensive tissue damage (103). Common inflammation-induced cytokines and 
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chemokines include IL-1, IL-6, IL-12, TNF, IFN, IL-4, IL-10, IL-18, CXCL8, 

CCL4, RANTES, TGF and later GM-CSF and M-CSF, with functions ranging 

from monocyte differentiation, increasing vascular permeability, further immune 

cell recruitment, lymphocyte activation, and the suppression of response (104, 

105). The early response cytokines TNF and IL-1 increase expression of cell-

adhesion molecules such as selectins and integrins to attract monocytes and 

neutrophils to the site of infection (106). Chemokines CXCL8, CCL4, and 

RANTES are chemotactic cytokines, serving to recruit neutrophils, basophils, 

monocytes, T cells and other immune cells by their sensing of these small 

molecules in a gradient fashion with highest concentrations at the source of 

infection (107). IL-4, IL-10, and TGF generally serve as anti-inflammatory 

cytokines by negatively regulating the innate response. IL-10 and TGF 

suppress DC differentiation, inhibiting their ability to activate T cells, and can 

also directly inhibit T cell functions; they negatively regulate pro-inflammatory 

cytokine production and cytotoxic cell function, and induce differentiation of 

regulatory T cells, but have a role in tissue repair (105, 108). IL-4 is initially 

produced by mast cells and is important in protecting the host during parasitic 

infection (109). IL-4 has mixed roles in the inflammatory response: its 

important in the differentiation of monocytes into DCs and B cell activation, but 

following the cellular activation of the innate response, IL-4 also induces T cell 

differentiation into Th2 type cells (110, 111). IL-12 and IL-6 have roles in 

activating lymphocytes and inducing Th1 type immune differentiation (105, 

112). TNF- and IL-1 in combination with IL-6 are also important for initiating 

the acute phase response and opsonization-mediated pathogen killing (113).  
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TLRs, RLRs, and STING sensors are the major pattern recognition 

receptors that are stimulated to signal type-I interferon (IFN-I) production. Type 

I interferons (IFN- and IFN-), induced from sensing for foreign (viral) nucleic 

acids by TLR3,4,7,9, RIG-I and MDA-5, are produced by almost all cell types; 

however the major production of IFNs-I comes from plasmacytoid DCs (pDCs) 

(114). Both IFN- and IFN- induce resistance to viral replication in all cells, 

hence the name “interferon”, through the JAK/STAT signaling cascade which 

culminate in the transcriptional regulation of many interferon-stimulated genes 

(ISGs) (115). Signaling through PI3K/AKT, NF-kB, and MAPK are also 

triggered by activation of the IFN receptor, resulting in induction in cell division, 

proliferation, differentiation, and survival (116, 117). IFNs-I exert effects on the 

immune response directly by stimulating innate cells to activate other cells, and 

indirectly through the induction in chemokines, such as CXCL9, CXCL10 and 

CXCL11 for immune cell recruitment, and the induction of cytokines important 

in regulating innate and adaptive cells (118-120). IFNs-I support the migration, 

maturation, and differentiation of monocytes into DCs thereby upregulating 

antigen presentation, as well as macrophage cytotoxicity and phagocytosis 

(121, 122). They also increase MHC class I molecule expression to enhance 

antigen recognition by antigen presenting cells (APCs; DCs and macrophages) 

and encourage DC migration, together with priming and activation of the 

adaptive immune response (123-126), to be discussed further in the next 

section.  

As touched on above, IL-6 is a very pleotropic cytokine induced by PRR 

recognition of PAMPs and DAMPs, NF-kB signaling, and IFN-I signaling from 
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immune cells, but also from fibroblasts, endothelial cells, and other cells (127).  

Like other cytokines (IL-4), IL-6 is known for both pro-inflammatory and anti-

inflammatory actions. Differences in its roles may be linked to the different 

ways IL-6 signals at the plasma membrane: 1) classical signaling involves 

membrane IL-6R binding with receptor protein gp130, but not every cell type 

has membrane-bound IL-6R, and so 2) soluble IL-6/IL-6R (sIL-6R) is utilized 

and known as IL-6 trans-signaling (128). Binding of IL-6 to IL6-R and gp130 

initiates JAK/STAT or MAPK signaling pathways, the former simultaneously 

inducing a negative feedback loop to suppress IL-6 by SOCS genes (129). IL-6 

contributes to immune defense in a pro-inflammatory role by inducing the acute 

phase response, hematopoiesis (granulopoiesis), B cell differentiation, and 

interferon-like activity (130, 131). It also promotes differentiation of CD4 T cells 

in to Th17 T cells and suppresses CD4 Treg formation, and induces CD8 

cytotoxic T cell differentiation (132-134) (Figure 3). If left unchecked, these 

pro-inflammatory responses contribute to development of chronic inflammation 

and autoimmune diseases (135, 136). Anti-inflammatory effects of IL-6 include 

a role in wound healing and liver regeneration (137), and negative regulation of 

pro-inflammatory TNF, GM-CSF, IFN, and MIP-2 cytokine production in 

acute lung inflammation (138). In relation to cancer and disease pathology, IL-

6 is a known instigator of autoimmune disease such as rheumatoid arthritis and 

colitis caused by chronic inflammation (139), and has been linked to anti-

tumorigenic and pro-tumorigenic actions with poor clinical outcomes in cancer 

patients (140). IL-6 has controversial roles in immune activation, chronic 

inflammation and cancer, but it remains a strategic bridge connecting the 
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Figure 3: IL-6 in inflammation, immune response, and pathogenesis. IL-6 is 

a pleiotropic cytokine. It induces acute phase response proteins such as CRP, 

serum amyloid A, fibrinogen and hepcidin from hepatocytes. IL-6 also plays an 

important role in adaptive immunity by stimulating B cell and T cell differentiation 

and function. IL-6 can also promote proliferation of many immune and non-

immune cells. RANKL, receptor activator of nuclear factor kB (NF-kB); VEGF, 

vascular endothelial growth factor. This figure was taken with permission from 

Tanaka T, Narazaki M, Kishimoto T. 2015. IL-6 in inflammation, immunity, and 

disease. Cold Spring Harbor Perspectives in Biology (136). License number  

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tanaka%20T%5BAuthor%5D&cauthor=true&cauthor_uid=25190079
https://www.ncbi.nlm.nih.gov/pubmed/?term=Narazaki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25190079
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kishimoto%20T%5BAuthor%5D&cauthor=true&cauthor_uid=25190079
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innate and adaptive immune responses.     

Natural Killer cells (NK cells) serve as a special component of the innate 

immune system. NK cells have similarities to both innate and adaptive cells: they 

develop from the same progenitor cells as B and T cells, and have the ability to 

kills cells by direct contact after binding cell-surface receptors, however, NK cells 

are fast-responding and have invariant, germline-encoded receptors that 

recognize molecules on infected cell surfaces, and as such are considered innate 

cells (141). NK cells are activated in response to the triggering of their activation 

receptors by cognate ligands (142), IFNs-I, and cytokines produced from 

macrophages and DCs. Once activated, they then identify infected cells based 

on aberrations or loss of MHC class I expression, and directly kill cells by 

cytotoxic granule release (perforin) or production of IFN (143-145). Normal class 

I MHC expression is an inhibitory signal to NK cells, as this is the sign of self-host 

cells (146, 147). Loss of this inhibitory signal (normal class I MHC) was proved to 

be insufficient for NK cell killing, and that an additional activating signal was 

necessary (148); NKG2D and FcRIIIa (CD16) activating receptors provide the 

necessary secondary “kill” signal (149, 150). Further, NK cells can be “primed” by 

DCs to be more effective killers (151), and can also exhibit a form of 

immunological memory, similar to adaptive cells (152-154). Though able to 

provide immune defense by fast response and pathogen receptor recognition, 

NK cells have many functional features that make them an intermediate to the 

precisely targeted adaptive arm of the immune system. 

Innate responses are able to prevent infection from establishing and 

spreading by discriminating between foreign pathogens (PRRs) and self, but are 
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mostly non-specific. Most of these PAMP signaling pathways by PRRs overlap 

with sensing of tissue damage (DAMPs), including tumor-derived antigens (155). 

Thus, the innate immune system has a role in recognizing and responding to 

cancerous cells. Tumor neoantigens, RNA, and DNA can be sensed by TLRs, 

RIG-I (RLR), and STING, triggering the macrophage and DC production of 

cytokines, interferons, chemokines, and antigen presentation with T cell priming 

(156, 157).  The result is cancer cell death by eliciting apoptosis pathways, 

interferon signaling, or primed cytotoxic cells (158-160). Increased ligand 

expression provided by cellular stress or DNA damage of tumors cells help 

activate NK cells via their activating receptors (161) and cause direct tumor cell 

death by cytotoxic granules (perforin, granzymes), Fas-ligand or TRAIL, 

secreting IFN, and through antibody-dependent cellular cytotoxicity (162). 

Not only is the innate immune response of key importance in the initial 

stages of host defense, but it is also essential to the adaptive response, as the 

cells stimulated by microorganisms during infection, or tissue damage-associated 

tumor antigens, go on to activate antigen-specific defense directly and through 

cytokines and chemokine migration. PRR signaling that leads to macrophage 

and DC maturation, antigen presentation, and type I interferon production, in 

combination with NK cell pathogen recognition and activation, provide 

mechanisms of containment, whistle-blowing, and killing. These necessary first 

steps provide sufficient time for the induced T and B cell adaptive responses with 

high tumor cell specificity and cytotoxicity, explained further in the next section.  
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Adaptive response. As previously mentioned, the immune response consists of 

two arms: the innate component, an immediate though non-specific response 

consisting of myeloid cell pathogen sensing and cytokine and chemokine release 

for cellular recruitment and activation; and the adaptive component, a delayed 

but intricately more specific response largely reliant on the lymphocytic lineage of 

cells. Many of the responses of innate immunity are necessary for the adaptive 

immune system to get started. In brief, dendritic cells that are stimulated by PRR 

recognition increase their surface expression of MHC class II receptors and co-

stimulatory molecules which will allow them to activate naïve T cells once they 

migrate to peripheral lymphoid tissues and present antigen (163, 164). Once the 

lymphocytes are activated, the DCs die, and the T cells begin to proliferate and 

mature into cytotoxic CD8 effector T cells (165). The cytokines produced by the 

innate cells also encourage differentiation of naïve CD4 cells into Th1, Th2, 

Th17, TFH, or Treg effectors (166, 167), which then after DC activation, are able to 

‘help’ stimulate the antigen receptors of B cells to an effector state, or 

differentiate into plasma cells, and produce secreted antibodies against 

pathogens (168-170). Once activated, effector T cells reenter circulation and 

migrate back to the site of infection, following chemokine gradients and adhesion 

molecules (171). Serving as the cell-mediated responders of adaptive immunity, 

CD8 T cells can directly kill aberrant cells while CD4 T cells help to activate 

macrophages, neutrophils, and secrete protective and activating cytokines to aid 

in defense (172-174). Activated plasma B cells secrete antibodies specific to the 

foreign antigen to eliminate pathogens by humoral neutralization, opsonization, 

or complement activation (175). Thus, the adaptive response relies heavily on 
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innate immunity to be initiated and guided in order to achieve precise immune 

protection and disease resolution.  

 Originally, T and B lymphocytes develop from a common progenitor stem 

cell in the bone marrow (HSC), but T cell progenitors must migrate to the thymus 

for further stages of development into T cells. In the thymus, T cell progenitors 

acquire antigen-specific receptors, known as TCRs (T cell receptor), by random 

somatic rearrangement of DNA segments that specifically code for antigen 

binding regions of the receptor through a process called VDJ (variable-diversity-

joining) recombination. In total, VDJ recombination can produce up to 108 

different TCRs to match the wide variety of potential antigens (176), which are 

then further selected by their TCR reactivity to self-antigens (negative selection) 

and expression of CD4 or CD8 (positive selection based on class I (CD8) or 

class II (CD4) MHC molecules). Once T cells pass through selection and 

complete development, they home to secondary lymphoid organs such as the 

spleen or lymph nodes, and proceed to continuously circulate through these 

organs, lymph, and blood, awaiting the potential of antigen recognition and 

shedding their naïve status (177). Stimulated DCs, with antigen in tow, traffic 

from the origin of pathogen recognition to the inflamed or “reactive” lymph node 

and encounter scanning T cells, while concomitantly expressing CD80 and CD86 

co-stimulatory molecules (178-180). When an antigen-naïve T cell recognizes its 

cognate antigen presented on the MHC molecule of an APC, the T cell 

undergoes several changes: If the peptide is presented on an MHC class I 

molecule, which is broadly expressed on all cells, and activating cytokines such 

as IL-12 and IFN-I are present, naïve CD8 T cells will differentiate in to cytotoxic 

CD8 cells and undergo clonal expansion. If the antigen peptide is presented on 
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an MHC class II molecule, naïve CD4 T cells will differentiate into various CD4 

helper T cell subsets, dependent on the cytokines present in the environment, to 

be elaborated on in the next paragraph.  Additionally, T cell activation 

upregulates the expression of CD69 surface molecules to ensure the T cell stays 

in the supportive environment of the lymph node, with antigen, co-stimulation, 

and cytokines present, promoting proliferation of high (and moderate) antigen-

affinity T cells specific to that cognate antigen, called clonal expansion (181, 

182). During clonal expansion, the majority of expanded T cells down regulate 

CD62L and CCR7, allowing them to exit the lymph node and migrate to the sites 

of antigen source by way of chemokine gradients, integrins, and selectins, and 

perform their effector functions (183). For CD8 T cells, those effector functions 

include TNF and IFN cytokine production, and most especially, cytotoxic-

mediated cell death of the target cell recognized by its specific antigen 

peptide/MHC class I complex (184). This cytotoxic function is accomplished by 

cell-cell contact and delivery of perforin and granzyme toxic granules into the 

cytosol of the infected cell, lysing and killing the target cell (185, 186). 

 When DCs present antigen peptide on MHC class II receptors, naïve CD4 

T cells are activated to differentiate into multiple subtypes of effector and 

regulatory CD4 cells. After stimulation with antigen, CD4 cells begin to produce 

IL-2 to further promote their proliferation, and proceed towards differentiation into 

Th1, Th2, Th17, Treg, or TFH depending on the cytokines present at the activation 

site (187). IL-12 and IFN produced by macrophages and NK cells induces the 

differentiation of Th1 cells (188). Th1 cells are effector cells that support cell-

mediated immune response; they express transcription factor T-bet, and produce 
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IL-2 and IFN to support macrophage and T cell proliferation and cytotoxicity 

(189), and protect the host from bacteria and viruses. IL-4 from basophils, mast 

cells, and eosinophils encourage differentiation into Th2 cells (190). Th2 cells are 

characterized by expression of transcription factor GATA3, are thought to support 

more humoral and allergic responses and defense against parasites, and 

produce suppressive cytokines IL-4, IL-5, and IL-13 (191). Th17 cells arise when 

IL-6 and TGF are present and are more pro-inflammatory cells, expressing the 

transcription factor RORT and producing IL-6 and IL-17 cytokines (192). They 

help to recruit neutrophils to the site of infection. TFH cells, or follicular helper 

cells, express the transcription factor Bcl6, and exist in the lymphoid follicles to 

help stimulate B cells to produce high-affinity antibodies (193). Unlike the other 

effector cells, cytokines involved in TFH differentiation are not completely known, 

but IL-6 is known to be important (194). TFH cells can produce cytokines that are 

similar to those of Th1 and Th2 cells, signaling to B cells which antibody isotype 

to secrete (195).  Effector CD4 cell responses act in defense by producing 

cytokines and chemokines that activate and recruit other immune cell subsets to 

their effector states. Because of this broad reaction, CD4 cells need to be more 

tightly regulated than the specific response of CD8 cells, and so only certain 

types of antigen presenting cells have MHC class II molecules. Treg, or regulatory 

T cells, also serve in this purpose. Treg cells suppress the immune response, and 

are key in preventing autoimmunity, by secreting IL-10 and TGF (196). There 

are two main groups of regulatory T cells: natural and inducible. Natural Tregs are 

committed to a regulatory fate while still in the thymus, and have high levels of 

surface CTLA-4 expression; inducible Tregs differentiate from naïve CD4 T cells in 
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the periphery under the influence of the environment (105). Induced Tregs arise 

when TGF alone is present in the lymph tissue, and like natural Tregs, induced 

Tregs express the FOXP3 transcription factor which prevents the transcription and 

production of IL-2 (197). CD4 and CD8 T cell differentiation are critical in host 

defense and entirely dependent on the type of cytokine signals produced from 

pathogen-activated innate cells, underlining the cohesiveness of the immune 

response. 

 As mentioned before, B lymphocytes differentiate from the same common 

progenitor as T lymphocytes, however B cells remain in the bone marrow. Like T 

cells, B cells also generate surface antigen-specific receptors, called B cell 

receptors (BCR), by way of somatic VDJ recombination (198). Unlike TCRs 

though, BCRs are expressed as an immunoglobulin molecule (Ig) with heavy and 

light chains that make up the antigen binding domain (199). The recognition of 

antigen by BCR not only can activate the naïve B cell directly, in conjunction with 

TLR stimulus (200), but it can also be internalized, processed, and presented 

back on MHC class II molecules for further antigen-specific CD4 T cell 

stimulation (201). The stimulated CD4 T cell then binds to the B cell by CD40 

ligand interaction, and produces activating cytokines for B cell proliferation and 

differentiation into antibody-producing plasma cells (202-204). IL-4, IL-5, TGF, 

or IFN are selectively secreted depending on the type of pathogen detected to 

induce specific antibody class production (205). Once secreted, antibodies 

function to kill the foreign pathogen by neutralization, opsonization, or 

complement activation (206). Neutralization involves antibody binding to bacterial 

toxins and viruses to prevent their interaction with normal host cells (207, 208). 
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Antibodies activate the complement immune response by binding the first 

complement proteins to the Fc region of the antibody, ultimately resulting in 

opsonization and phagocytosis, killing of the pathogen (209). The Fc region of 

antibodies can also activate other immune cells like NK cells to induce pathogen 

elimination (210, 211).  

  Cellular and molecular components of the innate and adaptive immune 

responses work together to resolve pathogen infections, tissue damage, and 

foreign bodies. For most acute diseases, once the danger is resolved, the 

inflammatory stimulus is removed and effector cells undergo apoptosis and 

phagocytosis. Some effector cells remain and differentiate into memory cells (B 

and T), who have the benefit of faster response times if the original pathogen or 

damage recurs (212, 213). Together, the immune response is the most powerful 

line of defense and management of infections, tumors, and disease. The inherent 

processes of both the innate and adaptive arms provide major targets for 

treatment strategies in effort to optimize the events that naturally occur. However, 

despite its effectiveness in protection and pathogen elimination, microorganisms 

and malignancies like cancer have developed ways to subvert the immune 

response, which will be addressed further in the following section. 

 

1.2.2: Mechanisms of Immunosuppression in Tumor Immunity 

 

As touched on previously, the genetic alterations and changes in cell 

regulatory processes in cancer cells often produce antigens from mutated genes, 

overexpressed genes, or cellular distress (DAMPs) (214, 215) that can be 

recognized by surveilling immune cells. These tumor antigens, either presented 
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on the cell’s MHC class I molecule or released from the cell in death, are sensed 

or picked up by APCs (macrophages and DCs) via TLRs, RLRs, or other 

sensors, triggering a pro-inflammatory response, and antigen processing and 

presentation (216). Once activated by these “danger” signals, APCs upregulate 

co-stimulatory ligands and traffic to proximal lymphoid tissue, such as the tumor 

draining lymph node, to prime the adaptive T cell and B cell response (217, 218). 

CD4 T helper 1 cells (Th1), CD4 T helper 17 (Th17) cells, CD8 T cells, and B 

cells in combination with NK cells and the other innate immune cells all play 

important roles in tumor inhibition by mechanisms similar to those for foreign 

pathogens (219, 220). Despite the host’s ability to stage an immune-mediated 

antitumor response however, incidences of tumor eradication, even with 

therapeutic assistance, are rare. In order to avoid elimination, tumors have 

developed strategies to evade immune detection, hinder immune activation, 

block tumor infiltration, and inhibit tumor-killing mechanisms. This section will 

provide an overview of the most common mechanisms of immune suppression 

co-opted by cancer cells to escape eradication, focusing on the immune cell 

types primarily affected. 

   

Loss of antigenicity and inhibition of sufficient immune activation by APCs. 

Tumors have developed a wide variety of ways to avoid detection by APCs as 

well as activated T cells. These evasive mechanisms result in decreased innate 

and adaptive cell activation and tumor-killing ability, leaving the tumor to continue 

thriving. Tumor cells have been shown to down regulate the expression of MHC 

class I molecules, evading detection by both DCs during initial surveillance, and 

antigen-specific T cells during the adaptive response (221, 222). Loss of MHC 
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class I molecule expression in tumors is associated with poor disease prognosis 

and clinical outcome (221). Tumor secreted factors such as VEGF (223), IL-6, 

and M-CSF (224) also cause defects in DC differentiation and maturation, 

resulting in less expression of MHC class II molecules and lack of expression of 

co-stimulatory molecules CD80 and CD86, making them unable to present 

antigen to T cells and activate the T cell response (225, 226). Lack of co-

stimulatory molecules can lead to T cell tolerance, anergy, and T cell death 

(227). In addition to the direct effects tumors have on DCs and T cells, tumors 

can acquire the ability to delete their own cells that express antigens T cells 

recognize, a process called “immune editing” (228). The loss of antigenic 

epitopes also occurs from many targeted cancer therapy treatments (229, 230). 

This loss of antigenicity can result in the evolution of tumor cell variants that are 

not recognizable to immune cells, leading to tumor progression (231, 232). The 

NKG2D activation receptor expressed on cytotoxic NK and T cells is a known 

responder to damage and stress-induced ligands in cancer. Tumor cells however 

can manipulate the expression of these ligands through post-transcriptional and 

post-translational regulation by misfolding, adenylating, splicing, or glycosylating 

the ligands in order to avoid immune recognition (233). Consequently, down 

regulation of antigens and inhibition of immune activation by loss of antigen 

presentation and co-stimulation represent two mechanisms utilized by tumors to 

evade the immune system. 

 

Immune exclusion. Despite the existence of cancer therapies that are tumor-

antigen specific, or involve blockade of tumor-suppressive chemical 

mechanisms, there remain many tumor types that exhibit little to no antitumor 
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response (234). This lack of response could be linked to physical obstacles 

prohibiting activated immune cells from infiltrating the tumors (235). The 

microenvironment of a tumor (TME) is characterized by not only by cancer cells 

and immune cells, but also blood vessels, fibroblastic cells, and extracellular 

matrix (ECM) (236). Studies have shown that stromal cells in the TME such as 

fibroblasts (cancer-associated fibroblast, CAFs), myeloid-derived suppressor 

cells (MDSCs), and tumor associated macrophages (TAMs) and the tumor 

vasculature all play a role in preventing immune infiltration. Reactive nitrogen 

species produced by MDSCs can trap T cells in the surrounding tumor stroma by 

nitration of chemokine CCL2 (237). CAFs can also trap T cells in the tumor 

periphery by secreting dense ECM proteins that inhibit T cell migration (238). 

High expression of Fas ligand (FasL) on endothelial cells in the tumor 

vasculature can induce CD8 cell apoptosis, preventing their infiltration, while 

simultaneously not excluding Treg cells because of their inherent high expression 

of apoptosis inhibitor c-FLIP (239). This mechanism is known as immune 

privilege. Immune cells can also be excluded from poorly vascularized and 

hypoxic tumors, caused by rapid tumor growth and expression of HIF-1 (240).  

Normalization of tumor vasculature by VEGF inhibition or deleting the signaling 

regulator Rgs5 can enhance T cell infiltration (241, 242). Until the problem of 

TME barriers can be overcome, the full benefit of immune cell therapies may not 

be realized. Thus, prevention of immune infiltration is a key mechanism exploited 

by tumors and their co-opted stromal cells in suppressing immune-mediated 

elimination. 
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Immunosuppressive ligands. T cell activation is a complex process not only 

involving antigen recognition, co-stimulation, proliferation and differentiation, but 

it also induces inhibitory pathways that can lead to eventual attenuation of T cell 

responses (243). In normal tissue homeostasis, negative-feedback responses 

called “immune checkpoints” are crucial to maintain self-tolerance and protect 

host tissue from potential damage induced during the immune response to 

infection (244). However, tumors and their microenvironment often have 

dysregulated expression of immunosuppressive receptors and ligands that 

regulate T cell effector functions, providing a mechanism of immune evasion. The 

high expression of antigens in cancer can also lead to the deterioration of T cell 

effector functions caused by continuous activation stimuli, a state termed 

“exhaustion” (245). Therefore, it makes sense that exhausted T cells are also 

characterized by expression of multiple inhibitory receptors. Immune inhibitory 

receptors such as PD-1, CTLA-4, TIM-3, LAG-3 and their ligands, among others, 

are expressed on tumor cells, T cells, and other immune cells in the TME 

including DCs, macrophages, fibroblasts, immature MDSCs, and Tregs (244), 

making the potential of receptor-ligand binding, and immune escape extremely 

likely. 

The most well studied immune checkpoints are CTLA-4 and the PD-1/PD-

L1 pathways. Programmed cell death (PD-1) receptor is induced upon T cell 

activation and is intended to limit T cell effector functions by decreasing their 

production of inflammatory cytokines and cell survival proteins (246, 247). It’s 

ligands, PD-L1 and PD-L2, are most often expressed in peripheral tissues by 

tumor cells and myeloid-derived cells in the tumor microenvironment (248). The 

PD-1/PD-1/PD-L2 pathway gene expression can be upregulated on tumor cells 
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and cells in the TME as a consequence of constitutive oncogenic pathway 

signaling (249), and in response to therapy, HIF-1 expression and hypoxia 

(250), immune-associated cytokines such as IL-10, TGF and IFN (251, 252), 

and tumor-secreted factors such as VEGF and PGE2 (253). PD-1 can also be 

induced on NK cells and B cells as well as Tregs, limiting their lytic and effector 

activities (254, 255) or promoting their proliferation and immune suppressive 

function (256), respectively, exhibiting another mechanism of immune resistance. 

Unlike PD-1, cytotoxic T lymphocyte associated protein-4, or CTLA-4, 

predominantly regulates T cell activation, but is also important in maintaining 

immune tolerance and avoiding autoimmunity, and thus can be found more 

broadly in host tissues and secondary lymphoid organs, as well as the tumor 

microenvironment (244). CTLA-4, which is expressed upon T cell activation, has 

very high homology to CD28 co-stimulatory receptor, but binds to B7 (CD80/86) 

receptors on APCs with much higher affinity than CD28; thus, it is believed to 

outcompete CD28 for receptor binding, resulting in lack of T cell activation (257, 

258). To produce its inhibitory effects, CTLA-4 interferes with the TCR signaling 

chain, and by removing the active pool of CD80/CD86 from APC surfaces (247, 

259). Despite inhibiting CD8 effector T cells, the major effects of CTLA-4 

signaling come from down-modulation of CD4 helper T cell activity (Th2) and 

increasing Treg immunosuppressive functions (260, 261).  

 Other checkpoint receptors have been more recently discovered and 

investigated, including TIM-3, LAG-3, BTLA, A2aR, KIRs and others. These 

molecules are expressed on T cells, NK cells, and TME-associated endothelial 

cells, macrophages, APCs, and Tregs, induced from inflammatory signals and T 
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cell activation (244, 262, 263). They have been shown to inhibit NK, CD8, and 

CD4 helper T cell activity, cytotoxicity, and promote anergy and Treg proliferation 

and function (264-266).  

Therefore, immunosuppressive receptors and ligands represent one more 

mechanism co-opted by cancer cells to combat the immune response. 

 

Immunosuppressive cells. In addition to the loss of antigenicity and ability to be 

recognized, creation of barriers to prevent immune infiltration, and induction of 

inhibitory receptors, tumors can co-opt stromal and immune cells in the TME to 

aid in suppressing effector cell functions and evade extinction. Often 

encompassed in the total tumor infiltrating lymphocytes, Tregs play an important 

role in immunosuppression by secreting anti-inflammatory cytokines such as IL-

10, IL-35, and TGF, competing for activating cytokines like IL-2 with effector 

cells (267), and by direct contact with CTLA-4 (268), adenosine (269), and 

cytotoxic cytokines to inhibit DCs and effector T cell function (270, 271). Treg 

differentiation is induced by antigenic stimulation in the presence of TGF (272), 

and naturally formed Tregs can traffic to the tumor site via tumor and macrophage 

secreted CCL22 (273). TGF itself can disrupt T cell activation directly as well as 

by limiting the mobility and survival of DCs (274), and by promoting polarization 

of tumor associated macrophages that sequester tumor antigen (275), 

contributing to inhibition of T cell priming. Macrophages and undifferentiated 

monocytes in the TME can be influenced by environmental cues to preferentially 

differentiate into M2 macrophages (276). M2 macrophages are induced by IL-4 

and IL-13, typically produced by Th2 helper cells, and are deemed 
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immunosuppressive because they contribute to the production of IL-10 and 

arginase, inhibitors of T cell activation (277). Immature myeloid cells known as 

MDSCs are recruited to the TME by GM-CSF, IL-6, and CCL2, often produced 

from tumor cells (278). Major MDSC-mediated mechanisms of immune 

suppression are promoted by TGF- (279) and include nitrosylation of the TCR 

and T cell surface proteins to inhibit T cell effector function (280), and expression 

of arginase to deplete arginine nutrients from the TME (281). Suppressive 

subsets from the myeloid lineage have overlapping abilities to express 

immunoregulatory molecules such as arginase, iNOS, and indoleamine 2,3-

dioxygenase (IDO) to inhibit CD8 cell proliferation or induce apoptosis (282). IDO 

and arginase are metabolic enzymes that can catabolize essential amino acids, 

tryptophan and arginine, used by T cells for inducing proliferation, cell cycle 

growth, and effector functions (283-285). iNOS also catabolizes arginine to form 

nitric oxide (NO), a reactive nitrogen species used by MDSCs, utilized for 

nitrosylation of the TCR to interfere with TCR binding peptide-MHC complexes 

and promote hyposensitivity and tolerance (286), and nitration of chemokines 

used in T cell recruitment (237).  

Many of the cellular interactions in the TME are complex, showing 

redundancy in suppressive action, or cytokine profiles having positive feed-back 

loops supporting the differentiation and function of immunosuppressive cells. In 

addition to the few mechanisms described here, tumors have many other 

immune resistance mechanisms, a product of their constant need for evolution to 

maintain survival. It has been shown that tumors can become resistant to 

cytotoxic cytokines, shown by the development of tumor-IFN insensitivity from 
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the absence or dysfunction of IFN receptor signaling pathway (287). Tumor cells 

can also lose the expression of genes necessary for cytotoxic signaling such as 

JAK family members and genes of the IFN pathway, promoting resistance to 

immune-mediated killing (288, 289).  

 

1.2.3: Summary 

The innate and adaptive immune system are evolutionarily advanced in their 

ability to cooperate to resolve danger within their host. Humans have developed 

intricate pathways to detect foreign pathogens and cancer, following up sensing 

with action, by activating the effector cells and molecules of immune protection. 

However, tumors have developed ways to counteract and suppress the 

defensive activity of our immune system at most turns. The most interesting 

aspect of tumor-immune suppression is that most of the cells and molecules 

utilized by tumors to promote their own survival are inherently purposed for self-

tolerance to prevent autoimmunity. Despite this fact, many of the suppressive 

mechanisms tumors have acquired such as checkpoint inhibitors and 

immunosuppressive cells can be therapeutically targeted to repolarize the TME 

into an antitumor phenotype, which will be reviewed in the following section. 

 

1.3: Immune Therapy: Overcoming Tumor-Immunosuppression 

 

As reviewed above, humans are equipped with extensive protective 

mechanisms that enable the detection and recognition of foreign pathogens and 

damage, or cancer associated markers. This identification process initiates a 
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cascade of signaling, recruiting an immediate cellular and chemical response to 

instigate inflammation at the source of trouble, killing microorganisms and cells in 

a non-specific but timely matter; while behind the curtain, an intricately more 

specific immune response ramps up to deliver a precise second wave attack. 

Despite the involved, sophisticated, and specific process that is the immune 

response, pathogens and cancer in particular have simultaneously evolved ways 

to suppress and evade it in order to continue surviving. These include tumor-

induced impairment of antigen presentation and negative regulation of APC 

function and development; creation of a physical barrier to infiltration T cells by 

utilization of fibroblasts and stromal cells in the tumor microenvironment; 

promoting upregulation of pro-apoptotic and immunosuppressive cytokines, 

ligands, and receptors to inhibit cellular mediators of cytotoxic response; and 

drafting and recruiting of immunosuppressive cells from the microenvironment 

and circulation to further inhibit effector cells of the immune system (234, 290). 

The vast mutational landscape and heterogeneity of tumors between 

patients, and even between different areas of the same tumor, make 

personalized medicine targeting specific gene mutations challenging. Given the 

potent immunosuppressive capacity of tumor cells, infiltrated suppressive 

immune cells, the surrounding tumor stroma, and the propensity of immune cells 

to respond to cancer antigens in similar ways across patients, targeting the 

suppressive pathways tumors co-opt for self-promotion presents an attractive 

intervention for cancer treatment. Many investigators have pointed their 

therapeutic inquiries towards T cells as the major effector cells of the tumor 

response, developing antibodies that can antagonize suppressive molecules and 

cells, cytokines and molecules to agonize T cell effector functions and reverse 
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tolerance and anergy, or adoptively transferring activated cells into the tumor 

environment itself (291).  Others have taken on a more holistic approach in 

targeting cells or pathways of the innate immune response that enable the 

efficacy of the adaptive response (292).  

This section aims to provide current knowledge on immune therapies 

utilized in the treatment of cancer, including immune checkpoint blockade, 

stimulators of the innate immune response, and efforts to combine therapies 

directed at components of the innate and adaptive immune arms. Studies 

discussed will be broadly in multiple tumor models, but with special attention to 

those currently used for bladder cancer.  

 

1.3.1: Therapeutic Targeting of Immune Checkpoints 

 

Inhibitory checkpoints. Immune checkpoints are biologically important for 

maintaining self-tolerance and limiting bystander tissue damage during the non-

specific innate immune response and hyper-activated adaptive immune response 

(293). However, these anti-inflammatory processes can be commandeered by 

tumors to evade immune-mediated destruction. In the treatment of cancer, 

immune checkpoint blockade removes these inhibitor signals to NK, 

macrophage, and T cell (effector cell) activation and function, enabling antitumor 

immune cells to overcome regulatory mechanisms established by tumors, and 

eliminate them (294). Inhibitory checkpoints like CTLA-4, the PD-1/PD-L1 axis, 

TIM-3, and LAG-3 all have different mechanisms to make immune cells, 

particularly T cells, quiescent, and therefore different therapies have been 

developed to address them. 
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 CTLA-4, as discussed previously, has very similar homology to CD28, and 

therefore shares the same ligands CD80 (B7.1) and CD86 (B7.2), necessary for 

APC-mediated co-stimulation and activation amplification of T cells (295).  

However, CTLA-4 has over 100x more affinity for both CD80 and CD86, and its 

engagement with either ligand down-modulates the amplitude of T cell 

responses, typically at the site of T cell priming in secondary lymphoid organs 

(261, 296, 297). Expression of CTLA-4 is upregulated upon T cell activation on 

the cell surface and at the immunological synapse (298), and is thought to be 

more predominantly expressed on CD4 T helper cells, insinuating that 

heightened T cell responses seen with CTLA-4 inhibition are due to promoted 

activity of CD4 T cells on other immune subsets (CD8 T cells) (299). CTLA-4 

expressed on Tregs also has a role in attenuating the effector T cell response 

(300). Therefore, blockade of CTLA-4 with inhibitory antibodies has been shown 

to enhance tumor rejection by inhibiting Treg function and Treg killing (301, 302), 

enhance CD28 co-stimulation and T cell activation, and thus expansion of tumor 

antigen-specific CD8 T cells (303). It does this by blocking CTLA-4 competition 

for costimulatory ligands by antagonistic antibody binding to the interaction 

domain on B7 (304). Anti-CTLA4 therapy also leads to the expansion of effector 

CD4 populations (305), as well as exhausted CD8 populations (306).  In humans, 

anti-CTLA-4 therapy with ipilimumab (307) antibody produced a 3-year survival 

rate of 21% in metastatic melanoma patients (308), and similarly a 5-year 

survival rate of 20% was observed patients treated with tremelimumab (anti-

CTLA-4 mAb) (309). Unfortunately, as anti-CLTA-4 therapy is effectively lowering 

the activation threshold and taking the brakes off of effector T cells, many 

patients experience immune-related adverse events while on therapy (310). This 
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is also potentially due to CTLA4 blockade-associated TCR repertoire broadening 

which increases T cell functional reactivity (311). 

 The PD-1/PD-L1/PD-L2 axis serves primarily to maintain tolerance and 

dampen T cell responses in the periphery (312), and similar to CTLA-4, its 

expression as both receptor and ligands is induced upon B and T cell activation, 

and as a byproduct of the immune response on many cell types in the TME 

(313). PD-L1 and PD-L2 are widely expressed on non-lymphoid tissues and 

actively upregulated in response to inflammatory cytokines like IFNs (314). 

Unlike CTLA-4, PD-1 signaling directly interferes with the TCR signaling cascade 

to regulate T cell activation (315). Persistent PD-1 signaling also induces 

metabolic restriction, inhibiting glycolysis while simultaneously promoting fatty-

acid oxidation (FAO) and lipid catabolism, perpetrating T cell exhaustion (316, 

317). Blockade of PD-1 signaling can reinvigorate effector cells and antigen-

specific T cells by preventing the attenuation of TCR signaling, effectively jump-

starting exhausted T cells to proliferate (318). It has also recently been shown to 

reverse negative metabolic reprogramming induced by PD-1 signaling (319).  

Because of the propensity of PD-1 ligands expressed in tumor tissue and by 

immune cells of the tumor stroma, it has been suggested that the effectiveness of 

PD-1 therapy is reliant on the bulk of effector cells to be already present in the 

TME (320). Early large scale clinical trials with anti-PD-1 antibody Nivolumab 

have shown successful antitumor responses in patients, with objective response 

rates of 17%, 27%, and 31% in NSCLC, RCC, and melanoma, respectively. 

However, exhausted T cells have a distinct epigenetic profile that can limit T cell 

reinvigoration, and thus PD-1 blockade may not be sufficient to functionally 

restore T cells once they meet a certain exhaustion threshold (321, 322). 



 49 

 Other inhibitory checkpoints are currently being explored preclinically and 

in clinical trials as the “next generation” of checkpoint blockade therapy. 

Lymphocyte activation gene 3 (LAG-3) is highly homologous to the CD4 T cell 

co-receptor, and as such its ligand is the MHC class II molecule (323); however 

new work has found a potential additional ligand as LSECtin (324). As previously 

mentioned, LAG-3 is expressed on T cells, B cells, NK cells, and DCs in 

response to activation, and serves as a negative regulator of T cell expansion 

and DC activation as it competitively binds with MHC II (325, 326). T cell 

immunoglobulin and mucin-3 (TIM-3) is marker for exhaustion in combination 

with other checkpoints, expressed on activated T cells, NK cells, Tregs, DCs, and 

monocytes, and negatively regulates Th1 type immunity. TIM-3 functionally binds 

to galectin-9 (265), PtdSer (327), HMGB1 (328), and CEACAM-1 (329) to 

promote immune cell dysfunction and apoptosis by negatively regulating TCR 

signaling, and other mechanisms not fully clarified (330, 331). VISTA, B7-H3, and 

TIGIT all represent other recently identified immune inhibitory receptors that 

negatively regulate T cell activity, and are currently being investigated further to 

understand their mechanisms of action (299). 

 

Co-stimulatory checkpoints. Immune activation is mostly regulated by two 

major receptor families: the immunoglobulin-like (Ig) superfamily, consisting of 

co-stimulatory receptors CD28 and inducible T cell co-stimulator (ICOS), and the 

TNFR superfamily, consisting of co-stimulatory receptors OX40, CD27, 4-1BB, 

CD40, and GITR (332, 333). A general theme in the function of these stimulatory 

receptors, and potential antibodies that may be used to agonize them 

therapeutically, is that the resulting effects will be 1) activation of APCs, 2) 
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reduction in Treg suppressive activity and 3) co-stimulation of CD4 and CD8 T 

cells and NK cells, based on the cells that express the receptor (334).  

The Ig superfamily comprises receptors that express a variable 

immunoglobulin-like domain that binds to cognate ligands expressed on APCs; 

for ICOS, the ligand is B7H (335). ICOS is upregulated on activated T cells, B 

cells, and ILC2 cells and serves to enhance type I and II immune responses, Treg 

maintenance, TFH differentiation (294). It regulates the production of IL-4 (336), 

antibody isotype switching (337). ICOS signals though PI3K/AKT signaling and 

also enhances calcium signaling (PLC) (338), suggesting it has a role in cellular 

metabolism, protein translation, and apoptosis (339). In preclinical studies, 

agonist antibodies to ICOS have shown antitumor potency and activation of 

effector immune responses similar to antagonistic blockade of its other Ig 

superfamily inhibitory members (340). However, antagonist antibodies to ICOS 

also show positive effects in dampening Treg functions (340). Studies are 

ongoing, but much more needs to be learned about the dual effects of ICOS and 

its ligand to better understand its therapeutic use in patients. 

The TNFR family members are appealing candidates for targeted 

therapies, with the greatest attention being laid on OX40 and 4-1BB. 4-1BB 

(CD137) is an enhancer of T cell co-stimulation, through signaling of TRAF1 and 

TRAF2 (341). 4-1BB or its ligand 4-1BBL are expressed on activated T cells, NK 

cells, monocytes, DCs, and B cells. Ligation on T cells results in upregulation of 

anti-apoptotic genes and protection from activation induced death, promoting the 

differentiation of memory T cells (342). In preclinical trials, agonistic 4-1BB 

antibody enhances antitumor T cell responses and enables tumor rejection (343), 
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however in clinical studies in patients, there is evidence of serious immune 

related adverse events, and so dosing, timing schedules, and combination 

approaches are still under investigation (344). OX40 is present on activated T 

cells, Tregs, NK cells, NKT cells, and neutrophils, and its ligand is expressed on 

APCs and T cells as well. Its ligation has been shown to inhibit Treg suppression, 

and sustain and enhance CD4 T cell responses, as well as CD4 and CD8 T cell 

survival and memory generation (345, 346). It regulates survival signaling though 

Bcl-2/Bcl-xL and also enhances PI3K/AKT signaling (347). Similar to 4-1BB, 

preclinically OX40 agonist antibodies increase anti-tumor activity (348), and DCs 

with enhanced OX40 expression can enhance tumor rejection in a CD8, CD4, 

and NK T cell dependent manner (349). Therapeutic agonism of OX40 in patients 

has not been completed on a large scale, but it has been shown to induce 

proliferation of effector T cells and augment tumor-immune responses (350). 

GITR, CD27, and CD40 and their ligands are expressed on T cells, B cells, NK 

cells, APCs upon activation, and through their own signaling schemes likewise 

are important for promoting T cell and NK cell activation and proliferation, 

humoral immune response (CD40), APC maturation, inhibiting Treg function 

(GITR), and generating T cell memory (CD27) (351-354). While proving to be 

exciting new targets in the field of cancer therapy, the fundamental biology of 

these molecules remains underdeveloped, and is being outpaced by clinical 

investigations, so there is much still to be learned regarding their function and 

signaling paths. 

 

1.3.2: Innate Immune Stimulation 
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Toll-Like Receptor Agonists. Immune checkpoint blockade and adoptive cell 

transfer of antigen-specific T cells have owed their therapeutic success to the 

improved function, recruitment, and activation of T cells, or more broadly, the 

adaptive immune response. Historically, the best responders to these therapies 

are patients with tumor subtypes that are highly CD8 T cell infiltrated, have 

chemokine signatures and other indicators of chronic inflammation, have high 

mutational burdens, and typically include high expression of immune inhibitory 

factors such as PD-L1, IDO, or Tregs, among others. However, macrophages, 

DCs, NK cells, and other cells of the innate immune system, via their roles in 

antigen recognition, presentation, T cell co-stimulation and direct tumor cell 

killing, are essential for the initiation, maintenance and programming of antitumor 

immune reactions, making them attractive targets for therapeutic exploitation. 

Toll-like receptor stimulation, as one of the best defined PRR pathways, can 

serve as a key activator of an antitumor response, aimed at waking up the host 

immune response when spontaneous T cell priming has not occurred (292).  

Down regulation of antigen expression and suppression of APC 

maturation and priming are some strategies that tumors have cultivated in order 

to evade innate immune recognition. As previously discussed under the innate 

immune response, TLRs expressed on immune cells are type I transmembrane 

proteins that have fundamental roles in the detection of diverse microbial 

signatures. TLRs 2, 4, 5, 6 detect proteins, peptidoglycans, lipids (LPS), and 

bacterial flagellin extracellularly, while TLRs 3, 7, 8, 9 detect single-stranded or 

double-stranded RNA, and CpG modification of DNA residues (CpG-ODN) 

intracellularly (Table 1). Several ligands agonizing theses TLRs have already 

been approved, and used in cancer therapy: TLR2/4 agonist BCG, TLR4 agonist 
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monophosphoryl lipid A (MPL), and TLR7 agonist imiquimod (355-357).  Others 

such as TLR5 agonist Entolimod, and TLR7 agonist 852A are still being 

investigated in preclinical and clinical trials (358, 359). 

Focusing more on the Th1 immunity-inducing TLRs, nucleic acid sensing 

TLRs (3,7,8,9) are relevant to cancer detection as they can recognize DAMPs 

from cellular debris of necrotic or dying tumor cells (360). Upon ligand binding, 

these TLRs induce signaling cascades through NF-kB and interferon regulatory 

factors (IRFs) to promote the transcription of inflammatory cytokines and IFNs-I 

(361). TLR7 agonist imiquimod has shown antitumor effects in basal cell 

carcinoma, with more limited activity in melanoma and breast tumors (356, 362). 

It is believed to aid in recruitment of tumor-infiltrating plasmacytoid DCs (pDCs) 

and macrophages by cytokines TNF, IL-12, and IFN, leading to further 

infiltration of helper T cells (363). Imiquimod is being further tested for use in 

noninvasive bladder cancer (364) and as an adjuvant to cancer vaccines in 

several solid tumors (365). Resiquimod, a dual TLR7/8 agonist, has been shown 

to more potently induce cytokine expression than TLR7 therapy alone (366). 

Clinical studies in skin tumors have shown improved recruitment of effector T 

cells, antigen-specific CD4 T cell responses, and tumor cell elimination (367, 

368). TLR9 ligation by unmethylated cytosine-guanosine (CpG) DNA induces 

type I IFN production, activating DCs, NK cells, and tumor-specific CD8 T cells 

and generating tumor regression (369). CpG ODNs (oligonucleotides) are 

synthetic agonists of TLR9 which are most actively being explored in solid and 

hematologic cancers as both monotherapies and adjuvants (370). CpG ODN and 

TLR9 agonist SD-101 has demonstrated the ability to overcome tumor resistance 
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to checkpoint blockade therapy and increase effector T cell infiltration in 

preclinical studies (371); clinical trials in humans are ongoing. TLR3 stimulation 

by recognition of double-stranded RNA dsRNA induces the secretion of type I 

IFNs, similar to TLR9, but also can lead to direct activation of apoptosis of tumor 

cells (372). In addition to stimulating TLR3, is activates RLR sensing, instigating 

a two-pathway production of IFN-I (373).  Poly(I:C) is a synthetic dsRNA that is 

being explored preclinically and clinically in the treatment of many solid cancers, 

including bladder cancer (373, 374). Poly(I:C), and derivatives of it have been 

shown to inhibit tumor growth and promote tumor infiltration of activated immune 

cells (375-377), however most of its uses and successes in patients are as an 

adjuvant therapy (378). 

 Though not a TLR, STING PRR agonists are also being exploited in 

cancer therapy. To review, like TLR9, cytosolic enzyme cyclic GMP-AMP 

synthase (cGAS) senses foreign DNA within the cell cytosol and synthesizes 

dinucleotide cyclic GMP-AMP (cGAMP) (379). cGAMP is then able to bind and 

activate STING, initiating pro-inflammatory signaling that induces IFN-I 

transcription and NF-kB mediated production of IL-6, IL-15, TNF, and IL-1 (380-

382). STING signaling is important for the generation of tumor-specific CD8 T cell 

responses and tumor regression (383). STING agonistic cyclic dinucleotides 

such as cyclic di-GMP and 2’3’-cGAMP are utilized in therapeutic investigation 

because of their affinity, stability, and specificity for STING (384). Preclinical 

studies have found that STING agonists can suppress cancer metastasis, 

increase CD4 and CD8 T cell recruitment, and stimulate IL-12 production by 

MDSCs, furthering the activation of inflammatory cells (385, 386). Initial clinical 
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studies of STING agonist (DMXAA) in humans proved unsuccessful due to poor 

CDN binding to STING (387), but new agonist structures are currently being 

investigated in clinical trials alone and in combination with another 

immunotherapy. 

Recent studies have identified TLR expression on cancer cells 

themselves, linking their expression with diseases progression, metastasis, and 

shortened survival (388, 389). The potential dual agonistic and antagonistic role 

in cancer inhibition or progression, as well as their potential serious adverse 

effects, including cytokine storm, have drawn caution to the use of TLR 

stimulants in immunotherapy (390). Despite some hesitancy, the use of TLR 

agonists has shown definitive antitumor benefits by activating immune cells in the 

TME, and inducing the expression of pro-inflammatory cytokines that facilitate 

immune infiltration and inhibit oncogenic signaling in the tumor. In many cancers, 

though TLR agonists show efficacy, more work needs to be performed to better 

define their mechanisms of action to ensure confidence for their use in humans. 

 

Cytokine therapy: Interferon-alpha. Interferons have a pleiotropic role in the 

stimulation of antitumor immunity. As previously mentioned, almost all cells are 

capable of producing and responding to IFN-I, however pDCs are able to secrete 

higher levels of type I IFN than any other cell type. Often, type I IFN induction is 

the product of stimulation of TLR, RLR, or STING signaling pathways. Activation 

of IFN receptors leads to a multifaceted response including but not limited to: 

promotion of NK cell function (391), support for DC maturation, migration, and 

antigen presentation/priming to activate T cells (392), stimulating chemokine 

production for immune recruitment (118-120), and direct cell killing through 
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TRAIL-mediated apoptosis (393); but counter-productively, it can induce immune 

suppressive enzymes such as IDO (394), and increase expression of PD-L1 on 

stromal and cancer cells (395), contributing to tumor-immune evasion. 

Preclinically, IFN-I production has been shown to be critical for CD8+ DC cross-

presentation to CD8 T cells, generating antigen-specific immunity and tumor 

rejection (396, 397). Exogenous IFN and IFN delivery to tumors by either 

association with transferred monocytes or conjugation to antibodies resulted in 

impeded growth and metastasis (398, 399). There is also evidence that the 

production or delivery of IFN-I can help mitigate tumor-induced suppressive 

immune cells (400), thereby overcoming some mechanisms of immune 

avoidance. Although the process of immunoediting, in which tumors cycle 

through elimination, equilibrium, and evasion with the immune response, can 

produce mechanisms of resistance to immune-mediated tumor eradication, type I 

IFNs intervene in all of these phases (401, 402). 

 In bladder cancer specifically, IFN has been investigated as a salvage 

therapy in NMIBC after BCG failure due to its anti-proliferative activity on tumor 

cells. Both IFN and IFN have also shown to inhibit tumor growth by inhibiting 

angiogenesis and expression of VEGF and basic fibroblast growth factor (FGF) 

in human xenograft orthotopic mouse models of bladder cancer (403-405).  

However, when using recombinant IFN protein in experimental strategies, 

antitumor-related results were not durable due to unsustainable IFN levels 

(406). To overcome these limitations, intravesical gene delivery of IFNα through 

the use of adenoviral encoding IFNα (Ad-IFNα/Syn3, i.e. Instiladrin) was 

developed (407), and early clinical trials have shown its safety and efficacy in 
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treating BCG Unresponsive NMIBC (66, 67, 408). Clinical studies evaluating the 

use of intravesical Ad-IFNα/Syn3 in the bladder are ongoing. IFNs-I direct and 

indirect effects on tumor cells, the TME, and the immune system have been 

described broadly in multiple cancer models. Because IFN’s mechanisms are 

diverse, its precise role in the immune response to cancer has only begun to be 

understood in bladder cancer, and they could be distinct between tumor types. 

Elucidating IFN’s immune-mediated antitumor mechanism in bladder cancer is 

therefore critical for interpreting patient response, identifying effective 

combination therapies, and improving the treatment of bladder cancer. 

 

1.3.3: Current Status of the Therapeutic Utility of Single and Combination 

Immune Therapy 

 

Immune checkpoints. Remarkable advances in immunotherapy treatment for 

cancer have occurred in recent years. Approaches aimed at co-activating 

different tumor inhibitory pathways with immunotherapy, radiotherapy, targeted 

molecular therapy, and chemotherapy are widely used. Most immune 

checkpoints are non-redundant, leaving the possibility of combination checkpoint 

blockade, or antagonist/agonist approaches open. Based on understanding of 

how CTLA-4 and PD-1 act to attenuate T cell activity (activation and effector 

function, respectively), it is believed that anti-CTLA-4 and anti-PD-1 therapies 

can act at different stages of the cancer-immune response (87). Single agent 

checkpoint inhibitors have seen successful activity in advanced and metastatic 

malignancies, as discussed previously, with roughly 20% survival rates (anti-
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CTLA-4) and 30% response rates (anti-PD-1) in patients with melanoma, non-

small cell lung cancer, and renal carcinoma (308, 409-412). However, treatment 

of patients with combination checkpoint inhibitors produced longer median 

progression-free survival (PFR) rates than either therapy alone (413, 414). Other 

inhibitors and stimulators of checkpoints, notably TIM-3, LAG-3, ICOS, 4-1BB, 

and OX40 among others, are currently being investigated as single agents, and 

in combination with anti-PD-1/PD-L1/CTLA-4 therapies (415). Progress that has 

been achieved through monotherapies is notable, however certain aspects of the 

TME may limit tumor responses, for example by upregulation of additional 

checkpoint molecules to limit single agent treatment efficacy (294). Targeting 

immune checkpoints improves patient median survival and also can provide long-

term durable responses, and combinatory immunotherapies may lead the pack in 

increasing the number of patients who continue to see clinical benefit over time.  

 

Innate immune stimulators. For poorly immune-infiltrated tumors, providing 

inflammatory signals to facilitate recruitment of activated effector cells is 

beneficial in fighting tumor progression. This can be seen with single agent 

recombinant viral vector therapy, exogenous cytokines, and TLR agonists, used 

to incite chemokine production and an inflammatory response (416). However, 

therapeutic potential of PRR agonists have focused on their adjuvant use in 

activating an immune response, and most successes in cancer have come in 

combination therapy with checkpoint inhibition, adoptive cell transfer, or cancer 

vaccines, rather than as a single agent. Treatment with exogenous cytokines can 

promote cytotoxic activity of effector CD8 T cells and NK cells, and differentiation 

of CD4 T cells into T helpers; however, some cytokines can expand Treg 
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populations and promote nonspecific activation of immune cells with associated 

toxicities (417). To limit these adverse effects, current clinical trials are 

investigating modified inflammatory cytokines like IFN-I, IL-15, and IL-2 in 

combination with checkpoint inhibitors, utilizing more targeted delivery tactics 

rather than systemic approaches. Immunotherapeutic strategies that 

simultaneously target the innate and adaptive immune response are suggested 

to reduce immune tolerance, and are effective in eliminating large tumors (418, 

419). The combination of TLR agonists and checkpoint blockade is thought to 

augment T cell activation and to potentially overcome resistance to checkpoint 

blockade by priming APCs to enhance the adaptive immune component (361). 

Indeed, combination of TLR9 agonist CMP-001 with anti-PD-1 Ab 

pembrolizumab was reported to reverse PD-1 inhibition resistance with no 

maximum tolerated dose (420). Clinical studies of the combination of TLR 

agonists with checkpoint inhibitors have also shown increased levels of APCs in 

the TME and suppression of head and neck cancers (421). Many trials are 

ongoing with the combined use of TLR3, 4, 7, 8, 9 and STING agonists with anti-

PD-1 antibody, anti-CTLA4 antibody, or a combination of all three (361, 377). To 

move forward in improving patient responses, care providers need to have an 

arsenal of weapons to meet cancer at every turn. Mechanistically speaking, the 

ability to use an innate stimulator to jump start a lagging immune response but 

coincidentally may increase tumor evasion mechanisms, followed by an adaptive 

targeted therapy like checkpoint inhibition to combat the Stimulator’s induced 

evasion is akin to cutting off cancer’s support legs. 

 

1.3.4: Summary 
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Humans are equipped with the exquisite defensive tools of the immune system to 

fight off pathogens, cellular dysregulations, and cancer. Despite our intrinsic 

innate and adaptive mechanisms, malignancies like cancer have evolved 

strategies to avoid our immune system and continue surviving. Therapeutic 

intervention with drugs designed to reverse immune-suppressive mechanisms 

has proved to be a successful venture in tumor inhibition. Many therapies 

antagonizing immune inhibitory checkpoints, or agonizing intrinsic innate immune 

activation or stimulatory checkpoints are either approved or being investigated for 

use in patients today. It’s important to keep in mind, as these therapies are 

designed to increase effector cell responsiveness and inhibit suppressive 

mechanisms that adverse reactions and tissue damage due to highly stimulated 

cytotoxic cells will occur. Ultimately, the balance of harm versus benefit must be 

constantly monitored to ensure patient safety, treatment efficacy, and clinical 

ethics. 

 For bladder cancer, BCG therapy in NMIBC already capitalizes on TLR 

stimulation to produce antitumor efficacy, though there is room for improvement 

for patients who exhibit disease progression, recurrence or no response to BCG. 

For more aggressive tumors, the approved use of checkpoint inhibitors in bladder 

cancer has demonstrated improved overall response rates for locally advanced 

and metastatic disease, and is continually being studied in combination settings 

(422-424). The use of Ad-IFNα therapy for BCG Unresponsive patients may be 

able to fill the need of an alternative immune stimulatory treatment, inducing TLR 

recognition and endogenous IFN-I production, to control and treat NMIBC. 

However, one of the qualms of BCG is the incomplete understanding of its 
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mechanism of action; as IFN is a pleotropic cytokine, elucidating its specific 

immune-mediated antitumor mechanism is therefore critical for interpreting 

patient response, identifying effective combination therapies, and improving the 

treatment of bladder cancer.  

I hypothesized that IFN specifically induced recruitment and activation of 

immune cells into NMIBC tumors, leading to more robust antitumor responses 

alone and in combination with checkpoint blockade therapy. First looking at 

patients to determine the validity of these questions, I found that treatment with 

Ad-IFNα therapy induced expression of T cell markers and checkpoint markers 

within NMIBC tumors, and a plethora of inflammatory cytokines compared to 

before treatment. This finding encouraged further investigation into the MB49 and 

BBN murine bladder cancer models to determine which immune cells were most 

crucial in the IFN-mediated antitumor response, and if and how they were 

recruited to the tumor. The patient data also encouraged finding the utility of 

combination immunotherapy with IFN and checkpoint blockade (anti-PD-1) 

treatment on mouse bladder cancer tumors, to see if there were synergistic 

effects on tumor inhibition and survival. The results are detailed in the next 

chapters. 
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Chapter 2: Effects of Ad-IFN Therapy in Patients with NMIBC 

 

This work is based upon “Inhibition of urothelial carcinoma through targeted type 

I interferon-mediated immune activation” by Plote, D, Choi, W, Mokkapati M, 

Sundi, D, Ferguson, J, Duplisea, J, Parker, N, Yla-Herttuala, S, McConkey, D, 

Schluns, K, Dinney, C. 2019. Oncoimmunology; presented with permission from 

Oncoimmunology. 

 

2.1: Introduction 

 

Non–muscle-invasive bladder cancer (NMIBC) comprises ~70% of 

diagnosed urothelial carcinomas (UC) (9). Although not immediately life-

threatening, they have a propensity to recur and progress. Intravesical therapy, 

mainly in the form of Bacillus Calmette-Guerin (BCG), is administered to prevent 

recurrence, delay progression, and provide for bladder preservation to avoid the 

quality of life issues that accompany radical cystectomy (9, 425). Despite its 

success as frontline immunotherapy, not all patients respond to BCG, and of 

those who do respond, over half will relapse with BCG Unresponsive NMIBC (68, 

69, 426). Unfortunately, no effective second-line therapy for BCG Unresponsive 

NMIBC exists (68-70, 425). Interferon alpha (IFNα) is a pleiotropic cytokine that 

inhibits tumor growth directly as well as indirectly through activation of the 

immune system. These multifaceted anti-tumor properties make IFNα a 

promising alternative therapy for UC. IFNα monotherapy for NMIBC was 

previously studied demonstrating good tolerability and dose-related clinical 
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effectiveness following BCG failure; however, its response durability was 

insufficient (406). With standard intravesical therapy, patients are unable to retain 

the instilled cytokine for more than 1- to 2 hours, limiting local tumor exposure.  

To overcome these limitations, intravesical gene delivery of IFNα through the use 

of adenoviral encoding IFNα (Ad-IFNα/Syn3, i.e. Instiladrin) was developed and 

early clinical trials have shown its safety and efficacy in treating BCG 

Unresponsive NMIBC (66, 67, 408). Clinical studies evaluating the use of 

intravesical Ad-IFNα/Syn3 in the bladder are ongoing (66, 67, 408).   

 Despite the clinical efficacy that has been achieved with Ad-IFNα/Syn3 in 

BCG unresponsive patients, its mechanisms of action are still not well defined in 

UC. It has been previously demonstrated that IFNα gene therapy inhibits the 

growth of human tumor xenografts by an anti-angiogenic effect and tumor 

necrosis factor-related apoptosis ligand (TRAIL)-mediated cytotoxicity (393, 403-

405, 407).  However, since these previous preclinical data were generated in 

studies of nude mice, the immune mechanisms underlying the anti-tumor activity 

of IFNα in UC have not been elucidated. It has been well described that a type I 

IFN response indirectly induces a cascade of inflammatory cytokines and 

chemokines to encourage recruitment of effector immune cells to the site of host 

distress (115). It also directly stimulates immune cells that can then further 

activate the adaptive cellular response, including memory CD8 T cells. I 

hypothesize that Ad-IFNα/Syn3 utilizes this induction of cytokines and increased 

immune cell recruitment and tumor infiltration to bestow its antitumor effects in 

patients with NMIBC. 

 In this portion of the study, I sought to identify what changes occurred in 

patients and their tumors before and after treatment with Ad-IFNα/Syn3. I wanted 
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to determine if patient tumors were more highly infiltrated with effector cells after 

treatment, and if there was a correlated relationship with the presence of 

inflammatory cytokines. Using RNA from eight Phase I Trial patients biopsied 

before and after treatment with Ad-IFNα/Syn3, I found that only 2/8 patients 

showed robust increases in expression of several T cell related genes, though 

four other patients displayed increase in at least one T cell marker gene. This 

response rate was further confirmed by IHC staining of the same patient 

specimens, in that 1/5 patients with banked tissue samples showed an increase 

in CD3+ cells following treatment with Ad-IFNα/Syn3. Utilizing urine samples from 

39 Phase II Trial patients, I identified if treatment with Ad-IFNα/Syn3 affected the 

expression of inflammatory cytokines and chemokines present in the urine, as a 

marker of the immune response, and if the presence of these cytokines was 

correlated with patient response to therapy, or clinical response (CR). I found that 

compared to pre-treatment samples, Ad-IFNα/Syn3 significantly increased the 

urinary levels of IFN and CXCL10, while also increasing TRAIL, CCL2, and IL-6 

four days after instillation with Ad-IFNα/Syn3. The increase in urinary IL-6 was 

also correlated with patient CR. 

The potential for a non-invasive biomarker detection of bladder cancer, 

and treatment response is a vigorously sought-after discovery. Urine is already 

used in urological practice for bladder cancer screening, as a secondary 

measure of malignant cell presence (cytology) (5). Utilizing urine cellular and 

molecular analysis as a predictive or prognostic marker of patient response to 

therapy represents an ideal non-invasive procedure for both patients and 

physicians. Previous studies have demonstrated that cytokines levels in urine 

can be used to determine response to BCG therapy, experimentally (82); 
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however, there is no definitive evidence of cellular biomarkers of therapeutic 

response in bladder cancer, or as a measure of response to Ad-IFNα/Syn3. I 

investigated the potential use of flow cytometry on urine samples to identify 

therapeutically-driven changes in both immune cell populations, and epithelial 

cell populations. Preliminary results revealed that it is possible to identify T cell 

populations and epithelial population in urine by flow cytometry, and that further 

investigation into more functional markers is possible. Utilizing CyTOF analysis 

may also prove to be a greater biomarker identification tool for future analysis of 

patient samples. 

 

2.2: Results 

 

2.2.1: Ad-IFNα Therapy in BCG-Unresponsive NMIBC Patients Induces an 

IFN-I Response in the Bladder and Increases Expression of T cell and 

Checkpoint Markers 

Because our previous preclinical data and Phase I trials has provided evidence 

that localized, sustained IFN could be therapeutically beneficial to BCG-

Unresponsive NMIBC patients (66, 407, 408), a Phase II trial with intravesical 

Ad-IFNα/Syn3 was conducted in 39 patients (67). To confirm that localized Ad-

IFNα/Syn3 treatment induced a sustained IFN-I phenotype, we measured 

cytokine concentrations in patient urines. Ad-IFNα/Syn3 instilled on Day 1 

significantly increased urine levels of IFNα2, CXCL10 on Day 4, with additional 

increasing trends in TRAIL, CCL2, IL-6, and G-CSF on Day 4. Significant 

increases in IFNα2, CXCL10 were still present by Day 12 (Figure 4A). 

Interestingly, the correlation of increased urinary IFNα2 and IL-6 levels from 
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Day4:Day1 (D4:D1) was significant for 13 patients who exhibited a complete 

response (CR) to Ad-IFNα/Syn3 therapy, and not significant for patients deemed 

“non-responders” (NR, 26 of 39 patients) (Figure 4B). There was also positive 

correlation for increased G-CSF levels in relation to increased IFNα2 and CR at 

Day 4, but it did not reach statistical significance (Figure 4B). There was no 

positive correlation with any other cytokine from Day12:Day1 (D12:D1) in relation 

to increased IFNα2 and CR (Figure 5). Interestingly, there are significant positive 

correlations of IFNα2 level vs. CXCL10 and TRAIL on D4:D1 for 26 of 26 patients 

who did not achieve CR, and IFNα2 vs. CXCL10, CCL2, and IL-6 on D12:D1 

from 24 of 26 of these patients (Figure 5). This may be related to a prolonged 

inflammatory response that may have deleterious effects on the patient and 

tumor as noted in other tumor models (427), but is an area for further 

investigation in NMIBC. Whole transcriptome RNAseq was conducted with 

matched pre-treatment and post-treatment tissue specimens from 8 patients with 

BCG-unresponsive NMIBC, treated with Ad-IFNα/Syn3 in the Phase I trials (66, 

408). Gene expression of PD-L1, CTLA-4, and several T cell markers were 

markedly increased in two of eight (25%) matched tumor pairs following 

treatment with Ad-IFNα/Syn3 (Figure 4C). Less dramatic upregulation of one or 

more immune biomarkers was evident in 4 of the 6 additional tumors. In addition, 

histology sections from 5 of the 8 tissue samples were also stained for CD3+ T 

cells. IHC analysis of these tumors showed an increase in CD3 T cells, localized 

in the tumor stroma, after treatment with Ad-IFNα/Syn3 in 1 of 5 samples (Figure 

4D), and undetectable changes in the CD3+ populations in the other 4 samples 

(data not shown), exemplifying IFNα’s ability to enhance intratumoral T cells with 

variability in patients.  
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More thorough molecular analysis of the 8 matched pre- and post- Ad-

IFNα/Syn3 treated patient tumor specimens from Figure 4C showed similar 

trends to the Phase II urine samples of cytokine levels, as well as other published 

knowledge of IFN-I induced gene signaling (Figure 6). Many of the IFN response 

and immune cell mediated cytotoxicity genes such as CXCL10, CCL5, CCL4, 

CCL2, PRF1, CD8A, and NFATC1 were increased in at least 4 of the 8 patient 

samples post- Ad-IFNα, mimicking characteristics of a Th1-type immune 

response. These results are also seen in the MB49 mouse tumor model, and will 

be discussed more in Chapter 4. Mirroring upregulation seen in urine samples, 4 

of 8 patients also had an increase in IL-6 gene expression. Interestingly, there 

was decreased tumor expression of genes related to fatty acid catabolism 

(FASN, ACLY, ACACA), amino acid transport, and VEGFA post-treatment, 

potentially indicating a role for IFN to decrease metabolic pathways in tumor 

inhibition. However, despite the heterogeneity of tumor response, none of the 8 

patients analyzed achieved CR at 12 months. 

 

 

  



 68 

 

 
 

 

Figure 4: Effects of intravesical Ad-IFNα/Syn3 therapy on T cells and 

immune biomarkers in patients. A) Log2 observed concentration (Day 1 pre- 

Ad-IFNα therapy [D1], Day 4 post- Ad-IFNα therapy [D4] or Day 12 post- [D12]) 

of levels for cytokines indicated. Significant p-value (one way ANOVA, multiple 
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comparisons) **p<0.01 and ***p<0.001 comparing D1:D4 and D1:D12 (Error 

bars: mean ± SEM; n=39). B) Spearman correlation between log2 expression of 

IFNα2 levels and respective cytokine indicated from ratio of Day 4 post Ad-

IFNα/Syn3 to Day 1 pre-treatment in 39 patient urines. Rank coefficient r > 0.5 

indicates a positive correlation with IFNα2. Yellow boxes indicate significant p 

value (Two tailed) *p<0.05, ***p<0.001. CR=Complete Response patients; 

NR=Non-Responder patients. C) RNA from macrodissected matched tumors 

collected before or after Ad-IFNα therapy was analyzed by whole transcriptome 

RNAseq (Ion Torrent Ampliseq platform). Top panel: ratio of gene expression in 

posttreatment to pretreatment specimens. Note: gene expression increased 

significantly in two of the eight tumor pairs. Red = increased expression, green = 

decreased expression. Bottom panel: heat map displaying differential gene 

expression in each tumor pair. D) Immunohistochemistry staining of CD3+ cells in 

a patient tumor (Tumor 1 (C)), pre- and 3 months post-treatment with one dose of 

Ad-IFNα/Syn3. Scale bar = 200 µm. 
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Figure 5: Correlation of inflammatory cytokines measured in patient urine 

12 days after Ad-IFNα/Syn3 treatment. A) Spearman correlation between log2 

expression of IFNα2 levels and respective cytokine indicated from ratio of Day 12 

post Ad-IFNα/Syn3 to Day 1 pre-treatment in 39 patient urines. Rank coefficient r 

> 0.5 indicates a positive correlation with IFNα2. Yellow boxes indicate significant 

p value (Two tailed) *p<0.05, ***p<0.001. CR=Complete Response patients; 

NR=Non-Responder patients. 
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Figure 6: Ad-IFNα/Syn3 treatment increases gene expression associated 

with Th1 type anti-tumor immunity and decreases expression of metabolic 

markers. Heatmap illustrating normalized (log2) gene expression patterns from 

patients treated with Ad-IFNα/Syn3. RNA was isolated from FFPE tumor 

specimens from Phase I and Ib trials of Instiladrin (Ad-IFNα/Syn3). Whole 

transcriptome RNA sequencing was performed using the Ion Torrent 

AmpliseqRNA platform analyzed using AmpliSeqRNA plugin with the Torrent Suit 

Software, and visualized with the Broad Institute’s Morpheus software. Samples 

were hierarchical clustered according to averaged one minus pearson 

correlation.  
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2.2.2: Utilizing Urine as a Non-invasive Diagnostic and Prognostic 

Resource in the Analysis of the UC Immune and Epithelial Landscape after 

treatment with Ad-IFNα Therapy  

Previous work in UC has utilized urine as a biomarker medium for identifying 

NMIBC patient responses to BCG therapy, but it was focused on voided levels of 

inflammatory cytokines rather than measuring changes in the intra-bladder cell 

populations (82). Recent work has identified the use of urine-derived 

lymphocytes (UDLs) as a liquid biopsy tool for mapping the TME and identifying 

patients with actionable targets, like high PD-1 expression, in cases of MIBC 

(428). To this end, I hypothesized that similar strategies from these studies could 

be applied for NMIBC patients treated with Ad-IFN: to utilize flow cytometry to 

identify immune cells and epithelial cells in voided urine, with the goal of 

identifying markers of patient response to therapy, and the potential identification 

of candidates for combination therapy strategies. Using urine voided from 

patients about to undergo standard TURBT for preliminary investigation, I found 

that viable immune cells and epithelial cells could be analyzed (Figure 7A). As 

expected, cytokeratin+ cells expressed higher levels of PD-L1 than CD45+ cells 

(Figure 7B), following the results seen by many other groups. Contrary to the T 

cell focused study in MIBC, this flow analysis showed that myeloid cell 

populations as well as lymphoid cells could be easily distinguished within CD45+ 

cells (Figure 7C), which is relevant to the mechanisms of action of IFN-I. 

Interestingly, of the lymphocyte (SSC/FSC) population, roughly 50% were 

TCR+CD8-, indicating a large proportion of CD4 T cells, with only about 20% of 

CD8+ lymphocytes by comparison (Figure 7D). These results serve as a proof of 
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concept that urine can be used to measure the immune response in NMIBC 

patients. Further investigation into identifying functional aspects of these urinary 

cells, like activation status and checkpoint expression, is being performed using 

CyTOF analysis in order to develop a more comprehensive diagnostic protocol 

for liquid biopsy and detection of patient response.  
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Figure 7: Patient urine can be utilized to prospectively identify immune and 

epithelial responses to IFN therapy. Analysis of one representative urine 

sample from a patient about to undergo routine TURBT. Flow cytometry plots 

depicting A) percentage of CD45+ immune cells versus pan-Cytokeratin positive 

epithelial cells, which were more PD-L1 positive than the CD45+ cells (B). C) 

Forward scatter and side scatter immune cell classification of CD45+ population 

based on size resolution. D) Frequencies of TCR+CD8-, TCR+CD8+, and 

TCR-CD8- cells in the urine sample, gated from CD45+ lymphocyte cells. 
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2.3: Summary and Discussion 

 

There is an unmet need for effective alternative treatment options for 

patients who undergo BCG treatment, but unfortunately exhibit tumor recurrence, 

progression, or no response, and wish to preserve their bladder (avoid 

cystectomy). Type I IFNs are known to stimulate innate immune cell activation, 

enhancing recruitment of other inflammatory and effector cells, and to maintain 

and regulate these cells’ functions. It’s immune influencing actions, along with 

IFN-I’s ability to directly kill cells through TRAIL and caspase mediated apoptosis 

make the use of IFN-I effective in cancer therapy, and attractive for BCG 

unresponsive bladder cancer patients.  

In this chapter, I report that the use of Ad-IFNα/Syn3 therapy in BCG 

unresponsive NMIBC patients does induce expression of immune markers within 

tumors, and incites secretion of inflammatory cytokines and chemokines that may 

be used to encourage immune recruitment and tumor infiltration. Analyzing tumor 

specimens from Phase I Trial patients pre- and post-treatment with Ad-

IFNα/Syn3 showed increased RNA gene expression and IHC protein expression 

of T cell markers (CD3, CD4, CD8) in about 25% of patients after instillation with 

Ad-IFNα/Syn3. Delving deeper into the transcriptional changes in patient tumors 

comparing before and after treatment, I also found increased expression of 

cytokine and chemokine genes related to IFN-I response, increased expression 

of immune cell cytotoxicity genes, and decreased expression of angiogenic and 

metabolic genes related to fatty acid synthesis and amino acid transport. 

Likewise mirroring the established effects of IFN-I from literature and the results 
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seen with RNAseq here, I report that Ad-IFNα/Syn3 treatment increased 

inflammatory cytokine levels in patient urines from the Phase II Trial, most 

dramatically CXCL10, TRAIL, CCL2, G-CSF, and IL-6. Unexpectedly, I identified 

that the increase seen in IL-6 post-therapy was positively correlated with patient 

CR, inciting the need for further investigation into the role that IL-6 may play in an 

IFN-mediated antitumor response. This will be further addressed in Chapter 3.  

Angiogenesis has long been recognized as a major hallmark of cancer 

progression and its induction can lead to tumor invasion and progression. IFN-I 

pleiotropically affects multiple immune cell types, and can directly inhibit tumor 

growth by decreasing tumor vasculature, which has been previously shown in my 

group’s IFN gene therapy work (403). Recent reports show that antiangiogenic 

therapy, such as VEGF/VEGFR2 inhibitors, can up-regulate PD-L1 mediated 

immunosuppression as a strategy for immune escape (429). The use of 

antiangiogenic therapy combined with immune checkpoint blockade has been 

shown to promote higher lymphocyte infiltration and activity in several tumor 

models (429), and is currently being investigated further in clinical trials. The 

regulation of metabolic genes by IFN-I induction is an area that is currently under 

investigation. UC cells rely on glycolysis-dependent metabolism as the main 

energy source for oncogenesis, overexpressing genes such as GLUT1, HK2, and 

LDHA/B to generate products of the TCA cycle (430). Bladder cancer also 

increases expression of fatty acid synthesis metabolic genes in order to store 

surplus energy generated (431). Here I show that Ad-IFNα/Syn3 treatment 

downregulates the expression of lipid synthesis genes FASN, ACACA and ACLY, 

and amino acid transporters SNAT1 and SNAT2, potentially contributing to tumor 

inhibition. The role of IFN-I and angiogenesis and tumor cell and immune cell 
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metabolism will be discussed more in depth in Chapter 4 and the global 

discussion in Chapter 5.  

I think that Ad-IFNα/Syn3 treatment in a subset of patients (25-30%) is 

effective in preventing recurrence when i) patient tumors are initially immune 

infiltrated (by APCs), so that they can further incite an inflammatory and adaptive 

response, and when ii) Ad-IFNα is able to stimulate viral nucleic acid sensors 

(TLRs/STING), in addition to secreted TNF and IL-1, to increase production of 

IL-6. IL-6 then acts as a master regulator of immune cell recruitment, activation, 

expansion, and differentiation, and therefore promotes inhibition tumor growth by 

immune activity and surveillance (to be discussed more in depth in Chapter 3). 

However, a major aspect in patient response is if they had localized, lower 

staged tumors and had a thorough and complete TURBT prior to instillation with 

Ad-IFNα/Syn3. As evident from molecular profiling, histopathology, and diverging 

clonality, tumors are extremely heterogeneous, leading to greatly varying patient 

response. Response to therapy may be related to baseline immune infiltrate or 

tumor mutational status, if they have lost or mutated expression of IFN genes or 

other immune response genes, but more critical to the determination of response 

is the initial staging of patient tumors; that roughly 30% of patients are 

inaccurately staged (understaged) at the time of their TURBT, and so are 

recommended inappropriate therapeutic strategies (44, 432). 

Urine may also serve as a future liquid biopsy medium in NMIBC, to 

identify patients who respond to therapy or who may be candidates for 

combination immunotherapy, as I tested the possibility of immune and epithelial 

cell identification and stratification from fresh patient urines. These data suggest 
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that the use of Ad-IFNα/Syn3 therapy can potentiate immune-driven antitumor 

responses and tumor inhibition in a subset of BCG unresponsive NMIBCs. The 

finding that increased expression of T cell markers was coupled with increased 

expression of inhibitory checkpoint genes also encourages the future testing and 

use of immune checkpoint blockade and Ad-IFNα combination therapy in UC 

treatment. 
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Chapter 3: Interferon-alpha Activation inhibits growth of Murine Urothelial 

Carcinoma 

 

This work is based upon “Inhibition of urothelial carcinoma through targeted type 

I interferon-mediated immune activation” by Plote, D, Choi, W, Mokkapati M, 

Sundi, D, Ferguson, J, Duplisea, J, Parker, N, Yla-Herttuala, S, McConkey, D, 

Schluns, K, Dinney, C. 2019. Oncoimmunology; presented with permission. 

 

3.1: Introduction 

 

Type I interferons (IFN-I), are produced by multiple cell types following the 

stimulation of PRRs. Upon receptor activation, IFNs-I like interferon-alpha (IFNα) 

and interferon-beta (IFNβ) elicit many immunostimulatory effects including 

promotion of antigen processing, presentation, and recognition by professional 

antigen-presenting cells, and production of cytokines and chemokines, which in 

turn recruit and activate a cytotoxic T cell response against the tumor (91, 115). 

As previously mentioned, IFN-I can intervene during all stages of immunoediting, 

protecting the host against onconeogenesis and aiding the immune response to 

control existing tumors (282, 433, 434). To this point, studies have shown that 

absence of Ifnar1 encourages cellular transformation of embryonic fibroblasts 

(435), and can increase tumor burden in carcinogen-treated mice (436). 

Furthermore, many cancers have developed strategies to interfere with IFN 

actions, downregulating expression of STAT proteins and interferon regulatory 

factors and sensing genes (IRFs and ISGs) to inhibit IFN signaling and promote 

tumor progression and metastasis (437-439). However, restoration of IFN 
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signaling rescues immunosurveillance and an antitumor phenotype (397), 

underlining its crucial role in the anti-tumor immune response. 

Innate immune activation is critical to then further stimulate the antigen-

specific effector cell response. IFN-I activated CD8+ DCs are necessary to 

cross-prime tumor-specific CD8 T cells in vivo (397, 440). Preclinical studies in 

immune-poor melanoma showed that an IFN-I response induced by TLR3 

agonist poly(I:C) (polyinosinic:polycytidylic acid), a synthetic dsRNA that triggers 

PRR activation on APCs, inhibited tumor growth and increased survival alone 

and in combination with anti-PD-1 mAb checkpoint blockade (375). In this model, 

the effectiveness of poly(I:C) was particularly reliant on interferon-gamma 

positive (IFNγ+) CD8 T and NK cells (375). Further, robust tumor infiltration of NK 

cells and cytotoxic T cells correlates with spontaneous IFN-I production and good 

prognosis in melanoma patients (441, 442). IFNs-I also support the 

differentiation of monocytes into mature macrophages, and promote 

macrophage cytotoxicity and phagocytosis (121, 122). With the numerous 

targets and pathways stimulated by IFN along with the variations in tumor 

immune landscape, the mechanisms of IFN’s actions could be distinct between 

tumor types. Because of the diversity of IFN’s mechanisms in regulating the 

immune response and tumor control, elucidating IFN’s immune-mediated 

antitumor mechanism in bladder cancer is critical for interpreting patient 

response, identifying effective combination therapies, and improving the 

treatment of bladder cancer. I hypothesize that type I IFN enhances the 

activation and recruitment of effector immune cells in non-invasive bladder 

cancer, leading to robust IFN-driven antitumor responses.  
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In this portion of the study, I sought to identify the importance of specific 

immune cell populations in the IFN-driven antitumor response in bladder cancer, 

and the mechanisms by which IFN-I recruited cells to the TME. To elucidate the 

immune mechanisms underlying IFN-I’s antitumor activity in UC, I utilized local 

injection of the TLR3 agonist poly(I:C) into MB49 tumors in syngeneic C57BL/6 

mice. Indeed, I found that poly(I:C) induces an IFN-I response, inhibits tumor 

growth, and increases immune cells in murine MB49 tumors, but the antitumor 

activity was not specifically reliant on any one immune cell type, unlike the 

studies performed in melanoma (375). Interestingly however, there was an 

important anti-tumor role for IFN-I induced IL-6. I also investigated the effects of 

lentiviral-mediated IFN (LV-IFN) in the BBN-induced orthotopic mouse model 

of non-invasive bladder cancer and found LV-IFN significantly prolongs animal 

survival in comparison to lentiviral-empty vector controls (LV-CTL), and increases 

the frequency of intratumoral NK cells and CD8 T cells compared to control 

treated groups. 

 

3.2: Results 

 

3.2.1: Type I IFN Activation by Poly(I:C) Impairs MB49 Bladder Cancer 

Growth  

To determine how local induction of IFN-I impacts tumor growth in a murine 

model of bladder cancer, MB49 bladder tumor cells were implanted 

subcutaneously into syngeneic wildtype (WT) mice, followed by peritumoral 

injections of established tumors with either poly(I:C) (100 µg) or PBS every three 
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days; changes in tumor growth were monitored over time (Figure 8A). MB49 

cells were chosen owing to characteristics reminiscent of non-muscle invasive, 

non-metastatic UC (443). Treatment with poly(I:C) delayed MB49 tumor growth 

and significantly improved overall survival (Figure 8A, B). The antitumor effect of 

poly(I:C) was mediated through IFNα signaling as poly(I:C) did not induce tumor 

regression in IFNAR-/- mice (Figure 8C). Poly(I:C)-mediated tumor regression is 

likely mediated in part through direct effects of IFN-I as murine IFNα increased 

MB49 cell death in-vitro at doses over 100 IU/mL (Figure 8D). For reference, one 

dose of poly(I:C) (100 µg) induced an average ~400 pg/mL of intratumoral IFNα, 

and showed clearance from the serum in 24 hours (Figure 9A, B). Similar to the 

observed effects with Ad-IFNα/Syn3 in human urine and tumors and in immune-

poor melanoma (Figure 4A, C)(375), poly(I:C) treatment of MB49 tumors also 

led to an induction of IFN-I responsive genes IRF7 and PD-L1 compared with 

PBS-treated controls, as determined by RT-PCR (Figure 8E). Furthermore, the 

increase in IRF7 expression significantly correlated with the up-regulation of 

CD274 (PD-L1) gene expression across all tumor samples (Figure 8E). These 

data show that poly(I:C) inhibits MB49 tumor growth and prolongs survival in an 

IFNAR-dependent manner, suggesting important roles for IFNα. These data also 

confirm in the MB49 model that IFNα has direct anti-tumor action, and that IFN-I 

induces PD-L1 expression, as previously reported (444). Other murine UC cell 

lines BBN975, UPPL1541 and UPPL1595 were also used the evaluate the in 

vivo response to poly(I:C); however these tumor models exhibited spontaneous 

regression in PBS-treated controls, or inconsistent growth patterns per replicate, 

and were not deemed as viable tumor growth models (Figure 9C-E).   
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Figure 8: Poly(I:C) Treatment impairs MB49 tumor growth while 

upregulating PD-L1 expression on tumors. A) Tumor growth of subcutaneous 

MB49 tumors treated peritumorally with PBS (closed circles) or poly(I:C) (open 

square) beginning 7 days post-tumor implantation and continuing every 3 days. 

B) Kaplan-Meier analysis showing survival of mice from A. C) MB49 tumor 

growth curves of poly(I:C) or PBS-treated mice in WT or interferon alpha receptor 

knockout (IFNAR-/-) mice. D) AnnexinV/PI staining for early (Annexin+PI-) and 

late (Annexin+PI+) stage cell apoptosis of MB49 cells treated in vitro with 

increasing doses of murine IFNα. E) Correlation of relative gene expression for 

CD274 and IRF7 in control and poly(I:C) treated MB49 samples determined by 

qRT-PCR. Error bars indicate mean ± SEM; n=5 mice per group in tumor 

growth/survival and n=3 for in vitro. *p<0.05, ***p<0.001 with Student’s t test or 

Log-Rank test (Kaplan-Meier). 
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Figure 9: In vivo effects of poly(I:C) on IFN and tumor growth in BBN and 

UPPL bladder tumor models. A,B) Average concentration (pg/mL) of IFNα in 

MB49 tumors (A) and mouse serum (B) following one peritumoral injection of 

poly(I:C). C-E) Tumor growth curves of poly(I:C) or PBS treated mice in with 

either BBN975 (C), UPPL1541 (D), or UPPL1595 (E) tumors. Error bars indicate 

mean ± SEM. 
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3.2.2: Poly(I:C) Activates Intratumoral Innate and Adaptive Immune Cells 

To investigate how poly(I:C) impacts intratumoral immune responses, we 

examined established MB49 tumors for gene expression and immune cell 

infiltration 24 hours after the prior treatment (day 14) with peritumoral poly(I:C) as 

described. Poly(I:C) significantly induced the expression of IFN-I regulated gene 

CXCL10, with other trending gene expression increases in IRF7 and the effector 

cytokines TNFA and PRF1 (perforin) (Figure 10A). We also observed a 

significant increase in the percentage of CD8 T cells and NK cell populations and 

decrease in percentage in CD4 T cells in tumor infiltrates (Figure 10B).  

Additionally, there was a consistent increase in Ly6G+ cells and accompanying 

decrease in Ly6C+Ly6G- (Ly6Chi) and Ly6C-Ly6G- (Ly6Clo) populations, though 

these changes were not statistically significant (Figure 10B, C), demonstrating 

that poly(I:C) alters the composition of intratumoral CD11b+ myeloid cell subsets.  

The CD8+ T cells in the poly(I:C)-treated tumors showed a trend in increased 

expression of IFNγ (Figure 10D), which was not statistically significant.  This 

increased IFNγ may be due to an exhausted CD8+ T cell phenotype caused by 

the IFN-I induced PD-L1 expression in the tumors (Figure 8E).  We could also 

observe similar effects in poly I:C-mediated changes in T cells in tumor tissue 

sections.  After two treatments of poly(I:C) (i.e. day 11) the total numbers of 

intratumoral CD8+ T cells increased while CD4 T cells decreased (Figure 10E). 

While these changes were not statistically significant, there was a significant 

decrease in the ratio of CD4:CD8 T cells compared with PBS-treated control 

mice (Figure 10F). Altogether, these findings suggest poly(I:C) promotes 

immune cell recruitment and/or expansion.  
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Though inconsistent for tumor growth studies, UPPL1541 and UPPL1595 

tumors were analyzed for their immune infiltration with poly(I:C) treatment as 

compared with PBS- treated controls. Mixed effects of poly(I:C) were observed in 

UPPL1541 tumors, whereby poly(I:C) increased the percentage of total 

intratumoral CD45+ cells, CD11b+Ly6G+/lo and decreased the 

CD11b+Ly6ChiLy6G- population similar to MB49, but T cells were not affected. In 

UPPL1595 tumors, which showed minimal growth inhibition from poly(I:C) 

(Figure 9), the CD45+ population decreased with poly(I:C) treatment; however, 

there were increases in the CD8 T cells, NK cells, and CD11b+Ly6G+ 

populations, similar to MB49 (Figure 11A, B). The inconsistent tumor growth 

kinetics of both UPPL tumors despite both tumor lines exhibiting similar 

molecular subtypes and mutations (445) may be a factor in their immune infiltrate 

differences, and led us to believe these models needed to be further investigated 

before use in our study.  
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Figure 10: Induction of Type I IFN by poly(I:C) enhances immune cell 

infiltration and activation. A) Relative gene expression of immune genes from 

whole tumors treated with PBS or poly(I:C); Error bars indicate mean ± SEM; 

n=4. B) Percentage of tumor infiltrating immune cells in poly(I:C)-treated tumors 

compared to PBS- treated controls at day 14, n=4. C) Flow cytometry plot 

depicting frequencies of Ly6G+, Ly6C+, and Ly6G-Ly6C- cells in a mouse from 

each group in (B) analysis, gated from CD45+CD11b+CD11c- cells. D) 



 89 

Percentage of ex-vivo CD3 stimulated IFNγ+ CD8 T cells from PBS or poly(I:C) 

treated MB49 tumors at day 14 post-implantation. E) Immunofluorescent staining 

of tumor-infiltrating CD8+ (red) and CD4+ (green) cells in PBS- or poly(I:C)-

treated tumors after 2 treatments at day 11. Image representative of 3 tumor 

samples per treatment group. Scale bar = 200μm. F) Ratio of CD4:CD8 T cells 

calculated from tumors in (E); n=3 per group.  *p<0.05, **p<0.01 with Student’s t 

test. 
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Figure 11: Poly(I:C) effects on immune cell infiltration in UPPL bladder 

tumor models. A) Percentage of tumor infiltrating immune cells in poly(I:C)-

treated tumors compared to PBS-treated controls in UPPL1595 tumor model B) 

Percentage of tumor infiltrating immune cells in poly(I:C)-treated tumors 

compared to PBS-treated controls in UPPL1541 tumor model. All results from 

Day 14 tumors. Error bars indicate mean ± SEM; n=5 per group. *p<0.05, 

**p<0.01 with Student’s t test. 
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3.2.3: IL-6 is important for Poly(I:C) Anti-tumor Efficacy, But No Specific 

Immune Cell Population is Required 

To understand the role of individual immune cell types in MB49 tumor 

progression and IFN-I-mediated antitumor responses, we examined tumor 

inhibition in mice deficient in various innate and adaptive cells. MB49 tumor 

growth in PBS-treated RAG-/- mice was increased in compared to PBS-treated 

WT mice; however, tumor growth was equivalent in poly(I:C)-treated RAG-/- and 

WT mice (Figure 12A). Similarly, depletion of T cell populations with anti-Thy1.2 

or anti-CD8 mAbs led to increased tumor growth in PBS-treated mice, but did not 

affect tumor growth in poly(I:C)-treated mice (Figure 12A). Altogether, these data 

indicate that while adaptive immune cells moderate growth of MB49 tumors in 

untreated controls, they were not critical for the poly(I:C)-mediated antitumor 

response.  While IFNs can stimulate NK cells and an IFNγ+ NK cell antitumor 

response (375), in our MB49 model, depletion of NK cells led to a reduction in 

tumor growth (Figure 12A) suggesting NK cells are pro-tumor in an untreated 

MB49 model, and that they do not play a critical role in poly(I:C)-mediated anti-

tumor activity.  To address the role of neutrophilic MDSCs and monocytes/ 

macrophages, efficacy of poly(I:C) was examined in mice depleted of Ly6G+ or 

CSFR1+ cells, respectively. Whereas depletion with αLy6G mAb had no effect on 

tumor growth in either PBS- or poly(I:C)-treated mice, depletion of CSFR1+ cells 

led to significant tumor regression in control mice but not (poly)I:C-treated mice.  

These results suggest that in this tumor model, CSFR1+ tumor-associated 

macrophages, but not Ly6G+ cells have anti-tumor activity but are not critical to 

the poly(I:C)-mediated anti-tumor response.  Interestingly, we observed a modest 
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abscopal effect following the treatment of the primary MB49 tumor with poly(I:C) 

(Figure 12B) that was abrogated when mice were depleted of CD8+ T cells 

(Figure 12C). Collectively, these findings suggest that T cell adaptive immunity is 

enhanced by poly(I:C) treatment but is not crucial for its antitumor effect.   

We also examined the roles for IL-15 and inducible nitric oxide synthase 

(iNOS) in the IFN-I response due to the central role for IL-15 in driving IFN-

mediated T cell and NK cell responses (446), and the reported use of iNOS as an 

anti-tumor effector produced by Ly6G+ neutrophils (447). In IL-15 receptor α 

deficient mice (IL15Rα-/-), both PBS and poly(I:C) treatments had similar anti-

tumor effects as in WT mice indicating a minimal role for IL-15 in the poly(I:C) 

response (Figure 13A). Drug-mediated inhibition of iNOS by N-iminoethyl-l-

lysine (L-NIL) had no effect on tumor growth when animals were treated with 

poly(I:C) however, in PBS-treated mice, inhibition of iNOS reduced tumor growth 

(Figure 13B). Because activation of innate cells can lead to production of IL-12, 

a cytokine important in the Th1 immune response and IFNγ induction (112, 448), 

we looked at the gene expression of both IL-12 isoforms and their heterodimeric 

receptor and found that poly(I:C) does significantly increase IL-12p40 and IL-

12Rb1 expression within tumors (Figure 13C).  Collectively these results suggest 

that the regulation of IL-15 or iNOS by IFN-I are not critical to the antitumor 

response of poly(I:C) in this model system, but there may be a role for IL-12 

influencing the IFN-I induced Th1 response. 

Due to the positive correlation of IL-6 with IFN and patient response 

(Figure 1), we investigated the effect of IL-6 in MB49 tumor growth. The anti-

tumor benefit of poly(I:C) was significantly inhibited in IL-6 knockout mice (IL-
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6KO), and survival of poly(I:C) treated IL-6KO mice was also significantly 

decreased as compared to poly(I:C) treated WT mice. (Figure 12D, E). In 

addition, poly(I:C) upregulated IL-6 protein as poly(I:C)-treated MB49 tumors had 

higher levels of IL-6 per mg of tumor as compared to PBS-treated controls, 

though this increase was not statistically significant (Figure 12F). As in earlier 

experiments (Figure 10B, C), poly(I:C) altered the myeloid cell landscape by 

significantly increasing the frequency of Ly6G+ cells and decreasing Ly6Chi and 

Ly6Clo cells within the tumors (Figure 12G).  Interestingly, these changes in the 

myeloid cell landscape did not occur in tumors present in the IL-6KO (Figure 

12G).  Among tumor lymphocytes, the changes in NK and T cells observed in 

poly(I:C)-treated tumors in WT mice were still intact in IL-6KO mice, though the 

poly(I:C)-mediated increase in CD8 and decrease in CD4 T cells was slightly 

impaired in IL-6KO (Figure 12H).  We also examined additional parameters of 

lymphocyte activation in the poly(I:C)-treated WT and IL-6KO mice.  Within 

secondary lymphoid tissues, poly(I:C) increased the frequency of Ki-67+ NK cells 

and CD8 T cells in spleens and draining lymph nodes (dLN) but not in tumors, 

which was abrogated in IL-6KO mice (Figure 14 A, B, data not shown).  

Similarly, there was an increased frequency of Granzyme B+ CD8 T cells in dLN 

with poly(I:C) treatment that was impaired in IL-6KO mice (Figure 14C). Overall, 

the anti-tumor response elicited by IFN-I likely represents the collective activity of 

multiple cellular components of the adaptive and innate immune response 

pathways. 
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Figure 12: Anti-tumor efficacy of poly(I:C) relies on IL-6 signaling and 

multiple immune subtypes. A) Growth of MB49 tumors treated peritumorally 

with PBS or poly(I:C)  in RAG-/- mice or WT mice depleted of specific immune 

cell populations with the indicated Ab or given control Ig. Anti-Thy1.2 mAb was 

used to deplete T cells and anti-CSFR1 mAb was used to deplete monocytes 

and macrophages; n=5 per group. B) Tumor growth of primary and secondary 

MB49 tumors in WT mice. Primary (“Established”) tumors were treated 

peritumorally with either PBS or poly(I:C) beginning 7 days post-implantation. 

Secondary (“Contralateral”) tumors were implanted 4 days after the primary 

tumors. Arrow indicates beginning of treatment. C) Tumor growth of the 

contralateral tumor similar to (B) in CD8 depleted mice. D) Growth of MB49 

tumors treated peritumorally with PBS or poly(I:C) in IL-6 knockout (IL-6KO) or 

WT mice. E) Kaplan-Meier analysis of survival of mice from D; n=5. F) Average 

concentration of IL-6 (pg/mL) per tumor weight (mg) in MB49 tumors from Day 14 

tumors treated with either poly(I:C) or PBS; n=5 per group. G,H) Frequency 

(percentage) of Ly6G+, Ly6Chi, and Ly6Clo cells (G) and frequency of NK, CD4, 

CD8 T cells from MB49 tumors of WT and IL-6KO mice treated with PBS or 

poly(I:C) among gated CD45+CD11b+ cells and CD45+ cells, respectively; n=5. 

Error bars indicate mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

with Student’s t test. 
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Figure 13: Anti-tumor efficacy of Poly(I:C) is not mediated by IL-15 or iNOS. 

A) MB49 tumor growth curves of poly(I:C) or PBS treated mice in WT or IL-15 

receptor alpha knockout mice (IL15Rα-/-). B) MB49 tumor growth of mice treated 

with iNOS inhibitor L-NIL in combination with peritumoral PBS or poly(I:C). For all 

groups, n=5. Error bars indicate mean ± SEM. C) Log2 gene expression of IL-12 

subunits and receptor subunits from MB49 tumors after 3 treatments of PBS or 

poly(I:C); n=4 per treatment group, error bars indicate mean ± SEM. *p<0.05 with 

Student’s t test. 
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Figure 14: Poly (I:C)-mediated lymphocyte activation is impaired in the 

absence of IL-6.  A,B) Percentage of Ki-67+ immune cells in either spleen (A) or 

tumor draining lymph node (dLN) (B) of poly(I:C)-treated WT and IL-6KO mice 

compared to PBS- treated respective controls at day 14, gated from CD45+ cells; 

spleen n=5, dLN n=3. D) Percentage of GZMB+CD44+ CD8 T cells in spleen and 

tumor dLN of poly(I:C)-treated WT and IL-6KO mice compared to PBS- treated 

respective controls at day 14, gated from CD45+CD8+ cells; spleen n=5, dLN 

n=3. Error bars indicated mean ± SEM. *p<0.05, ***p<0.001 with Student’s t test. 
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3.2.4: LV-IFN promotes survival and increased intratumoral immune 

effector cells in BBN-induced murine bladder tumors 

To determine how local production of IFN-I by viral-mediated intravesicle 

instillation impacts tumor inhibition and immune cell responses in the bladder, I 

examined animal survival and tumor-immune infiltrate in the N-butyl-N-(4-

hydroxybutyl)-nitrosamine (BBN) carcinogen-induced murine orthotopic bladder 

cancer model (Figure 15). Following 60 days of BBN treatment, in which mice 

were deemed to have non-invasive tumors or CIS (Figure 15A), mice were 

intravesically instilled weekly with LV-IFN or LV-CTL. Differences in tumor 

growth were difficult to monitor, as ultrasound imaging was not sensitive enough 

to detect weekly changes; however, treatment with LV-IFN significantly 

prolonged survival in comparison to LV-CTL (Figure 15B). Investigating the 

effect of LV-IFN on the immune infiltrate of BBN-induced tumors, I observed an 

increase in the frequency of CD8 T cells in both lentiviral-vector treated groups 

as compared to PBS controls, but this increase was not statistically significant 

(Figure 15C).  Unlike the MB49 model, there was no increase in Ly6G+ cells and 

accompanying decrease Ly6C+ populations (Figure 15C), suggesting that LV-

IFN doesn’t preferentially induce a Ly6G+ cell response like poly(I:C). 

Altogether, these findings suggest that like poly(I:C) in MB49 tumors, LV-IFN 

treatment promotes survival and immune cell recruitment and/or expansion in the 

BBN-induced tumor model. However, it is important to keep in mind that the 

inherent differences between the MB49 and BBN-induced tumors brought on by 

their origins, such as their mutational burden and pathology, may be linked to the 

diversity in their immune landscapes and responses to IFN-I, as seen here. 
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Figure 15: LV-IFN improves survival and increases intratumoral immune 

cells in BBN-carcinogen induced bladder cancer. A) Experimental strategy for 

development of BBN-induced bladder cancer mouse model. After 2 months, mice 

began intravesical instillation with lentiviral-control vector (LV-Control) or 

lentiviral-IFN vector (LV-IFN). B) Kaplan-Meier analysis of survival of mice 

treated with either LV-Control of LC-IFN. C) Frequency (percentage) of NK, 

CD4, and CD8 T cells from the SSC/FSC CD45+ lymphocyte population, 

frequency of CD11b+ cells from the SSC/FSC myeloid designated population, 

and Ly6G+ and Ly6C+ cells among gated CD11b+ population from bladder of 

BBN-tumor induced mice treated with LV-Control or LV-IFN; n=5. Error bars 

indicate mean ± SEM; *p<0.05, **p<0.01, ***p<0.001 with Student’s t test or Log-

Rank test; These experiments were performed in part by Dr. Sharada Mokkapati. 
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3.3: Summary and Discussion 

 

The use of type I IFN as a cancer therapy has had mixed successes due 

to its route of administration and short half-life. Despite early therapeutic 

shortcomings, IFN-I has been shown to have direct tumor killing ability by the 

induction of TRAIL and apoptosis signaling, and it can incite an inflammatory 

response, including maturation and activation of innate and adaptive immune 

cells, promoting their migration to the tumor. Because of the variety of IFN’s 

mechanisms in controlling tumor growth and the immune response across 

different tumor types, determining IFN’s immune-mediated antitumor 

mechanism in bladder cancer is critical for interpreting patient response, 

identifying effective combination therapies, and improving patient outcomes.  

In this chapter, I examined the immune mechanisms behind IFN-I-

mediated anti-tumor responses in murine models of UC. I found that IFN-I 

induction by poly(I:C) in MB49 tumors inhibits tumor growth, increases longevity, 

and activates both the innate and adaptive immune systems. Poly(I:C) increased 

the intratumoral frequencies of CD8, NK, and Ly6G+ cells, and decreased the 

frequencies of CD4 and Ly6C+Ly6G- cells, but it’s antitumor efficacy was found to 

not be dependent on any one of these individual cell types. The poly(I:C) 

mediated tumor inhibition was, however, found to be dependent on functioning 

IL-6 signaling, which was necessary for higher levels of intratumoral Ly6G+ and 

CD8 cells, and proliferation and activation of NK cells and CD8 cells in secondary 

lymphoid organs. This IL-6 dependence mirrors the positive correlation of IL-6 
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urinary cytokine expression with patient response (CR) to Ad-IFNα/Syn3 therapy. 

I also found that LV-IFN similarly prolonged survival and increased intratumoral 

T cell and NK cell populations in the BBN-induced bladder cancer mouse model. 

Treatment of MB49, BBN, and UPPL tumors with poly(I:C) or LV-IFN 

resulted in an IFN-I induced infiltration of highly diverse immune populations 

representing a multifaceted pro-inflammatory anti-tumor phenotype, contrary to 

the defined dependence of tumor-inhibitory poly(I:C) on specific immune subsets 

in studies performed in melanoma (18).  Previous studies in experimental bladder 

cancer have focused on the necessity of the T cell infiltration for an anti-tumor 

response, and thus have relied on T cell checkpoint targeted immunotherapy 

(443, 449, 450). However, the importance of both lymphoid and myeloid cell 

types in the anti-tumor response in my MB49 studies indicates that focusing on a 

single subset of effector cells may limit the insights to be gained.  

I also found an important role for IL-6 signaling in the type I IFN-driven 

MB49 tumor inhibition as well as in patients treated with Ad-IFNα/Syn3. IL-6 has 

been shown to have a dichotic role, acting as both a pro-inflammatory and an 

anti-inflammatory cytokine, in cancer as well as autoimmune diseases, providing 

an activation signal to immune cells that left unchecked has the potential to 

produce deleterious effects (451). As previously mentioned, IL-6 regulates innate 

and adaptive immune defense in a pro-inflammatory capacity by inducing the 

acute phase response, hematopoiesis (granulopoiesis), B cell differentiation 

and antibody production, and recruitment of neutrophils and other immune 

cells by promoting increased expression of trafficking chemokines CCL2, 

CXCL5, CXCL6 and adhesion molecules CD62L, ICAM-1, and VCAM-1(130, 
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131, 139). It also promotes the activation and expansion of T cells, and 

differentiation of CD4 T cells into i) TFH cells to aid in B cell antibody switching 

and ii) pro-inflammatory Th17 T cells, and can suppress inducible CD4 Treg 

formation and function (132-134, 139). Anti-inflammatory effects of IL-6 include 

a role in wound healing and liver regeneration (137), and regulation of the 

production of pro-inflammatory cytokines TNF, GM-CSF, IFN, MIP-2 in acute 

inflammation to prevent deleterious immunopathology and promote 

inflammatory resolution (138, 452).  

In the MB49 model treated with poly(I:C) and in NMIBC patients treated 

with Ad-IFN, I believe IL-6 is the master key in regulating the multifocal 

immune cell anti-tumor response by increasing chemokine production for 

immune recruitment, particularly the Ly6G+ cell recruitment, and increasing NK 

and T cell proliferation and activation, summarized in Figure 16. Backing this 

conclusion, it has been shown that IL6-/- neutrophils have impaired respiratory 

burst and degranulation, and also have impaired leukocyte apoptosis, affecting 

the transition into adaptive immunity (453). IL-6 also increases CD8 cytotoxic 

activity in vitro (134), supporting my observation that IL6-/- mice had decreased 

GZMB+ CD8 T cells in the draining lymph node. There are many other effects of 

IL-6 on immune cells that I did not thoroughly investigate here, such as the 

propensity and role of CD4 Th17 and Treg cells in the MB49 model, and how IL-6 

may affect macrophage activity and monocyte differentiation which was just 

touched upon by CSFR1 depletion in WT mice (Figure 12A). I would speculate 

that IL-6 driven differentiation and activation of Th17 cells and macrophages also 

contributes to the IFN-I antitumor response in bladder cancer by further 
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promoting neutrophil recruitment, T cell priming, and pro-inflammatory cytokine 

production (454). The potential link of IL-6 to type I IFN-driven anti-tumor 

responses in both murine models and in patients sparks the need for further 

investigation of the role of this cytokine in IFN-I treated bladder cancer.  

 
 
  



 104 

 
 
 
Figure 16: Suspected role of IL-6 signaling in UC. Stimulated by inflammatory 

cytokines, TLR signaling and stress, IL-6 is produced by almost all stromal and 

immune cells. It goes on to activate STAT3 signaling and regulate T cell 

differentiation (promotes CD4 Th17, inhibits CD4 Treg), proliferation, and 

activation (GRZB+). IL-6 is also important in the recruitment of innate and 

adaptive immune cells through induction of the acute phase response (secretion 

of inflammatory cytokines) and stimulation of chemokine production from stromal 

cells. I show that IL-6 signaling is needed to increase (Ki67+) NK cell proliferation 
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in secondary lymphoid tissues. Not depicted here: IL-6 also controls B cell 

survival, expansion and maturation (Ab production), but I did not examine the B 

cell compartment in MB49/BBN tumors.  
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Chapter 4: Combination Therapy of Interferon-alpha Activation with T-Cell 

Checkpoint Modulation Prolongs Survival 

 

This work is based upon “Inhibition of urothelial carcinoma through targeted type 

I interferon-mediated immune activation” by Plote, D, Choi, W, Mokkapati M, 

Sundi, D, Ferguson, J, Duplisea, J, Parker, N, Yla-Herttuala, S, McConkey, D, 

Schluns, K, Dinney, C. 2019. Oncoimmunology; presented with permission from 

Oncoimmunology.  

 

4.1: Introduction 

 

In addition to its roles in promotion of DC, macrophage, T cell, and NK cell 

maturation, migration/taxis, and function (118-120, 391, 392), and direct cell 

killing through TRAIL-mediated apoptosis (393), IFNα has been shown to 

increase programmed death ligand-1 (PD-L1) and programmed cell death 

protein-1 (PD-1) expression on tumor and immune cell subsets (395, 444). 

Induction of PD-L1 and PD-1 has led to adaptive immune resistance by 

promoting T cell exhaustion and immune evasion (244, 289, 395, 444). This 

consequence may decrease the effectiveness of IFNα as a monotherapy, but 

suggests that IFNα use in combination with immune checkpoint blockade may 

lead to improved therapeutic outcomes. Use of anti-CTLA-4 and anti-PD-1/PD-L1 

checkpoint blockade therapies have produced clinical responses and tumor 

regression across many solid and hematologic cancers, often with durable or 

indefinite results, by increasing absolute lymphocyte counts and T cell activation, 

inducing expression of ICOS, and depleting Treg populations (90, 455). However, 
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refractory disease and acquired resistance mechanisms via immunoediting are 

major problems of checkpoint blockade therapy (455). 

Indeed, acquired resistance to PD-1/PD-L1 blockade is associated with 

loss of genes encoding IFN receptor-associated Janus kinases, JAK1 and JAK2 

(288, 456). Additionally, non-responders to checkpoint inhibitors such as anti-

Cytotoxic T-Lymphocyte Antigen-4 (anti-CTLA-4) possess tumors with co-

deletions of IFNα and IFNβ genes on chromosome 9p21 and defects in IFN 

pathway genes (288). These findings highlight the potential exploitable 

relationship between not only PD-1/PD-L1 and IFNs, but other checkpoint 

molecules as well. I hypothesize that though IFN-I induces expression of immune 

evasion markers like the PD-1/PD-L1 axis, combined use of IFN and anti-PD-1 

checkpoint inhibition therapy will synergistically increase the antitumor effects 

against bladder cancer seen with IFN alone, via increases in immune 

recruitment and activation and decreased tumor growth, improving clinical 

benefit. 

 Understanding the relationship between IFNα and immune checkpoint 

inhibition is important for interpreting immunotherapy resistance and improving 

the treatment of UC and other solid tumors. In this portion of the study, to test 

therapeutic synergism, I utilized local poly(I:C) administration in combination with 

systemic anti-PD-1 mAb therapy in C57BL/6 mice with MB49 tumors. I found that 

their combined use reduced tumor burden comparably to single-agent poly(I:C) 

treated mice, but combination treatment significantly prolonged animal survival. 

However, no significant difference was found in the intratumoral immune cell 

populations between single agent and combination treated tumor groups. 
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Investigating the differences between either poly(I:C) or anti-PD-1 mAb alone, 

and combination treatment of MB49 tumors on a molecular level, combination 

treatment comparatively decreased tumor vasculature and angiogenesis, and 

increased expression of genes associated with metabolism, extracellular matrix 

organization, and ERK/MAPK signaling. I also compared the molecular changes 

seen in PBS-, poly(I:C)-, anti-PD-1 mAb-, and combination-treated MB49 tumors 

to pre- and post- Ad-IFN treated patient tumor samples (from Figure 6), and 

found that signaling pathway genes associated with poly(I:C) treatment, such as 

IFN response and cytotoxicity are similarly upregulated, and metabolic pathway 

genes are similarly downregulated to those in patients post-Ad-IFN treatment, 

but not with anti-PD-1 or combination treatments.  

 

4.2: Results 

 

4.2.1: Combination Treatment with Anti-PD-1 mAb and Poly(I:C) Reduces 

Tumor Burden and Prolongs Survival 

Given that IFN-I signaling induces expression of checkpoint markers such as PD-

L1 (Figure 4, 8) which may lead to decreased effector T cell function (244, 289, 

395, 444), we reasoned that therapeutic blockade of the PD-1/PD-L1 pathway 

could further enhance the anti-tumor efficacy of poly(I:C). Subcutaneous MB49 

tumor-bearing mice were treated with poly(I:C) and a PD-1–blocking mAb either 

as monotherapies or in combination (Figure 17A). Tumor growth was measured 

overtime until mice became moribund. Treatment with both single-agent poly(I:C) 

and combination therapy [poly(I:C) with anti-PD-1 mAb] significantly repressed 
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tumor growth compared with anti-PD-1 mAb alone and IgG/PBS-treated controls 

(Figure 17B). However, we observed no significant difference in tumor growth 

inhibition between poly(I:C) monotherapy and combination therapy. Nonetheless, 

combination therapy significantly prolonged survival compared with poly(I:C) 

alone (Figure 17C) demonstrating IFN-I can work with checkpoint blockade for 

enhanced efficacy. In 16 day-old MB49 tumors treated with either single agent or 

combination therapy, combination treatment significantly increased the level of 

intratumoral Ly6G+ cells in comparison to poly(I:C) alone, which may contribute 

to the difference in survival, but there was no significant difference between the 

CD8, CD4, NK, and Ly6C+ immune cell populations between poly(I:C) and 

combination treatment groups (Figure 18). However, this observed result was 

only from one experimental analysis, and would need to be consistently repeated 

for a more definitive conclusion. 
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Figure 17: Blockade of PD-1/PD-L1 pathway reduces tumor burden and 

prolongs survival in poly(I:C) treated mice. A) Experimental strategy for 

combination therapy for s.c. engrafted MB49 tumors for peritumoral poly(I:C) and 

anti-PD-1 mAb (i.p.). B) Averaged tumor growth of mice treated with either single 

agent poly(I:C) or anti-PD-1 mAb, poly(I:C) plus anti-PD-1 mAb, or control IgG 

plus PBS or control observation. C) Kaplan-Meier analysis of survival of mice 

from C. Error bars indicate mean ± SEM, n=10; *p<0.05, **p<0.01, ***p<0.001 

with Student’s t test or Log-Rank test; Graphs representative of 3 separate trials. 
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Figure 18: Poly(I:C) and anti-PD-1 mAb combination therapy increases 

intratumoral Ly6G+ cells in MB49 tumors as compared to poly(I:C) alone. 

Percentage of tumor infiltrating immune cells in poly(I:C)-, anti-PD-1 mAb-, and 

poly(I:C) + anti-PD-1 mAb- treated MB49 tumors compared to IgG + PBS- 

treated control MB49 tumors at Day 16. CD8, CD4, and NK cells are gated from 

CD45+ SSC/FSC designated lymphocytes; Ly6G and Ly6Chi cells are gated 

from lineage negative (TCR-CD19-NK1.1-), CD11b+ cells. aPD1, anti PD-1 

mAb; Combo, combination poly(I:C) + anti-PD-1 mAb treatment. Error bars 

indicate mean ± SEM, n=5; *p<0.05, **p<0.01, ***p<0.001 with Student’s t test. 
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4.2.2: Combination Treatment Induces MAPK Signaling, Metabolic 

Pathways, and Reorganization of Tumor Microenvironment 

To examine potential molecular changes between treatment groups, 

comprehensive gene expression analysis was performed via RNA sequencing 

and GSEA on total mRNA collected from day 17 tumors treated with PBS, 

poly(I:C), anti-PD-1 mAb, or in combination. GSEA of the RNAseq data from the 

poly(I:C), anti-PD-1 mAb, and the combination showed enrichment in viral stress 

response, IFN signaling, cytokine signaling pathways, and innate immune 

response in comparison to control tumors (Table 2). However, the single agent 

anti-PD-1 mAb as well as the combination treatment also enriched pathways 

promoting cell migration, differentiation, proliferation, and survival through MAPK, 

MEK/ERK and AKT signaling (Table 2). Combination treatment up-regulated 

additional pathways related to collagen formation, extracellular matrix formation, 

and cell-cell signaling (Table 2).  Comparing the poly(I:C) and combination 

treated groups to each other, metabolic pathways for glucokinase regulation and 

fatty acid oxidation (FAO) and synthesis were enriched in the combination group 

(data not shown).   

Looking more closely at effects on individual genes, we found numerous 

genes related to IFN pathway signaling (Figure 19A), as well as adaptive and 

innate effector cell cytotoxicity such as Granzyme B (GZMB) were significantly 

increased in the poly(I:C) treated group, and more modestly increased in the anti-

PD-1 mAb and combination treated groups, in comparison to control IgG/PBS 

treated tumors (Figure 19A, B). As expected, there were also increases in gene 

expression for immune suppressive molecules in poly(I:C), anti-PD-1 mAb, and 

combination treated mice, including ARG1 and ARG2 (Arginase 1 and 2), IDO, 
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and CD274 (PD-L1) (data not shown). Exploring the GSEA-identified upregulated 

metabolic pathways, we found poly(I:C) induced expression of glucose 

transporter GLUT1, and all treatment groups increased expression of glycolysis 

enzymes HK2 and GCK in comparison to PBS/IgG control (Figure 19A, B). 

Interestingly, while poly(I:C) decreased tumor expression of genes related to fatty 

acid catabolism and synthesis such as FASN, ACACA, and ACLY in comparison 

to PBS control, anti-PD-1 mAb and combination treatment significantly rescued 

their expression (Figure 19A, B). We also observed increased MAPK signaling 

genes in all treated groups in comparison to control, and decreased expression 

of VEGF, MMP9, and EGFR. Similar trends in gene expression were also 

observed in the 8 matched pre- and post- Ad-IFNα/Syn3 treated patient tumor 

specimens from Figure 6, despite none of the patients reaching CR. To further 

investigate the decreased expression of angiogenesis markers seen in the 

RNAseq of MB49 tumors treated with poly(I:C), anti-PD-1 mAb, or combination, 

we performed IHC staining of CD31 on tumors from each treatment group taken 

at their end point (day 38) (Figure 19C). Poly(I:C) alone and in combination with 

anti-PD-1 mAb significantly decreased microvessel density (MVD) compared to 

control PBS/IgG treated tumors by ~50% (Figure 19D). Thus, while IFN-I has 

significant anti-tumor action, combination therapy with checkpoint blockade 

activates additional pathways regulating the increased stromal influx and 

reorganization of ECM, inhibition of angiogenesis, glycolysis and fatty acid 

catabolism, and increased MAPK/ERK/AKT signaling that may be related to 

prolonged survival. 
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Table 2: Summary of the Reactome Gene sets enriched in treatment groups: Name, Process Category, 
Description, Number of genes involved, NES 

Treatment Reactome Name 
Process 
category Description 

Number 
of genes NES` 

poly(I:C) Activation of genes by ATF4 signaling 

transcription factor; 
response to ER stress, 
PERK signaling 21 1.89 

 

PERK regulated gene 
expression signaling 

integrated stress 
response and protein 
folding 24 1.79 

 Interferon γ signaling immune type II IFN signaling 42 1.75 

 Toll receptor cascades immune 
TLR stimulated immune 
signaling 109 1.65 

 

Class I MHC mediated 
antigen 
processing/presentation immune 

innate and adaptive 
immune recognition of 
antigen 221 1.59 

 

TRAF6 mediated IRF7 
activation immune viral, IFN response 20 1.58 

 

Trans golgi network vesicle 
budding pathway 

secretory pathway for 
synthesized proteins 52 1.58 

 ER Phagosome pathway pathway cell death pathway 53 1.56 

 

Latent infection of homo 
sapiens with mycobacterium 
tuberculosis immune innate immune effectors 30 1.55 

 

Antigen processing cross 
presentation immune antigen presentation 65 1.55 

 

Antigen presentation, folding, 
assembly, and peptide 
loading of Class I MHC immune antigen presentation 15 1.54 

* Innate immune system immune innate immune signaling 201 1.68/1.58 

* IL-1 signaling immune 

damage associated 
molecular pattern 
(DAMP), inflammatory 
signaling 37 1.63/1.68 

* 

Nucleotide binding domain 
Leucine rich repeat 
containing receptor NLR 
signaling pathways signaling 

NOD-like receptor 
signaling, viral response 42 1.59/1.54 

* NOD1/2 signaling pathway immune 

NOD-like receptors for 
antigen recognition, 
inflammatory signaling 29 1.58/1.71 

+ Interferon signaling immune interferon signaling 121 
1.88/1.77

/1.7 

+ Interferon α,β signaling immune type I IFN signaling 43 
1.77/1.65

/1.62 

+ 
Cytokine signaling in Immune 
system immune cytokine signaling 224 

1.75/1.77
/1.52 

+ 
Antiviral mechanism by IFN 
stimulated genes immune 

antiviral stress response 
through IFN 62 

1.72/1.99
/1.97 

+ 
Negative regulators of RIG-I 
MDA5 signaling immune 

viral recognition receptor 
sensing 28 

1.69/1.58
/1.55 

      

 α-PD-1 mAb 
Interaction between L1 and 
ankyrins 

developm
ent cell adhesion molecules 20 1.67 

 Signaling by ILs immune inflammatory signaling 102 1.57 

 

SEMA4D in semaphorin 
signaling signaling 

CD100 binding to CD72 
to activate immune cells 28 1.55 
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 Myogenesis 
developm
ent muscle differentiation 26 1.54 

 

Platelet aggregation plug 
formation 

developm
ent 

platelet aggregation, 
hemostasis 35 1.54 

 

JNK, C-JUN Kinases 
phosphorylation and 
activation mediated by 
activated human TAK1 signaling 

JNK signaling; stress 
response, IRF3, T cell 
differentiation and 
apoptosis 16 1.53 

 

MAP Kinase activation in TLR 
cascade signaling 

MAPK signaling in stress 
response 49 1.52 

# 

SEMA4D induced cell 
migration and growth cone 
collapse signaling 

CD100 binding 
activation, immune 
activation by CD72 24 1.64/1.63 

# 
SHC1 events in ERBB4 
signaling signaling 

MAPK signaling, cell 
migration, survival, 
differentiation 19 1.6/1.63 

# 
MAPK targets/Nuclear events 
mediated by MAP Kinases signaling 

proliferation, 
differentiation, survival 30 1.56/1.45 

# Signaling by PDGF signaling 
angiogenesis, 
proliferation, migration 115 1.52/1.45 

      
poly(I:C) + α-
PD-1 mAb Pre notch processing in golgi signaling 

maturation of notch 
receptor  16 1.71 

 Muscle contraction 
developm
ent muscle contraction 46 1.56 

 

Activation of chaperone 
genes by XBP1S signaling 

cellular response to ER 
stress, UPR 41 1.55 

 Collagen formation 
developm
ent collagen formation 53 1.54 

 

Extracellular matrix 
organization 

developm
ent 

extracellular matrix 
organization 76 1.54 

 Gap junction trafficking signaling cell-cell communication  24 1.52 

 

Chondroitin sulfate dermatan 
sulfate metabolism metabolic 

glycosaminoglycan/prote
oglycan; anti-
inflammatory  47 1.5 

 

Chondroitin sulfate 
biosynthesis metabolic 

proteoglycan; anti-
inflammatory  19 1.5 

 ERK/MAPK targets survival  
proliferation, 
differentiation, survival 21 1.47 

 Circadian clock metabolic 
circadian rhythm, 
metabolic pathways 49 1.46 

  Gap junction assembly signaling cell-cell communication  16 1.45 

* Pathways are up-regulated in both poly(I:C) 
and anti-PD-1 treated groups     
# Pathways are up-regulated in both anti-PD-1 and 
combination poly(I:C)+anti-PD-1 treated groups    
+ Pathways are up-regulated in poly(I:C), anti-PD-1, and 
combination treated groups    
` Normalized enrichment score (NES); up-regulated 
pathways defined as (NES) > 0    
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Figure 19: Poly(I:C) and anti-PD-1 mAb combination therapy promotes gene 

expression associated with survival, metabolism, and Th-1 type anti-tumor 

immunity and decreases angiogenesis. A) Heatmap illustrating normalized 

(log2) gene expression patterns from MB49 whole tumor lysates treated with 

either PBS+IgG Ab, poly(I:C), anti-PD-1 mAb, or poly(I:C)+anti-PD-1 mAb; RNA 

was isolated from tumors 17 days post-implantation (4 treatments) (Figure 4A). 

Each column represents one mouse. B) Average relative gene expression of 

indicated genes associated with effector function, fatty acid oxidative metabolism, 

glycolysis, and AKT, MEK/ERK pathway from the 4 treatment arms (n=4 per 

group). C) IHC staining for CD31 (PECAM-1) in end point tumors from 38 days 

post-implantation (11 treatments); Scale bar = 100µm. Image is representative of 

3 tumors per treatment group. D) Quantified microvessel density (MVD) 

averaged from IHC CD31-stained tumors (6C) (n=3 per group). All values 

normalized by DeSeq and log2 transformed (heatmap). Error bars indicate mean 

± SEM, n=4 per group. *p<0.05, **p<0.01 with Student’s t test. 
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4.3: Summary and Discussion 

 

IFN-I, while capable of inhibiting tumor growth and inciting an immune 

response to aid in host defense, intrinsically increases mechanisms of tumor 

resistance by upregulating expression of immune checkpoint markers like PD-L1 

on cancer tissue and surrounding cells of the TME. Immune inhibitory 

checkpoints are important in regulating autoimmunity and collateral tissue 

damage in an immune response, but in the context of cancer, can inhibit effector 

T cell responses by inhibiting proliferation and IL-2 secretion and promoting T cell 

exhaustion and anergy (257). Despite these mechanisms of adaptive immune 

resistance, therapeutic antibody-mediated blockade of inhibitory checkpoints has 

produced tumor regression and durable patient responses (415). Because of the 

inherent PD-1/PD-L1 pathway tumor evasion strategy induced by IFN treatment, 

I explored the potential of IFN-I therapy combined with PD-1pathway checkpoint 

inhibition to provide synergistic treatment benefit to MB49 tumors.  

In this chapter, I show that combination IFN-I and anti-PD-1 mAb 

checkpoint blockade reduces tumor burden and significantly prolongs survival, 

though there is no significant difference in tumor reduction between poly(I:C) 

alone and combination treatment. Similarly, there were no significant differences 

in the frequencies of CD8, CD4, NK, Ly6G, or Ly6Chi cells between poly(I:C), 

anti-PD-1, or combination treatment, although there was an increasing trend in 

Ly6G cells with corresponding decrease in Ly6Chi cells with combination therapy 

that was consistently reproducible. Molecular profiling of the differently treated 

tumors revealed that poly(I:C), anti-PD-1, and combination treatment all 

increased expression of genes related to antiviral response, interferon, and 
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cytokine signaling, and decreased genes related to angiogenesis and 

vascularization (CD31 IHC). Interestingly combination treatment enriched gene 

signatures related to ECM organization and collagen formation, possibly alluding 

to an increased stromal infiltrate. Further clarification of which GSEA analyzed 

pathways are conserved or different between each treatment group is described 

in Figure 20A. I also compared the molecular changes seen in PBS-, poly(I:C)-, 

anti-PD-1 mAb-, and combination-treated MB49 tumors to pre- and post- Ad-

IFN treated patient tumor samples (from Figure 6). I found that signaling 

pathway genes, such as IFN response and cytotoxicity related CXCL9, CXCL10, 

TRAIL, CCL2, CCL5, CD8, and PRF1 are similarly upregulated in poly(I:C)-, anti-

PD-1 mAb-, and combination-treated MB49 tumors, like in the post-Ad-IFN 

specimens; however, metabolic pathway genes such as FASN, ACLY, and 

ACACA, are only similarly downregulated with single agent poly(I:C)/IFN-I 

treatment, not with anti-PD-1 or combination treatments.  

My initial hypothesis that combined usage of IFN-I therapy with anti-PD-1 

checkpoint blockade would synergize to provide greater clinical benefit was not 

herein definitively proven. While I did see a difference in animal survival, there 

were no clear factors as to how combination therapy provides greater clinical 

benefit, based on lack of significant differences in tumor burden, no major 

differences in the tumor-immune infiltrate, and RNA sequencing analysis shows 

stronger upregulation of IFN response and immune cytotoxicity genes in poly(I:C) 

alone than other treatment groups. Overstimulation of inflammatory pathways 

has been shown to produce a “cytokine storm” that can result in significant 

pathology and ultimately death (457, 458). In a model of viral infection and 
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Figure 20: Summary: Gene expression pathways regulated by single and 

combination treatment of MB49 tumors. A) Enriched signaling pathways 

identified by GSEA analysis in MB49 tumors treated with either poly(I:C), anti-

PD-1 mAb, or poly(I:C)+anti-PD-1 compared to PBS/IgG control. B) Canonical 

pathways upregulated or downregulated in poly(I:C) and poly(I:C)+anti-PD-1 
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mAb treated tumors identified by IPA analysis. ISGs, interferon sensing genes; 

PDGF, platelet derived growth factor; LXR/RXR, liver X receptor/retinoid X 

receptor; PRRs, pattern recognition receptor; IRF, interferon regulatory factor; 

THOP, thimet oligopeptidase; GPCR, g protein coupled receptor; MMPs, matrix 

metalloproteinases. 
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poly(I:C), mice lacking an adaptive immune response (nude and Rag-/- mice) 

had higher mortality rates after virus/poly(I:C) dosage due to higher abundances 

of proinflammatory cytokines TNF and IFNγ in the serum days after infection 

compared to WT mice (459). Addition of T cells to the non-T cell, TLR3-

stimulated system efficiently prevented this cytokine surge, suggesting that active 

T cell monitoring is necessary to temper an innate response. One hypothesis for 

why combination treated mice had improved survival over poly(I:C) alone is that 

the addition of anti-PD-1 mAb is able to reactivate T cells (particularly Tregs) that 

have become exhausted from IFN-I stimulated PD-L1 expression, which results 

in tempering of the innate cytokine response invoked by IFN-I signaling. This 

warrants future analysis in the MB49 model. 

GSEA and RNAseq analysis of MB49 tumors treated with either single 

agent poly(I:C), anti-PD-1 mAb alone, or combination therapy showed anticipated 

enrichment in genes and pathways related to IFN induction, viral stress 

response, cytokine production and innate immune activation, as well as MAPK 

and ERK signaling in comparison to PBS treated control tumors. MAPK/ERK 

signaling traditionally is associated with cell survival, proliferation, and 

differentiation. However, there is evidence that ERK signaling has pro-apoptotic 

functions in response to damage stimuli (460), and this mechanism may add to 

the immune component of the IFN-I anti-tumor response, providing further 

survival benefit demonstrated in this study.  

Previously published studies identified that blockade of the PD-1/PD-L1 

axis reverses T cell exhaustion, re-inducing glycolysis and anabolic metabolism 

to produce a more active state (317, 461). In this work, I found that poly(I:C), 
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anti-PD-1 mAb, and combination treated groups have increased levels of 

enzymes involved in glycolysis and the TCA cycle (GLUT1, HCK, GCK). 

Interestingly, I also found in comparison to poly(I:C) treatment alone, the addition 

of anti-PD-1 mAb enriched for extracellular matrix reorganization, collagen 

formation, and increased genes related to FAO and fatty acid synthesis such as 

FASN, ACLY, and ACACA. Increasing mitochondrial FAO metabolism in T cells 

has been shown to favor the formation of long-lived memory T cells (462, 463). 

However, the whole tumor RNA analyzed here is likely more reflective of the 

tumor genome than the immune microenvironment. Since and fatty acid 

synthesis and glycolysis are necessary for cellular growth and proliferation (464), 

this analysis suggests that combination treated tumors are upregulating 

pathways of proliferation in the tumor cells while simultaneously inhibiting tumor 

growth. Upregulation of expression of genes involved in ECM remodeling and 

mesenchymal transition has been shown to be a marker of resistance to anti-PD-

1 therapy (innate anti-PD-1 resistance, IPRES) (465). The possibility of 

combination therapy upregulating mechanisms of resistance pathways will need 

to be further explored in the MB49 model.  

Despite no clear synergistic benefit from combination therapy, and no 

definitive reasoning as to why combination treatment prolongs animal survival, I 

have hypothesized that addition of anti-PD-1 antibody may contribute to 

activation of regulatory immune function to subdue chronic inflammation adverse 

effects, which may improve survival. I have also suggested that “rescue” of fatty 

acid synthesis and metabolic gene expression by addition of andti-PD-1 mAb 

may contribute to the differences seen between combination treatment and 

poly(I:C) alone. Ingenuity Pathway Analysis (IPA) canonical pathway analysis 
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also shows that upregulated pathways are predominantly immune response 

related in poly(I:C) treatment, whereas combination treatment upregulates 

calcium signaling, G-protein signaling that regulates metabolic enzymes, ion 

channels, and transcriptional machinery, matrix metalloproteases, and wound 

healing pathways (actin cytoskeleton and intrinsic prothrombin activation 

pathways) in addition to immune response pathways and leukocyte extravasation 

signaling (Figure 20B). Combination treatment also more dramatically 

downregulates upstream regulator ACKR2, involved in regulating inflammatory 

cytokines. This combination of immune response, metabolic pathways, and ECM 

modification may be related to greater immune infiltration, or to promoting cancer 

growth and metastasis. Immune checkpoint inhibitors can regulate T cell 

migration, and particularly in the case of CTLA-4, can increase immune cell 

infiltration into tumors (and other tissues) (466). PD-L1 has been found to localize 

to the central T cell activation cluster and decrease antiviral CD8 T-cell motility; 

antibodies to PD-1 and PD-L1 restored CD8 T cell motility by limiting interaction 

time between T cells and DCs (467). While increasing motility, this effect of PD-1 

blockade becomes complicated as it reduces the efficacy of TCR signaling, 

raising the threshold needed for T cell activation (466). These analyses 

demonstrate that while not clearly synergistic, anti-PD-1 mAb in addition to IFN 

therapy may provide clinical benefit by increasing immune and TME regulatory 

functions that are not stimulated by IFN-I activation alone. Thus, though not 

synergistic in these studies, combination treatment of IFN and immune 

checkpoint blockade may provide improved therapeutic outcomes in NMIBC 

patients. 
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Chapter 5: Global Discussion (Implications) and Future Directions 

 

 Bladder cancer is a heterogeneous disease that affects a large proportion 

of cancer incidences, particularly in men, each year. Most patients are diagnosed 

with NMIBC, and though this classification of the disease is less severe and life-

threatening compared to MIBC, current standard treatment practices are not well-

defined, and result in 30-40% of patients exhibiting recurrent and progressive 

tumors (55, 69). Therefore, finding an effective alternative therapy that is 

mechanistically understood is essential to improve patient outcomes. Use of type 

I IFN and adenoviral-mediated IFN (Ad-IFN) have shown clinical response in 

this patient population, however i) its mechanisms of action have not been well 

characterized, and ii) IFN-I has been shown to increase tumor and TME immune-

evasion strategies such as upregulation of checkpoint markers, prompting the 

need to develop potential combination therapies. In this dissertation, I tested the 

hypothesis that immune-mediated mechanisms of type I IFN therapy with the 

general hypothesis that localized IFN-I treatment would increase immune cell 

recruitment and activation in tumors, creating an IFN driven antitumor response 

and an environment in which checkpoint blockade immunotherapy could 

counteract immune evasion and T cell exhaustion. In the course of these studies, 

I learned that local delivery of poly(I:C) and viral-mediated IFN incites 

inflammatory cytokines and chemokines, increases intratumoral effector immune 

cells, and inhibits tumor growth, prolonging survival. In characterizing this 

response, I found IL-6 had an important role in regulating positive responses to 

type I IFN therapy in both mice and humans, that IL-6 signaling was necessary 
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for antitumor effects of Ly6G cells and NK cell and T cell proliferation and 

activation. I further established that local delivery of poly(I:C) in combination with 

anti-PD-1 checkpoint modulator prolongs survival, which may be a product of 

anti-PD-1 mAb’s ability to regulate TME cell metabolism, and to reactivate 

regulatory cells to balance treatment efficacy and inflammatory pathology. I 

touched on how my findings supported or contradicted the current knowledge in 

the field, and speculated on the potential underlying mechanism for my results. In 

this chapter, I will discuss the potential future implications of my work, and 

address what areas of study need to be further pursued.  

IL-6 signaling has been portrayed as both promoting oncogenesis by 

supporting cancer cell proliferation, survival, and metastasis, and opposing tumor 

growth by mobilizing immune responses against the tumor. My findings outlined 

in Chapter 3 indicate that contrary to many publications categorizing high IL-6 

levels as a marker for poor prognosis and tumor progression, the induction of IL-

6 in mice and patients with bladder cancer treated with IFN therapy correlated 

with antitumor response and tumor regression. This implies that measureable IL-

6 levels may be used as a positive prognostic marker for IFN treatment of 

bladder cancer in the future. In this dissertation, I only touched on the need of IL-

6 in the poly(I:C) antitumor response, inhibiting tumor growth, promoting NK and 

T cell activation, and increasing intratumoral Ly6G+ cells, but further analysis of 

IL-6’s mechanisms of action would aid in understanding it’s defined role in the 

antitumor response for bladder cancer. IL-6 has been shown to inhibit Treg 

suppression of DC-mediated T cell activation (468), and promote Th17 cell 

differentiation, a process often connected by IL-6’s ability to suppress the Foxp3-

dependent Treg developmental program in favor of Th17 formation in the 
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presence of TGF (469). The effect of IL-6 on the CD4 T cell compartment in 

MB49 and other bladder cancer models needs to be further pursued as another 

effector mechanism of IFN-I. 

One of the areas brought into question from my studies was how 

combination treatment increased survival without having significantly smaller 

tumor sizes or greater expression of immune effector gene expression than 

poly(I:C) alone. To better elucidate the objective differences, if there are any, 

between poly(I:C) and combination poly(I:C) + anti-PD-1 therapy, the treatment 

dosing schedule may be an important area of future research. In this study, I 

treated mice concurrently with IFN agonist poly(I:C) and PD-1 inhibitor based on 

previously published work (375), however a delayed application of anti-PD-1, 

after IFN-I has been able to incite the inflammatory response (and upregulate 

PD-L1) may provide greater benefit. It has been shown that chemotherapy and 

radiation therapy given prior to checkpoint inhibition therapy generate antitumor 

and abscopal responses (470). As these therapies act to stimulate the antitumor 

response by increasing tumor antigenicity and immune cell activation, the same 

reasoning can be applied to innate immune stimulating therapy (IFN) being given 

prior to inhibitory checkpoint antagonists.  

Additionally, in the RNAseq data (Figure 19), I show that in comparison to 

poly(I:C), combination treated tumors have enriched expression of fatty acid 

metabolism. In Chapter 4, I mentioned that increasing mitochondrial FAO 

metabolism in T cells has been shown to favor the formation of long-lived 

memory T cells (462, 463), and FAO is necessary for other effector immune cell 

function: TLR-stimulated macrophages require increased FAO, and specifically 
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ACLY function, for cancer cell phagocytosis and antitumor activity (471). 

However, bladder cancer has been known to rely on glycolysis as well as fatty 

acid synthesis for oncogenesis (430, 431), and so, dual expression of fatty acid 

metabolism and glycolysis from the RNAseq analysis may indicate that the tumor 

itself is proliferating and may be a sign of tumor progression and therapeutic 

resistance.  

For the tumor to overcome an antitumor defense, it must co-opt the TME 

and induce its polarization to a more pro-tumor, immunosuppressive immune cell 

phenotype, thereby encouraging tumor growth and survival. Specific identification 

of which cells (immune subtypes or tumor) are exhibiting increased fatty acid 

metabolism (as well as glycolysis) is therefore an important next step in 

determining therapeutic strategies for bladder cancer. If the immune cells are 

exhibiting glycolysis and FAO metabolic signatures, this would signify an 

activated immune response capable of attacking tumors. If the tumor cells show 

increased glycolysis and FAO, this may be a sign of the Warburg effect, 

increased nucleotide, amino acid, and lipid biosynthesis, and ultimately tumor cell 

proliferation (472). To differentiate metabolic signatures between pro-tumor and 

anti-tumor immune cells, Liu and colleagues tested preferred utilization of TCA 

cycle intermediates for M2 pro-tumor macrophages and TLR-stimulated anti-

tumor macrophages. M2 macrophages preferred the use of exogenous fatty 

acids for TCA cycle components (and increased lipid transporter expression), 

whereas TLR stimulated macrophages showed preference for de novo lipid 

synthesis, displaying a shift away from complete utilization of carbon from 

glucose towards glutamine anaplerosis for generating TCA cycle components 

(471). A similar strategy can be employed to better understand the mixed 
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metabolic RNA profile seen in the treated MB49 tumors: investigation into ECAR, 

OCR, and lipid synthesis analysis of intratumoral immune cells and tumor cells 

will be important for identifying which cell components the metabolic changes are 

specifically attributed to and can help identify cells that are immunosuppressive, 

aiding in pinpointing targets for therapeutic intervention.  

 Combination treatment also showed enrichment of ECM and collagen 

modification gene expression, potentially hinting at increased cell motility or 

proliferation. Similar to the uncertain attribution of glycolysis and FAO metabolic 

genes, which cells contribute to this increased expression remains unclear. As 

previously stated, upregulation of expression of genes involved in ECM 

remodeling and mesenchymal transition has been shown to be a marker of tumor 

resistance to anti-PD-1 therapy in patients with metastatic melanoma (465). 

Further investigation into anti-PD-1 therapy resistance mechanisms in bladder 

cancer, and other cancers is an important field to pursue, and has only begun to 

be understood at the innate and adaptive cellular level (473).  It is not currently 

clear if the increased expression of cell motility and ECM modulation signaling is 

related to PD-1 resistance in the MB49 model. However, to investigate PD-1 

resistance as a possibility in IFN+anti-PD-1 treatment of bladder cancer, 

carcinogen-induced or transgenic murine models of bladder cancer may provide 

the best tumor genesis rate to test combination therapy resistance mechanisms, 

as MB49 tumors are fast-growing and may not provide sufficient time and 

opportunity to study. 

Looking to the future of bladder cancer treatment and considering my 

findings in this dissertation, I believe that efforts to inhibit IL-6 signaling, because 

of its role in chronic inflammation and potential relationship with tumor promotion, 



 130 

are hasty (474). In models which require T cell priming for activation, IL6-/- mice 

display impaired involvement of innate cells (475). Likewise, inhibition of 

downstream IL-6-target STAT3, because of its role in regulating cell survival, 

proliferation, and angiogenesis (476), could negatively preclude the immune 

response due to STAT3 regulation of granulopoiesis, DC development and 

function, T cell differentiation and function, Treg development, and anti-

inflammatory signaling, among other effects (477). In this work, I show that IL-6 is 

a necessary component in the IFN-driven antitumor response. Immunotherapy, 

radiation therapy, and chemotherapy all rely on the immune response, including 

IFN signaling, to combat tumor growth; consequently, to some degree this will 

rely on inflammatory cytokines such as IL-6 to potentiate the antitumor immune 

response. Therefore, focus should be directed towards inciting the immune 

response in bladder cancer treatment, not inhibiting its effector branches. Ad-

IFN therapy theoretically reaches the goal of activating the immune response. 

The use of a viral vector delivery system can be difficult in cancer types that are 

systemic (blood), or those hard to reach without systemic administration 

(pancreatic, colon, lung, some prostate, etc.), exhibiting potential bystander 

events and adverse effects; this same reasoning makes viral-mediated therapy in 

bladder cancer more advantageous because of the ability to locally deliver the 

drug and avoid systemic toxicities. Because melanoma and other skin cancers 

are also easily accessible, Ad-IFN may be utilized in these indications as well.  

Despite the advantage of local delivery, treatment with Ad-IFN still shows 

less than 50% response rates in NMIBC patients (66, 67). This may be due to 

mixed ability of the drug to permeate through different patient’s urothelial barrier, 
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the heterogeneity of the bladder tumor landscape, upregulated immune evasion 

mechanisms, and inaccurately staged and stratified disease, as previously 

discussed. However, for BCG unresponsive patients, I think Ad-IFN is still a 

promising therapeutic alternative to cystectomy because it can sustain patient 

quality of life, and the contributing reasons for resistance to IFN therapy can be 

addressed by more vigilant clinical assessment and combination therapeutic 

approaches to target immune evasion strategies such as inhibitory checkpoints. 

To this end, PD-1 inhibition in combination with IFN therapy may not be 

the best therapeutic option when considering a more holistic immune therapy 

approach to bladder cancer. PD-1/PD-L1 pathway inhibition is effective at re-

stimulating exhausted T cells already in the tumor, whereas CTLA-4 inhibition 

has actually been shown to increase T cell activation and chemotaxis to tumors 

(294). The potential combination of anti-CTLA-4 mAb with viral-mediated IFN 

may prove to be more successful in inhibiting UC tumor growth though the 

enhanced recruitment of effector T cells, an additive effect to IFN-I’s diverse 

antitumor mechanisms. Anti-CTLA-4 therapy has been helpful to disease 

phenotypes with high mutational loads, due to more probable neoantigen targets 

for T cell attack (90); thus bladder cancer, having the third highest mutation 

landscape after melanoma and lung cancers (478), is a prime candidate for 

CTLA-4 targeted therapy.  Focusing more on therapies that are already approved 

for use in bladder cancer, and have shown efficacy, the combined use of IFN 

with BCG may be an attractive treatment strategy. Combination BCG + IFN2b 

was shown to potentiate the effects of BCG alone with a response rate of about 

60% in prior BCG failed patients (479). Because this study was performed with a 
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recombinant IFN protein, I would speculate that viral-mediated IFN would provide 

even greater clinical benefit due to its enhanced durability and permeation into 

the bladder wall.  

Together, my results provide a preclinical conceptual example for using 

type I IFN activation to increase the therapeutic benefit of PD-1 blockade for 

bladder cancer patients, as well as a rationale for pursuing further studies in 

NMIBC to optimize a treatment protocol (dosing and timing). Recent US Food 

and Drug Administration approval of atezolizumab (anti-PD-L1 mAb) and 

nivolumab (anti-PD-1 mAb) for treatment of metastatic urothelial carcinoma (63) 

has brought into question the role of immune therapy earlier in the treatment of 

UC, and thus clinical trials examining the effect of checkpoint inhibitors in earlier 

staged cancer is ongoing. To this point, Pietzak and colleagues showed that 

chemotherapeutic treatment of “secondary” MIBC, that is, tumors that have 

progressed to higher staged MIBC from previously diagnosed and treated 

NMIBC, had lower response rates and short survival compared to “primary” de 

novo, treatment naïve MIBC (480). Moving forward, I think the bladder cancer 

treatment field should focus on implementing a combination innate and adaptive 

stimulating immunotherapy strategy at earlier disease stages (not just BCG failed 

patients). It can broadly affect more patients rather than personalized targeted 

molecular therapies, and lead to better clinical outcomes for many subtypes of 

bladder cancer patients.   
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Chapter 6: Methodology 

 

Patient Samples 

 Patient specimens utilized in this study were collected from previous 

Phase I, Phase Ib, and Phase II clinical trials with adenoviral interferon-α2b 

formulated with Syn3 (Ad-IFNα/Syn3) with patient eligibility, treatment, and 

specimen collection approved by the University of Texas MD Anderson Cancer 

Center institutional review board (IRB) (66, 67, 408). 

 Urine samples utilized for preliminary marker identification (Figure 7) were 

collected for clinical research use from informed and consented patients about to 

undergo standard TURBT. Specimen collection was approved by the University 

of Texas MD Anderson Cancer Center IRB. 

 

Mice 

Wild-type male C57BL/6J mice, IL-6KO mice, RAG-/-, and p53 +/- mice 

were purchased from The Jackson Laboratory (Bar Harbor, ME). All gene-

deficient mice used are on the C57BL/6 background. IFNAR-/- (481) were 

provided by Dr. Paul W. Dempsey (Department Of Microbiology and Molecular 

Genetics, University of California, Los Angeles) and Dr. Tadatsugu Taniguchi 

(Department of Immunology, Tokyo University, Japan) to Dr. W. Overwijk and 

crossed to the C56BL/6 background. IL15Rα-/- mice (482) were originally 

generated by and obtained from Dr. Averil Ma through Dr. Leo Lefrancois and 

crossed to the C57BL/6 background.  All animal experiments were performed 

according to the institutional guidelines for the care and use of laboratory 

animals. 
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Cell Lines and Treatment in vitro 

MB49-GFP/luciferase murine bladder cancer cells were generously 

donated by Dr. Robert Svatek (the University of Texas Health San Antonio). Cells 

were grown in culture in modified Eagle medium containing 10% fetal bovine 

serum and 1% penicillin/streptomycin. MB49 bladder cancer cells were seeded in 

6-well plates and treated with 0-10,000 IU/mL recombinant murine IFNα (PBL 

Assay Science, Piscataway, NJ). After 24 hours of stimulation, cell death and 

apoptosis were analyzed by a combined PI/Annexin V (APC) assay (Invitrogen 

[Thermo Fisher Scientific], Carlsbad, CA), and analyzed by flow cytometry 

whereby early apoptosis (Annexin+PI-) and late apoptosis (Annexin+PI+) were 

quantified (n=2 biological replicates). UPPL1541 and UPPL1595 cell lines are 

established from a spontaneous primary bladder tumor in an Uroplakin-Cre 

driven PTEN/P53 knockout genetically engineered mouse model and were 

generously provided by Dr. William Kim (UNC Chapel Hill). 

 

Tumor Transplantation 

Mice were injected subcutaneously into the right flank with 1×105 MB49 

bladder cancer cells (1×106 or 1×107 for UPPL1595 and UPPL1541, 

respectively). For analysis of abscopal effect, following primary tumor injection of 

MB49 on right flank, a secondary tumor (1×105 MB49 cells) was injected in the 

left flank 4 days later. Tumor development was monitored by palpation and 

fluorescent imaging with the IVIS Spectrum In Vivo Imaging System and Living 

Image software (PerkinElmer, Waltham, MA). Mice were randomized into 

treatment groups on the basis of fluorescent intensity and palpated tumor size at 
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day 6 after implantation. From day 6 on, tumor size was measured every 3 days 

by caliper and was recorded as Area [L × W] in millimeters. Mice with tumors 

exceeding 20 mm in diameter or with large ulcerations were deemed moribund 

and euthanized. Each point on tumor growth graphs reflects the average area of 

the total starting number of mice per treatment group; graph lines are stopped 

when multiple mice in a group are euthanized. Experiments were performed in 

groups of five or more mice and repeated at least twice. 

 

Treatment of Mouse Tumors and Depletions 

When transplanted bladder tumors became palpable, poly(I:C) (100 µg; 

Invivogen, San Diego, CA) was injected peritumorally beginning on Day 6 or 7 

and continued every 3 days until mice were deemed moribund, or for tumor 

analysis after a total of 2, 3, or 4 treatments as denoted in Figure 8, 17. 

Therapeutic blockade of PD-1 was performed using rat anti-mouse PD-1 mAb 

(200 µg, i.p., clone RMP1-14; BioXcell, West Lebanon, NH) or control-rat IgG 

mAb (200 µg, i.p.; Jackson ImmunoResearch Laboratories Inc., West Grove, PA) 

every 3 days in conjunction with poly(I:C) treatment. Antibody-mediated depletion 

of T cells or natural killer cells was induced with rat anti-mouse Thy1.2 mAB (300 

µg, i.p. clone 30H12; BioXcell), rat anti-mouse CD8 mAb (300µg, i.p. clone 2.43; 

BioXcell), or rat anti-mouse Nk1.1 mAb (300µg, i.p. clone PH136; BioXcell) 

delivered two times, 1 week apart. Ly6G and CSFR1 mAbs (400µg, i.p. clones 

1A8 and AFS98 respectively; BioXcell) were given three times a week until 

mouse morbidity. Greater than 85% depletions of target cells were confirmed by 

flow cytometry of peripheral blood samples taken 1-2 days after Ab treatment. 

Efficiency of cell depletions is represented in Figure 21. All treatments and  
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Figure 21: Efficacy of Immune cell subset depletions. A) mAb depletion of 

Ly6G+ cells; flow plot is of gated lineage-(TCRβ-CD19-NK1.1-)CD11b+ cells. B) 

mAb depletion of CD8 T cells; flow plot is of gated TCRβ+ cells. C) mAb depletion 

of NK cells; flow plot is of gated TCRβ- cells. D) mAb depletion of all T cell 

subsets by Thy1.2 antibody. All samples from peripheral blood. Plots are 

representative of n=5. 
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depletions were performed in Wild-type male C57BL/6J mice, male IL-6KO mice 

(B6.129S2-Il6tm1Kopf/J), and male RAG-/- (B6.129S7-Rag1tm1Mom/J) mice (The 

Jackson Laboratory; Bar Harbor, ME). 

 p53+/- mice (8 weeks old) were treated with 0.25% N-butyl-N-(4-

hydroxybutyl) nitrosamine (BBN) in drinking water for 12 weeks (483). By 16 

weeks mice develop carcinoma-in-situ (CIS) which proceeded to invasive cancer 

by 30 weeks. Mice were treated with LV Ctrl or LV IFN (3X107 virus particles) for 

4 weeks starting at 16 weeks of age (Lentiviral Vectors [LV-Control and LV-IFN] 

provided by FKD Therapies, University of Finland). Excipient SYN3 (1mg/ml) was 

used as vehicle for all treatment. For intravesical treatment, mice were 

anesthetized and mouse urethra was catheterized with 20G angiocatheter and 

after emptying the bladder contents, virus was instilled (100 μl) volume and 

allowed to dwell in the bladder for 40 mins. After instillation of virus, mice were 

allowed to recover and returned to their cages. 

 

T cell Stimulation 

For intracellular cytokine and IFNγ staining, MB49 tumor-infiltrating 

immune cells were isolated by manual homogenization followed by Percoll 

gradient, and plated into 6-well plates coated with anti-CD3 antibody, incubated 

in RPMI with 10% fetal bovine serum with protein transport inhibitors GolgiStop 

and GolgiPlug (2 µg/mL; BD Biosciences, San Jose, CA) for 5 hours (n=4). After 

incubation, cells were stained for surface markers and then fixed and 

permeabilized prior to staining for intracellular proteins.  

 

Murine Cytokine Analysis 
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 Murine cytokines were measured by ELISA: IFNα (PBL VeriKine Mouse 

Interferon Alpha ELISA kit, 42120-1; Piscataway, NJ) and IL-6 (R&D Mouse IL-6 

Quantikine ELISA Kit, M6000B; Minneapolis, MN). Samples were run in duplicate 

and ELISA was performed according to manufacturer instructions. Plates were 

read on Molecular Devices Spectra Max Plus384 plate reader. 

 

Immunohistochemistry and Immunofluorescence Staining 

Mouse tumors were fixed in 10% phosphate-buffered formalin, embedded 

in paraffin, and sectioned by the Research Histology Core Laboratory at The 

University of Texas MD Anderson Cancer Center. Patient tumors were isolated 

and processed according to the phase I trial protocol (66, 408) and obtained from 

MD Anderson. Immunohistochemistry was performed with either rat anti-mouse 

CD31 mAb (SZ31, Dianova, Hamburg, Germany) or rabbit anti-human CD3 pAb 

(A0452, Dako [Agilent], Santa Clara, CA) followed by rabbit-anti rat HRP- or 

goat-anti rabbit HRP–conjugated secondary antibody respectively (Bio-rad 

Laboratories, Hercules, CA) and the DAB peroxidase substrate kit (Vector 

Laboratories, Inc. Burlingame, CA). Sections were then counterstained with 

hematoxylin. Tissue sections were blindly quantified by manual counting. 

Representative areas (2-3) from each CD31 stained section (n=12 in total) with 

most intensive microvessel density was captured under the light microscope at 

200x (Leica). MVD per tumor section was calculated from the average count of 

CD31+ vessels per representative area, averaging total number from n=3 tumors 

per treatment group. Total image length is 384µm. Immunofluorescence was 

performed using rat mAb CD4 (GK1.5, Abcam, Cambridge, MA) and rabbit pAb 
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CD8 antibodies (ab4055, Abcam). Sections were examined with a Nikon 

microscope and camera and processed in ImageJ. 

 

Flow Cytometry 

Tumor-infiltrating immune cells were isolated by manual homogenization 

and digestion of tumors or bladders (BBN-induced), followed by Percoll gradient, 

and stained with fluorochrome-conjugated mAbs specific for mouse surface 

markers CD45, CD44, CD8, CD4, Nk1.1, CD11b, CD11c, Ly6C, Ly6G, CD19, 

TCRβ, F4/80 (BD Biosciences, Ebioscience/Thermo Fisher Scientific) according 

to standard procedures. Intracellular staining (T cell Stimulation) for IFNγ, and 

Ki-67 and granzyme-B was performed after permeabilization of cell membranes 

using the Transcription Factor Staining Buffer Set from eBioscience 

(ThermoFisher).  

Human urine samples were collected and stained for immune and 

epithelial markers for flow cytometry. Briefly, samples were centrifuged at 2000 

RPM, washed with DPBS, and centrifuged at 2000 RPM again. Pellets were 

resuspended in 1mL of DPBS, counted on hemocytometer, and aliquoted to a 

maximum of 106 cells per tube. Samples were then stained with fluorochrome-

conjugated mAbs specific for human markers CD45, cytokeratin, CD8, TCR, 

PD-1, PD-L1 (Thermo Fisher Scientific) according to standard procedures. 

All samples were run on a BD LSRFortessa unit and analyzed by FlowJoX 

software (Flowjo LLC, Ashland, OR). 

 

Reverse Transcriptase PCR 
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Tumor samples were harvested and immediately snap-frozen in liquid 

nitrogen. Total RNA was isolated using the mirVana miRNA isolation kit with 

phenol (Ambion [Thermo Fischer Scientific], Carlsbad, CA) with concentration 

measured on the NanoDrop ND-1000 Spectrophotometer. One-step quantitative 

reverse transcriptase PCR was performed with diluted RNA, AgPath-ID One-step 

reverse transcriptase PCR reagents, and Taqman gene expression assay 

primers (Thermo Fisher Scientific) for the genes indicated, using relative 

expression of GAPDH as a reference gene. Samples were analyzed on the 

StepOnePlus Real-Time PCR System with StepOne Software v2.3 (Applied 

Biosystems [Thermo Fisher Scientific]). 

 

RNA-seq of Murine Tumors 

Stranded Total RNA sequencing was performed by the MD Anderson 

Sequencing and Microarray Facility (SMF) on the Illumina Hi-Seq 4000 platform. 

RNA samples were isolated from MB49 tumors using the mirVana miRNA 

isolation kit with phenol (Ambion [Thermo Fisher Scientific]), confirmed purity and 

concentration by the Agilent 2100 Bioanalyzer (Agilent Technologies [Thermo 

Fisher Scientific]) and Nanodrop ND-1000 Spectrophotometer, and sent to SMF. 

Raw reads in FASTQ format were aligned to the mouse reference genome, 

GRCm38/mm10, using MOSAIK alignment software. Mapped reads were used to 

generate raw counts for each gene using HTSeq. Counts data were normalized 

across samples with DESeq (484) and normalized expression values were 

analyzed by Morpheus matrix visualization and analysis software (Broad 

Institute), Gene Set Enrichment Analysis (GSEA) software (Broad Institute), and 

Ingenuity Pathway Analysis (IPA) software (Qiagen). The up-regulated pathways 
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in GSEA were defined by a normalized enrichment score (NES) >0. Only the top 

20 pathways more enriched in each treatment group were listed. 

 

Urinary Cytokine Analysis 

Frozen patient urines collected from baseline Day 1 (D1) pre-treatment, 

and Day 4 and Day 12 (D4, D12) post treatment of Phase I and II clinical trials 

with Instiladrin (Ad-IFNα/Syn3) by the SUOCTC working group were thawed and 

diluted before analysis with the Bio-Plex ProTM Cytokine, Chemokine, and Growth 

Factor Assay Kit (Bio-Rad Laboratories, Inc., Hercules, CA). We utilized antibody 

targets from the Human Cytokine Standard Groups I and II. Samples were run in 

duplicate and the plate was read with Bio-Plex ManagerTM software (Bio-Rad 

Laboratories, Inc) in the MD Anderson Department of Surgery. Observed 

concentration was log2 transformed, and graphed with baseline corrected to Day 

1 levels of each cytokine. Patients with undetectable levels of cytokines were left 

out of analyses. Assessment: of the 39 total patients, 13 were deemed as 

“responders” (CR) as defined by no evidence of recurrence of a high grade tumor 

by cystoscopy, cytology, or if clinically indicated, biopsy at 12 months. The other 

26 patients were deemed “non-responders” (NR). Correlation between IFNa2 

levels and other cytokines were deemed as moderately positive if r > 0.5 and 

strongly positive if r >0.7. Positive correlation was considered statistically 

significant if p value <0.05. 

 

Analyses of Gene Expression for Patients Treated with Ad-IFNα 

RNA isolation  
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The tumor areas in formalin fixed, paraffin-embedded (FFPE) human 

specimens from the Phase I, Ib, and II trials with Instiladrin (Ad-IFNα/Syn3) were 

reviewed by a genitourinary pathologist.  Total RNA from 8 matched (16 total) 

FFPE tumors was isolated using the High Pure miRNA isolation kit (Roche, 

Indianapolis, IN) according to the manufacturer’s instructions. Briefly, for the 

deparaffinization, five to ten (depending on the tumor area) 10 µm sections were 

incubated with xylene for 5 minutes, followed by two ethanol washes and dried 

for 10 minutes at 55°C. The dried tissues were incubated with proteinase K for 3 

hours at 55°C degree, followed by two washes according to the instructions of 

the manufacturer. RNA was eluted with water and treated with DNAse for 30 

mins at 37°C. DNAse treated RNA was washed twice according to the with 

manufacturer’s instructions and eluted with water. RNA purity and integrity was 

measured by NanoDrop ND-1000 and Agilent 2100 Bioanalyzer and only high 

quality RNA was used for library preparation. 

Library preparation and sequencing 

Whole transcriptome RNA sequencing was performed using Ion Torrent’s 

AmpliseqRNA platform (Thermo Fisher Scientific) and an Ion Proton sequencer 

(Thermo Fisher Scientific). Twenty nanograms of purified RNA was transcribed 

into cDNA using the SuperScript® VILO™ kit. Then cDNA was amplified using 

the Ion Ampliseq Transcriptome Human Gene Expression Core panel, followed 

by ligation of adapters and barcodes to amplicons and purification. Purified 

libraries were quantified using the Ion Library Quantification kit (Thermo Fisher 

Scientific) according to the manufacturer’s instructions. Libraries were diluted to 

100 pM and pooled in sets of 8. Pooled libraries were amplified on Ion SphereTM 

particles (ISP) using emulsion PCR and enriched on the IonChef (Thermo Fisher 
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Scientific). Template positive ISPs were loaded into Ion PI chips and run on the 

Proton instrument in the Genomics Core in the Department of Urology at The 

University of Texas MD Anderson Cancer Center. 

Bioinformatics Analysis 

RNA-Seq gene expression analysis: Primary analysis of RNA sequencing 

data was performed using AmpliSeqRNA analysis plugin in the Torrent Suite 

Software. This plugin aligned the raw sequence reads to a human reference 

genome that contains 20,802 RefSeq transcripts (hg19 Ampliseq 

Transcriptome_ERCC_V1.fasta) using the Torrent Mapping Alignment Program 

(TMAP). Then, the number of reads mapped per gene will be counted to 

generate raw counts files and normalized reads per gene per million mapped 

reads (RPM) files. To visualize expression patterns, log ratios of POST/PRE 

gene expression of matched tumors were used for hierarchical clustering with 

Cluster and TreeView (485), or log2 normalized expression values were analyzed 

by Morpheus matrix visualization and analysis software (Broad Institute). 

Assessment: of the 8 total patients analyzed, none were classified as 

“responders” (CR) as defined by no evidence of recurrence of a high grade tumor 

by cystoscopy, cytology, or if clinically indicated, biopsy at 12 months. 

 

Statistical Analyses 

Statistical analyses of experimental results were evaluated with the 

GraphPad Prism 7 software. Two-tailed Student t tests, log-rank analyses, or 

multiple unpaired t tests were performed using averaged treatment group 

measurements at any one time point, as indicated. One way ANOVA with 

multiple comparisons was used for patient urine samples for each cytokine. 
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Results were considered statistically significant when *, P < 0.05; ** P <0.01; *** 

P<0.001. 

 
  



 145 

Bibliography 

1. Sudhakar, A. 2009. History of Cancer, Ancient and Modern Treatment 

Methods. J Cancer Sci Ther 1: 1-4. 

2. Bray, F., J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre, and A. Jemal. 

2018. Global cancer statistics 2018: GLOBOCAN estimates of incidence and 

mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin 68: 

394-424. 

3. Siegel, R. L., K. D. Miller, and A. Jemal. 2019. Cancer statistics, 2019. CA 

Cancer J Clin 69: 7-34. 

4. Cumberbatch, M. G. K., I. Jubber, P. C. Black, F. Esperto, J. D. Figueroa, A. 

M. Kamat, L. Kiemeney, Y. Lotan, K. Pang, D. T. Silverman, A. Znaor, and J. 

W. F. Catto. 2018. Epidemiology of Bladder Cancer: A Systematic Review 

and Contemporary Update of Risk Factors in 2018. Eur Urol 74: 784-795. 

5. Sanli, O., J. Dobruch, M. A. Knowles, M. Burger, M. Alemozaffar, M. E. 

Nielsen, and Y. Lotan. 2017. Bladder cancer. Nature reviews. Disease 

primers 3: 17022. 

6. Sylvester, R. J., M. A. van der, and D. L. Lamm. 2002. Intravesical bacillus 

Calmette-Guerin reduces the risk of progression in patients with superficial 

bladder cancer: a meta-analysis of the published results of randomized 

clinical trials. The Journal of urology 168: 1964-1970. 

7. Alfred Witjes, J., T. Lebret, E. M. Comperat, N. C. Cowan, M. De Santis, H. 

M. Bruins, V. Hernandez, E. L. Espinos, J. Dunn, M. Rouanne, Y. Neuzillet, E. 

Veskimae, A. G. van der Heijden, G. Gakis, and M. J. Ribal. 2017. Updated 

2016 EAU Guidelines on Muscle-invasive and Metastatic Bladder Cancer. Eur 

Urol 71: 462-475. 



 146 

8. Stein, J. P., G. Lieskovsky, R. Cote, S. Groshen, A. C. Feng, S. Boyd, E. 

Skinner, B. Bochner, D. Thangathurai, M. Mikhail, D. Raghavan, and D. G. 

Skinner. 2001. Radical cystectomy in the treatment of invasive bladder 

cancer: long-term results in 1,054 patients. J Clin Oncol 19: 666-675. 

9. Knowles, M. A., and C. D. Hurst. 2015. Molecular biology of bladder cancer: 

new insights into pathogenesis and clinical diversity. Nat Rev Cancer 15: 25-

41. 

10. Donat, S. M. 2003. Evaluation and follow-up strategies for superficial bladder 

cancer. Urol Clin North Am 30: 765-776. 

11. Guzzo, T. J., and D. J. Vaughn. 2016. Management of Metastatic and 

Invasive Bladder Cancer. In Campbell-Walsh Urology, 11 ed. A. J. Wein, L. R. 

Kavoussi, A. W. Partin, and C. Peters, eds. Elsevier, Philadelphia, PA. 

12. van Oers, J. M., C. Adam, S. Denzinger, R. Stoehr, S. Bertz, D. Zaak, C. 

Stief, F. Hofstaedter, E. C. Zwarthoff, T. H. van der Kwast, R. Knuechel, and 

A. Hartmann. 2006. Chromosome 9 deletions are more frequent than FGFR3 

mutations in flat urothelial hyperplasias of the bladder. Int J Cancer 119: 

1212-1215. 

13. van Rhijn, B. W., R. Montironi, E. C. Zwarthoff, A. C. Jobsis, and T. H. van 

der Kwast. 2002. Frequent FGFR3 mutations in urothelial papilloma. J Pathol 

198: 245-251. 

14. Simoneau, M., T. O. Aboulkassim, H. LaRue, F. Rousseau, and Y. Fradet. 

1999. Four tumor suppressor loci on chromosome 9q in bladder cancer: 

evidence for two novel candidate regions at 9q22.3 and 9q31. Oncogene 18: 

157-163. 



 147 

15. Chandrasekar, T., A. Erlich, and A. R. Zlotta. 2018. Molecular 

Characterization of Bladder Cancer. Curr Urol Rep 19: 107. 

16. di Martino, E., C. G. L'Hote, W. Kennedy, D. C. Tomlinson, and M. A. 

Knowles. 2009. Mutant fibroblast growth factor receptor 3 induces intracellular 

signaling and cellular transformation in a cell type- and mutation-specific 

manner. Oncogene 28: 4306-4316. 

17. Nordentoft, I., P. Lamy, K. Birkenkamp-Demtroder, K. Shumansky, S. Vang, 

H. Hornshoj, M. Juul, P. Villesen, J. Hedegaard, A. Roth, K. Thorsen, S. 

Hoyer, M. Borre, T. Reinert, N. Fristrup, L. Dyrskjot, S. Shah, J. S. Pedersen, 

and T. F. Orntoft. 2014. Mutational context and diverse clonal development in 

early and late bladder cancer. Cell Rep 7: 1649-1663. 

18. Cancer Genome Atlas Research, N. 2014. Comprehensive molecular 

characterization of urothelial bladder carcinoma. Nature 507: 315-322. 

19. Gui, Y., G. Guo, Y. Huang, X. Hu, A. Tang, S. Gao, R. Wu, C. Chen, X. Li, L. 

Zhou, M. He, Z. Li, X. Sun, W. Jia, J. Chen, S. Yang, F. Zhou, X. Zhao, S. 

Wan, R. Ye, C. Liang, Z. Liu, P. Huang, C. Liu, H. Jiang, Y. Wang, H. Zheng, 

L. Sun, X. Liu, Z. Jiang, D. Feng, J. Chen, S. Wu, J. Zou, Z. Zhang, R. Yang, 

J. Zhao, C. Xu, W. Yin, Z. Guan, J. Ye, H. Zhang, J. Li, K. Kristiansen, M. L. 

Nickerson, D. Theodorescu, Y. Li, X. Zhang, S. Li, J. Wang, H. Yang, J. 

Wang, and Z. Cai. 2011. Frequent mutations of chromatin remodeling genes 

in transitional cell carcinoma of the bladder. Nat Genet 43: 875-878. 

20. Al Hussain, T. O., and M. Akhtar. 2013. Molecular basis of urinary bladder 

cancer. Adv Anat Pathol 20: 53-60. 

21. Sjodahl, G., M. Lauss, K. Lovgren, G. Chebil, S. Gudjonsson, S. Veerla, O. 

Patschan, M. Aine, M. Ferno, M. Ringner, W. Mansson, F. Liedberg, D. 



 148 

Lindgren, and M. Hoglund. 2012. A molecular taxonomy for urothelial 

carcinoma. Clin Cancer Res 18: 3377-3386. 

22. Damrauer, J. S., K. A. Hoadley, D. D. Chism, C. Fan, C. J. Tiganelli, S. E. 

Wobker, J. J. Yeh, M. I. Milowsky, G. Iyer, J. S. Parker, and W. Y. Kim. 2014. 

Intrinsic subtypes of high-grade bladder cancer reflect the hallmarks of breast 

cancer biology. Proc Natl Acad Sci U S A 111: 3110-3115. 

23. Choi, W., S. Porten, S. Kim, D. Willis, E. R. Plimack, J. Hoffman-Censits, B. 

Roth, T. Cheng, M. Tran, I. L. Lee, J. Melquist, J. Bondaruk, T. Majewski, S. 

Zhang, S. Pretzsch, K. Baggerly, A. Siefker-Radtke, B. Czerniak, C. P. 

Dinney, and D. J. McConkey. 2014. Identification of distinct basal and luminal 

subtypes of muscle-invasive bladder cancer with different sensitivities to 

frontline chemotherapy. Cancer Cell 25: 152-165. 

24. McConkey, D. J., and W. Choi. 2018. Molecular Subtypes of Bladder Cancer. 

Curr Oncol Rep 20: 77. 

25. Kardos, J., S. Chai, L. E. Mose, S. R. Selitsky, B. Krishnan, R. Saito, M. D. 

Iglesia, M. I. Milowsky, J. S. Parker, W. Y. Kim, and B. G. Vincent. 2016. 

Claudin-low bladder tumors are immune infiltrated and actively immune 

suppressed. JCI insight 1: e85902. 

26. Hedegaard, J., P. Lamy, I. Nordentoft, F. Algaba, S. Hoyer, B. P. Ulhoi, S. 

Vang, T. Reinert, G. G. Hermann, K. Mogensen, M. B. H. Thomsen, M. M. 

Nielsen, M. Marquez, U. Segersten, M. Aine, M. Hoglund, K. Birkenkamp-

Demtroder, N. Fristrup, M. Borre, A. Hartmann, R. Stohr, S. Wach, B. Keck, 

A. K. Seitz, R. Nawroth, T. Maurer, C. Tulic, T. Simic, K. Junker, M. 

Horstmann, N. Harving, A. C. Petersen, M. L. Calle, E. W. Steyerberg, W. 

Beukers, K. E. M. van Kessel, J. B. Jensen, J. S. Pedersen, P. U. Malmstrom, 



 149 

N. Malats, F. X. Real, E. C. Zwarthoff, T. F. Orntoft, and L. Dyrskjot. 2016. 

Comprehensive Transcriptional Analysis of Early-Stage Urothelial Carcinoma. 

Cancer Cell 30: 27-42. 

27. Sjodahl, G., K. Lovgren, M. Lauss, O. Patschan, S. Gudjonsson, G. Chebil, 

M. Aine, P. Eriksson, W. Mansson, D. Lindgren, M. Ferno, F. Liedberg, and 

M. Hoglund. 2013. Toward a molecular pathologic classification of urothelial 

carcinoma. Am J Pathol 183: 681-691. 

28. Dadhania, V., M. Zhang, L. Zhang, J. Bondaruk, T. Majewski, A. Siefker-

Radtke, C. C. Guo, C. Dinney, D. E. Cogdell, S. Zhang, S. Lee, J. G. Lee, J. 

N. Weinstein, K. Baggerly, D. McConkey, and B. Czerniak. 2016. Meta-

Analysis of the Luminal and Basal Subtypes of Bladder Cancer and the 

Identification of Signature Immunohistochemical Markers for Clinical Use. 

EBioMedicine 12: 105-117. 

29. Seiler, R., H. A. D. Ashab, N. Erho, B. W. G. van Rhijn, B. Winters, J. 

Douglas, K. E. Van Kessel, E. E. Fransen van de Putte, M. Sommerlad, N. Q. 

Wang, V. Choeurng, E. A. Gibb, B. Palmer-Aronsten, L. L. Lam, C. Buerki, E. 

Davicioni, G. Sjodahl, J. Kardos, K. A. Hoadley, S. P. Lerner, D. J. 

McConkey, W. Choi, W. Y. Kim, B. Kiss, G. N. Thalmann, T. Todenhofer, S. 

J. Crabb, S. North, E. C. Zwarthoff, J. L. Boormans, J. Wright, M. Dall'Era, M. 

S. van der Heijden, and P. C. Black. 2017. Impact of Molecular Subtypes in 

Muscle-invasive Bladder Cancer on Predicting Response and Survival after 

Neoadjuvant Chemotherapy. Eur Urol 72: 544-554. 

30. Warrick, J. I., G. Sjodahl, M. Kaag, J. D. Raman, S. Merrill, L. Shuman, G. 

Chen, V. Walter, and D. J. DeGraff. 2019. Intratumoral Heterogeneity of 



 150 

Bladder Cancer by Molecular Subtypes and Histologic Variants. Eur Urol 75: 

18-22. 

31. Sjodahl, G., C. L. Jackson, J. M. Bartlett, D. R. Siemens, and D. M. Berman. 

2019. Molecular profiling in muscle-invasive bladder cancer: more than the 

sum of its parts. J Pathol 247: 563-573. 

32. Davis, R., J. S. Jones, D. A. Barocas, E. P. Castle, E. K. Lang, R. J. Leveillee, 

E. M. Messing, S. D. Miller, A. C. Peterson, T. M. Turk, W. Weitzel, and A. 

American Urological. 2012. Diagnosis, evaluation and follow-up of 

asymptomatic microhematuria (AMH) in adults: AUA guideline. J Urol 188: 

2473-2481. 

33. Jones, J. S. 2016. Non-Muscle-Invasive Bladder Cancer (Ta, T1, and CIS). In 

Campbell-Walsh Urology, 11 ed. A. J. Wein, L. R. Kavoussi, A. W. Partin, and 

C. Peters, eds. Elsevier, Philadelphia, PA. 

34. Planz, B., E. Jochims, T. Deix, H. P. Caspers, G. Jakse, and A. Boecking. 

2005. The role of urinary cytology for detection of bladder cancer. Eur J Surg 

Oncol 31: 304-308. 

35. Babjuk, M., A. Bohle, M. Burger, O. Capoun, D. Cohen, E. M. Comperat, V. 

Hernandez, E. Kaasinen, J. Palou, M. Roupret, B. W. van Rhijn, S. F. Shariat, 

V. Soukup, R. J. Sylvester, and R. Zigeuner. 2017. EAU Guidelines on Non-

Muscle-invasive Urothelial Carcinoma of the Bladder: Update 2016. Eur Urol 

71: 447-461. 

36. Humphrey, P. A., H. Moch, A. L. Cubilla, T. M. Ulbright, and V. E. Reuter. 

2016. The 2016 WHO Classification of Tumours of the Urinary System and 

Male Genital Organs-Part B: Prostate and Bladder Tumours. Eur Urol 70: 

106-119. 



 151 

37. Althausen, A. F., G. R. Prout, Jr., and J. J. Daly. 1976. Non-invasive papillary 

carcinoma of the bladder associated with carcinoma in situ. J Urol 116: 575-

580. 

38. Foundation, U. C. 2019. Muscle Invasive Bladder Cancer. A. U. Association, 

ed. 

39. Galsky, M. D., K. Stensland, J. P. Sfakianos, R. Mehrazin, M. Diefenbach, N. 

Mohamed, C. K. Tsao, P. Boffetta, P. Wiklund, W. K. Oh, M. Mazumdar, and 

B. Ferket. 2016. Comparative Effectiveness of Treatment Strategies for 

Bladder Cancer With Clinical Evidence of Regional Lymph Node Involvement. 

J Clin Oncol 34: 2627-2635. 

40. Ge, P., L. Wang, M. Lu, L. Mao, W. Li, R. Wen, J. Lin, J. Wang, and J. Chen. 

2018. Oncological Outcome of Primary and Secondary Muscle-Invasive 

Bladder Cancer: A Systematic Review and Meta-analysis. Sci Rep 8: 7543. 

41. Power, N. E., and J. Izawa. 2016. Comparison of Guidelines on Non-Muscle 

Invasive Bladder Cancer (EAU, CUA, AUA, NCCN, NICE). Bladder Cancer 2: 

27-36. 

42. Chang, S. S., S. A. Boorjian, R. Chou, P. E. Clark, S. Daneshmand, B. R. 

Konety, R. Pruthi, D. Z. Quale, C. R. Ritch, J. D. Seigne, E. C. Skinner, N. D. 

Smith, and J. M. McKiernan. 2016. Diagnosis and Treatment of Non-Muscle 

Invasive Bladder Cancer: AUA/SUO Guideline. J Urol 196: 1021-1029. 

43. Holzbeierlein, J. M., and J. A. Smith, Jr. 2000. Surgical management of 

noninvasive bladder cancer (stages Ta/T1/CIS). Urol Clin North Am 27: 15-

24, vii-viii. 

44. Svatek, R. S., S. F. Shariat, G. Novara, E. C. Skinner, Y. Fradet, P. J. 

Bastian, A. M. Kamat, W. Kassouf, P. I. Karakiewicz, H. M. Fritsche, J. I. 



 152 

Izawa, D. Tilki, V. Ficarra, B. G. Volkmer, H. Isbarn, and C. P. Dinney. 2011. 

Discrepancy between clinical and pathological stage: external validation of 

the impact on prognosis in an international radical cystectomy cohort. BJU Int 

107: 898-904. 

45. Herr, H. W. 2015. Role of Repeat Resection in Non-Muscle-Invasive Bladder 

Cancer. J Natl Compr Canc Netw 13: 1041-1046. 

46. Divrik, R. T., U. Yildirim, F. Zorlu, and H. Ozen. 2006. The effect of repeat 

transurethral resection on recurrence and progression rates in patients with 

T1 tumors of the bladder who received intravesical mitomycin: a prospective, 

randomized clinical trial. J Urol 175: 1641-1644. 

47. Divrik, R. T., A. F. Sahin, U. Yildirim, M. Altok, and F. Zorlu. 2010. Impact of 

routine second transurethral resection on the long-term outcome of patients 

with newly diagnosed pT1 urothelial carcinoma with respect to recurrence, 

progression rate, and disease-specific survival: a prospective randomised 

clinical trial. Eur Urol 58: 185-190. 

48. Miki, M., H. Shiozawa, T. Matsumoto, and T. Aizawa. 2003. [Transurethral 

resection in saline (TURis): a newly developed TUR system preventing 

obturator nerve reflex]. Nihon Hinyokika Gakkai Zasshi 94: 671-677. 

49. Morales, A., D. Eidinger, and A. W. Bruce. 1976. Intracavitary Bacillus 

Calmette-Guerin in the treatment of superficial bladder tumors. J Urol 116: 

180-183. 

50. Brosman, S. A. 1982. Experience with bacillus Calmette-Guerin in patients 

with superficial bladder carcinoma. J Urol 128: 27-30. 

51. Shen, Z., T. Shen, M. G. Wientjes, M. A. O'Donnell, and J. L. Au. 2008. 

Intravesical treatments of bladder cancer: review. Pharm Res 25: 1500-1510. 



 153 

52. Bohle, A., and S. Brandau. 2003. Immune mechanisms in bacillus Calmette-

Guerin immunotherapy for superficial bladder cancer. J Urol 170: 964-969. 

53. Sylvester, R. J., A. P. van der Meijden, J. A. Witjes, and K. Kurth. 2005. 

Bacillus calmette-guerin versus chemotherapy for the intravesical treatment of 

patients with carcinoma in situ of the bladder: a meta-analysis of the 

published results of randomized clinical trials. J Urol 174: 86-91; discussion 

91-82. 

54. Kamat, A. M., R. J. Sylvester, A. Bohle, J. Palou, D. L. Lamm, M. Brausi, M. 

Soloway, R. Persad, R. Buckley, M. Colombel, and J. A. Witjes. 2016. 

Definitions, End Points, and Clinical Trial Designs for Non-Muscle-Invasive 

Bladder Cancer: Recommendations From the International Bladder Cancer 

Group. Journal of clinical oncology : official journal of the American Society of 

Clinical Oncology 34: 1935-1944. 

55. Yates, D. R., M. A. Brausi, J. W. Catto, G. Dalbagni, M. Roupret, S. F. 

Shariat, R. J. Sylvester, J. A. Witjes, A. R. Zlotta, and J. Palou-Redorta. 2012. 

Treatment options available for bacillus Calmette-Guerin failure in non-

muscle-invasive bladder cancer. Eur Urol 62: 1088-1096. 

56. World Health Organization Consensus Conference on Bladder, C., R. E. 

Hautmann, H. Abol-Enein, K. Hafez, I. Haro, W. Mansson, R. D. Mills, J. D. 

Montie, A. I. Sagalowsky, J. P. Stein, A. Stenzl, U. E. Studer, and B. G. 

Volkmer. 2007. Urinary diversion. Urology 69: 17-49. 

57. Yuh, B. E., N. Ruel, T. G. Wilson, N. Vogelzang, and S. K. Pal. 2013. Pooled 

analysis of clinical outcomes with neoadjuvant cisplatin and gemcitabine 

chemotherapy for muscle invasive bladder cancer. J Urol 189: 1682-1686. 



 154 

58. Leow, J. J., W. Martin-Doyle, P. S. Rajagopal, C. G. Patel, E. M. Anderson, A. 

T. Rothman, R. J. Cote, Y. Urun, S. L. Chang, T. K. Choueiri, and J. Bellmunt. 

2014. Adjuvant chemotherapy for invasive bladder cancer: a 2013 updated 

systematic review and meta-analysis of randomized trials. Eur Urol 66: 42-54. 

59. Alimohamed, N. S., and S. S. Sridhar. 2015. Options in metastatic urothelial 

cancer after first-line therapy. Curr Opin Support Palliat Care 9: 255-260. 

60. Bellmunt, J., H. von der Maase, G. M. Mead, I. Skoneczna, M. De Santis, G. 

Daugaard, A. Boehle, C. Chevreau, L. Paz-Ares, L. R. Laufman, E. Winquist, 

D. Raghavan, S. Marreaud, S. Collette, R. Sylvester, and R. de Wit. 2012. 

Randomized phase III study comparing paclitaxel/cisplatin/gemcitabine and 

gemcitabine/cisplatin in patients with locally advanced or metastatic urothelial 

cancer without prior systemic therapy: EORTC Intergroup Study 30987. J Clin 

Oncol 30: 1107-1113. 

61. James, N. D., S. A. Hussain, E. Hall, P. Jenkins, J. Tremlett, C. Rawlings, M. 

Crundwell, B. Sizer, T. Sreenivasan, C. Hendron, R. Lewis, R. Waters, R. A. 

Huddart, and B. C. Investigators. 2012. Radiotherapy with or without 

chemotherapy in muscle-invasive bladder cancer. N Engl J Med 366: 1477-

1488. 

62. Ploussard, G., S. Daneshmand, J. A. Efstathiou, H. W. Herr, N. D. James, C. 

M. Rodel, S. F. Shariat, W. U. Shipley, C. N. Sternberg, G. N. Thalmann, and 

W. Kassouf. 2014. Critical analysis of bladder sparing with trimodal therapy in 

muscle-invasive bladder cancer: a systematic review. Eur Urol 66: 120-137. 

63. Davarpanah, N. N., A. Yuno, J. B. Trepel, and A. B. Apolo. 2017. 

Immunotherapy: a new treatment paradigm in bladder cancer. Current opinion 

in oncology. 



 155 

64. Fukuhara, H., Y. Ino, and T. Todo. 2016. Oncolytic virus therapy: A new era 

of cancer treatment at dawn. Cancer Sci 107: 1373-1379. 

65. Adam, L., P. C. Black, W. Kassouf, B. Eve, D. McConkey, M. F. Munsell, W. 

F. Benedict, and C. P. Dinney. 2007. Adenoviral mediated interferon-alpha 2b 

gene therapy suppresses the pro-angiogenic effect of vascular endothelial 

growth factor in superficial bladder cancer. The Journal of urology 177: 1900-

1906. 

66. Dinney, C. P., M. B. Fisher, N. Navai, M. A. O'Donnell, D. Cutler, A. Abraham, 

S. Young, B. Hutchins, M. Caceres, N. Kishnani, G. Sode, C. Cullen, G. 

Zhang, H. B. Grossman, A. M. Kamat, M. Gonzales, M. Kincaid, N. Ainslie, D. 

C. Maneval, M. F. Wszolek, and W. F. Benedict. 2013. Phase I trial of 

intravesical recombinant adenovirus mediated interferon-alpha2b formulated 

in Syn3 for Bacillus Calmette-Guerin failures in nonmuscle invasive bladder 

cancer. J Urol 190: 850-856. 

67. Shore, N. D., S. A. Boorjian, D. J. Canter, K. Ogan, L. I. Karsh, T. M. Downs, 

L. G. Gomella, A. M. Kamat, Y. Lotan, R. S. Svatek, T. J. Bivalacqua, R. L. 

Grubb, 3rd, T. L. Krupski, S. P. Lerner, M. E. Woods, B. A. Inman, M. I. 

Milowsky, A. Boyd, F. P. Treasure, G. Gregory, D. G. Sawutz, S. Yla-

Herttuala, N. R. Parker, and C. P. N. Dinney. 2017. Intravesical rAd-

IFNalpha/Syn3 for Patients With High-Grade, Bacillus Calmette-Guerin-

Refractory or Relapsed Non-Muscle-Invasive Bladder Cancer: A Phase II 

Randomized Study. J Clin Oncol 35: 3410-3416. 

68. Dalbagni, G., P. Russo, J. Sheinfeld, M. Mazumdar, W. Tong, F. Rabbani, M. 

S. Donat, H. W. Herr, P. Sogani, D. dePalma, and D. Bajorin. 2002. Phase I 



 156 

trial of intravesical gemcitabine in bacillus Calmette-Guerin-refractory 

transitional-cell carcinoma of the bladder. J Clin Oncol 20: 3193-3198. 

69. von Rundstedt, F. C., and S. P. Lerner. 2015. Bacille-Calmette-Guerin non-

responders: how to manage. Translational andrology and urology 4: 244-253. 

70. Zlotta, A. R., N. E. Fleshner, and M. A. Jewett. 2009. The management of 

BCG failure in non-muscle-invasive bladder cancer: an update. Can Urol 

Assoc J 3: S199-205. 

71. Yafi, F. A., F. Brimo, J. Steinberg, A. G. Aprikian, S. Tanguay, and W. 

Kassouf. 2015. Prospective analysis of sensitivity and specificity of urinary 

cytology and other urinary biomarkers for bladder cancer. Urol Oncol 33: 66 

e25-31. 

72. Santoni, G., M. B. Morelli, C. Amantini, and N. Battelli. 2018. Urinary Markers 

in Bladder Cancer: An Update. Front Oncol 8: 362. 

73. Hajdinjak, T. 2008. UroVysion FISH test for detecting urothelial cancers: 

meta-analysis of diagnostic accuracy and comparison with urinary cytology 

testing. Urol Oncol 26: 646-651. 

74. Di Meo, A., M. D. Pasic, and G. M. Yousef. 2016. Proteomics and 

peptidomics: moving toward precision medicine in urological malignancies. 

Oncotarget 7: 52460-52474. 

75. Christensen, E., K. Birkenkamp-Demtroder, I. Nordentoft, S. Hoyer, K. van 

der Keur, K. van Kessel, E. Zwarthoff, M. Agerbaek, T. F. Orntoft, J. B. 

Jensen, and L. Dyrskjot. 2017. Liquid Biopsy Analysis of FGFR3 and PIK3CA 

Hotspot Mutations for Disease Surveillance in Bladder Cancer. Eur Urol 71: 

961-969. 



 157 

76. Kinde, I., E. Munari, S. F. Faraj, R. H. Hruban, M. Schoenberg, T. Bivalacqua, 

M. Allaf, S. Springer, Y. Wang, L. A. Diaz, Jr., K. W. Kinzler, B. Vogelstein, N. 

Papadopoulos, and G. J. Netto. 2013. TERT promoter mutations occur early 

in urothelial neoplasia and are biomarkers of early disease and disease 

recurrence in urine. Cancer Res 73: 7162-7167. 

77. Renard, I., S. Joniau, B. van Cleynenbreugel, C. Collette, C. Naome, I. 

Vlassenbroeck, H. Nicolas, J. de Leval, J. Straub, W. Van Criekinge, W. 

Hamida, M. Hellel, A. Thomas, L. de Leval, K. Bierau, and D. Waltregny. 

2010. Identification and validation of the methylated TWIST1 and NID2 genes 

through real-time methylation-specific polymerase chain reaction assays for 

the noninvasive detection of primary bladder cancer in urine samples. Eur 

Urol 58: 96-104. 

78. Roperch, J. P., B. Grandchamp, F. Desgrandchamps, P. Mongiat-Artus, V. 

Ravery, I. Ouzaid, M. Roupret, V. Phe, C. Ciofu, F. Tubach, O. Cussenot, and 

R. Incitti. 2016. Promoter hypermethylation of HS3ST2, SEPTIN9 and SLIT2 

combined with FGFR3 mutations as a sensitive/specific urinary assay for 

diagnosis and surveillance in patients with low or high-risk non-muscle-

invasive bladder cancer. BMC Cancer 16: 704. 

79. Mbeutcha, A., I. Lucca, R. Mathieu, Y. Lotan, and S. F. Shariat. 2016. Current 

Status of Urinary Biomarkers for Detection and Surveillance of Bladder 

Cancer. Urol Clin North Am 43: 47-62. 

80. van der Aa, M. N., E. W. Steyerberg, C. Bangma, B. W. van Rhijn, E. C. 

Zwarthoff, and T. H. van der Kwast. 2010. Cystoscopy revisited as the gold 

standard for detecting bladder cancer recurrence: diagnostic review bias in 

the randomized, prospective CEFUB trial. J Urol 183: 76-80. 



 158 

81. Passoni, N. M., S. F. Shariat, A. Bagrodia, F. Francis, V. Rachakonda, E. 

Xylinas, P. Kapur, A. I. Sagalowsky, and Y. Lotan. 2016. Concordance in 

Biomarker Status Between Bladder Tumors at Time of Transurethral 

Resection and Subsequent Radical Cystectomy: Results of a 5-year 

Prospective Study. Bladder Cancer 2: 91-99. 

82. Kamat, A. M., J. Briggman, D. L. Urbauer, R. Svatek, G. M. Nogueras 

Gonzalez, R. Anderson, H. B. Grossman, F. Prat, and C. P. Dinney. 2016. 

Cytokine Panel for Response to Intravesical Therapy (CyPRIT): Nomogram of 

Changes in Urinary Cytokine Levels Predicts Patient Response to Bacillus 

Calmette-Guerin. Eur Urol 69: 197-200. 

83. Mitchell, P. J., J. Welton, J. Staffurth, J. Court, M. D. Mason, Z. Tabi, and A. 

Clayton. 2009. Can urinary exosomes act as treatment response markers in 

prostate cancer? J Transl Med 7: 4. 

84. Alameddine, M., O. Kineish, and C. Ritch. 2018. Predicting Response to 

Intravesical Therapy in Non-muscle-invasive Bladder Cancer. Eur Urol Focus 

4: 494-502. 

85. Travis, J. 2009. Origins. On the origin of the immune system. Science 324: 

580-582. 

86. Tian, T., S. Olson, J. M. Whitacre, and A. Harding. 2011. The origins of 

cancer robustness and evolvability. Integr Biol (Camb) 3: 17-30. 

87. Chen, D. S., and I. Mellman. 2013. Oncology meets immunology: the cancer-

immunity cycle. Immunity 39: 1-10. 

88. Dunn, G. P., A. T. Bruce, H. Ikeda, L. J. Old, and R. D. Schreiber. 2002. 

Cancer immunoediting: from immunosurveillance to tumor escape. Nat 

Immunol 3: 991-998. 



 159 

89. Mellman, I., G. Coukos, and G. Dranoff. 2011. Cancer immunotherapy comes 

of age. Nature 480: 480-489. 

90. Chen, D. S., and I. Mellman. 2017. Elements of cancer immunity and the 

cancer-immune set point. Nature 541: 321-330. 

91. Parkin, J., and B. Cohen. 2001. An overview of the immune system. Lancet 

357: 1777-1789. 

92. Chaplin, D. D. 2010. Overview of the immune response. J Allergy Clin 

Immunol 125: S3-23. 

93. Janeway, C. A., Jr. 1989. Approaching the asymptote? Evolution and 

revolution in immunology. Cold Spring Harb Symp Quant Biol 54 Pt 1: 1-13. 

94. Akira, S., S. Uematsu, and O. Takeuchi. 2006. Pathogen recognition and 

innate immunity. Cell 124: 783-801. 

95. Fitzgerald, K. A., E. M. Palsson-McDermott, A. G. Bowie, C. A. Jefferies, A. S. 

Mansell, G. Brady, E. Brint, A. Dunne, P. Gray, M. T. Harte, D. McMurray, D. 

E. Smith, J. E. Sims, T. A. Bird, and L. A. O'Neill. 2001. Mal (MyD88-adapter-

like) is required for Toll-like receptor-4 signal transduction. Nature 413: 78-83. 

96. Yamamoto, M., S. Sato, H. Hemmi, K. Hoshino, T. Kaisho, H. Sanjo, O. 

Takeuchi, M. Sugiyama, M. Okabe, K. Takeda, and S. Akira. 2003. Role of 

adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway. 

Science 301: 640-643. 

97. Adams, S. 2009. Toll-like receptor agonists in cancer therapy. 

Immunotherapy 1: 949-964. 

98. Kumar, H., T. Kawai, and S. Akira. 2011. Pathogen recognition by the innate 

immune system. Int Rev Immunol 30: 16-34. 



 160 

99. Martinon, F., A. Mayor, and J. Tschopp. 2009. The inflammasomes: 

guardians of the body. Annu Rev Immunol 27: 229-265. 

100. Caruso, R., N. Warner, N. Inohara, and G. Nunez. 2014. NOD1 and 

NOD2: signaling, host defense, and inflammatory disease. Immunity 41: 898-

908. 

101. Guo, H., J. B. Callaway, and J. P. Ting. 2015. Inflammasomes: 

mechanism of action, role in disease, and therapeutics. Nat Med 21: 677-687. 

102. Iwasaki, A., and R. Medzhitov. 2015. Control of adaptive immunity by the 

innate immune system. Nat Immunol 16: 343-353. 

103. Hu, X., and L. B. Ivashkiv. 2009. Cross-regulation of signaling pathways 

by interferon-gamma: implications for immune responses and autoimmune 

diseases. Immunity 31: 539-550. 

104. Lacy, P., and J. L. Stow. 2011. Cytokine release from innate immune cells: 

association with diverse membrane trafficking pathways. Blood 118: 9-18. 

105. Murphy, K. P. 2012. Janeway’s Immunobiology. Garland Sciences, New 

York, NY. 

106. Mizgerd, J. P., M. R. Spieker, and C. M. Doerschuk. 2001. Early response 

cytokines and innate immunity: essential roles for TNF receptor 1 and type I 

IL-1 receptor during Escherichia coli pneumonia in mice. J Immunol 166: 

4042-4048. 

107. Ono, S. J., T. Nakamura, D. Miyazaki, M. Ohbayashi, M. Dawson, and M. 

Toda. 2003. Chemokines: roles in leukocyte development, trafficking, and 

effector function. J Allergy Clin Immunol 111: 1185-1199; quiz 1200. 

108. Zhang, J. M., and J. An. 2007. Cytokines, inflammation, and pain. Int 

Anesthesiol Clin 45: 27-37. 



 161 

109. McLeod, J. J., B. Baker, and J. J. Ryan. 2015. Mast cell production and 

response to IL-4 and IL-13. Cytokine 75: 57-61. 

110. Croft, M., L. Carter, S. L. Swain, and R. W. Dutton. 1994. Generation of 

polarized antigen-specific CD8 effector populations: reciprocal action of 

interleukin (IL)-4 and IL-12 in promoting type 2 versus type 1 cytokine profiles. 

J Exp Med 180: 1715-1728. 

111. Julia, V., S. S. McSorley, L. Malherbe, J. P. Breittmayer, F. Girard-Pipau, 

A. Beck, and N. Glaichenhaus. 2000. Priming by microbial antigens from the 

intestinal flora determines the ability of CD4+ T cells to rapidly secrete IL-4 in 

BALB/c mice infected with Leishmania major. J Immunol 165: 5637-5645. 

112. Trinchieri, G. 2003. Interleukin-12 and the regulation of innate resistance 

and adaptive immunity. Nature reviews. Immunology 3: 133-146. 

113. Ceciliani, F., A. Giordano, and V. Spagnolo. 2002. The systemic reaction 

during inflammation: the acute-phase proteins. Protein Pept Lett 9: 211-223. 

114. Kawai, T., and S. Akira. 2006. Innate immune recognition of viral infection. 

Nat Immunol 7: 131-137. 

115. Hervas-Stubbs, S., J. L. Perez-Gracia, A. Rouzaut, M. F. Sanmamed, A. 

Le Bon, and I. Melero. 2011. Direct effects of type I interferons on cells of the 

immune system. Clinical cancer research : an official journal of the American 

Association for Cancer Research 17: 2619-2627. 

116. Platanias, L. C. 2005. Mechanisms of type-I- and type-II-interferon-

mediated signalling. Nat Rev Immunol 5: 375-386. 

117. Du, Z., L. Wei, A. Murti, S. R. Pfeffer, M. Fan, C. H. Yang, and L. M. 

Pfeffer. 2007. Non-conventional signal transduction by type 1 interferons: the 

NF-kappaB pathway. J Cell Biochem 102: 1087-1094. 



 162 

118. Trinchieri, G., and D. Santoli. 1978. Anti-viral activity induced by culturing 

lymphocytes with tumor-derived or virus-transformed cells. Enhancement of 

human natural killer cell activity by interferon and antagonistic inhibition of 

susceptibility of target cells to lysis. J Exp Med 147: 1314-1333. 

119. Nguyen, K. B., T. P. Salazar-Mather, M. Y. Dalod, J. B. Van Deusen, X. Q. 

Wei, F. Y. Liew, M. A. Caligiuri, J. E. Durbin, and C. A. Biron. 2002. 

Coordinated and distinct roles for IFN-alpha beta, IL-12, and IL-15 regulation 

of NK cell responses to viral infection. J Immunol 169: 4279-4287. 

120. Gautier, G., M. Humbert, F. Deauvieau, M. Scuiller, J. Hiscott, E. E. Bates, 

G. Trinchieri, C. Caux, and P. Garrone. 2005. A type I interferon autocrine-

paracrine loop is involved in Toll-like receptor-induced interleukin-12p70 

secretion by dendritic cells. J Exp Med 201: 1435-1446. 

121. Bogdan, C., J. Mattner, and U. Schleicher. 2004. The role of type I 

interferons in non-viral infections. Immunol Rev 202: 33-48. 

122. Sampson, L. L., J. Heuser, and E. J. Brown. 1991. Cytokine regulation of 

complement receptor-mediated ingestion by mouse peritoneal macrophages. 

M-CSF and IL-4 activate phagocytosis by a common mechanism requiring 

autostimulation by IFN-beta. J Immunol 146: 1005-1013. 

123. Ito, T., R. Amakawa, M. Inaba, S. Ikehara, K. Inaba, and S. Fukuhara. 

2001. Differential regulation of human blood dendritic cell subsets by IFNs. J 

Immunol 166: 2961-2969. 

124. Montoya, M., G. Schiavoni, F. Mattei, I. Gresser, F. Belardelli, P. Borrow, 

and D. F. Tough. 2002. Type I interferons produced by dendritic cells promote 

their phenotypic and functional activation. Blood 99: 3263-3271. 



 163 

125. Santodonato, L., G. D'Agostino, R. Nisini, S. Mariotti, D. M. Monque, M. 

Spada, L. Lattanzi, M. P. Perrone, M. Andreotti, F. Belardelli, and M. 

Ferrantini. 2003. Monocyte-derived dendritic cells generated after a short-

term culture with IFN-alpha and granulocyte-macrophage colony-stimulating 

factor stimulate a potent Epstein-Barr virus-specific CD8+ T cell response. J 

Immunol 170: 5195-5202. 

126. Parlato, S., S. M. Santini, C. Lapenta, T. Di Pucchio, M. Logozzi, M. 

Spada, A. M. Giammarioli, W. Malorni, S. Fais, and F. Belardelli. 2001. 

Expression of CCR-7, MIP-3beta, and Th-1 chemokines in type I IFN-induced 

monocyte-derived dendritic cells: importance for the rapid acquisition of 

potent migratory and functional activities. Blood 98: 3022-3029. 

127. Akira, S., T. Taga, and T. Kishimoto. 1993. Interleukin-6 in biology and 

medicine. Adv Immunol 54: 1-78. 

128. Fuster, J. J., and K. Walsh. 2014. The good, the bad, and the ugly of 

interleukin-6 signaling. EMBO J 33: 1425-1427. 

129. Schmitz, J., M. Weissenbach, S. Haan, P. C. Heinrich, and F. Schaper. 

2000. SOCS3 exerts its inhibitory function on interleukin-6 signal transduction 

through the SHP2 recruitment site of gp130. J Biol Chem 275: 12848-12856. 

130. Kishimoto, T. 1985. Factors affecting B-cell growth and differentiation. 

Annu Rev Immunol 3: 133-157. 

131. Heinrich, P. C., J. V. Castell, and T. Andus. 1990. Interleukin-6 and the 

acute phase response. Biochem J 265: 621-636. 

132. Korn, T., E. Bettelli, M. Oukka, and V. K. Kuchroo. 2009. IL-17 and Th17 

Cells. Annu Rev Immunol 27: 485-517. 



 164 

133. Bettelli, E., Y. Carrier, W. Gao, T. Korn, T. B. Strom, M. Oukka, H. L. 

Weiner, and V. K. Kuchroo. 2006. Reciprocal developmental pathways for the 

generation of pathogenic effector TH17 and regulatory T cells. Nature 441: 

235-238. 

134. Okada, M., M. Kitahara, S. Kishimoto, T. Matsuda, T. Hirano, and T. 

Kishimoto. 1988. IL-6/BSF-2 functions as a killer helper factor in the in vitro 

induction of cytotoxic T cells. J Immunol 141: 1543-1549. 

135. Kimura, A., and T. Kishimoto. 2010. IL-6: regulator of Treg/Th17 balance. 

Eur J Immunol 40: 1830-1835. 

136. Tanaka, T., M. Narazaki, and T. Kishimoto. 2014. IL-6 in inflammation, 

immunity, and disease. Cold Spring Harb Perspect Biol 6: a016295. 

137. Cressman, D. E., L. E. Greenbaum, R. A. DeAngelis, G. Ciliberto, E. E. 

Furth, V. Poli, and R. Taub. 1996. Liver failure and defective hepatocyte 

regeneration in interleukin-6-deficient mice. Science 274: 1379-1383. 

138. Xing, Z., J. Gauldie, G. Cox, H. Baumann, M. Jordana, X. F. Lei, and M. K. 

Achong. 1998. IL-6 is an antiinflammatory cytokine required for controlling 

local or systemic acute inflammatory responses. J Clin Invest 101: 311-320. 

139. Hunter, C. A., and S. A. Jones. 2015. IL-6 as a keystone cytokine in health 

and disease. Nat Immunol 16: 448-457. 

140. Jones, S. A., and B. J. Jenkins. 2018. Recent insights into targeting the IL-

6 cytokine family in inflammatory diseases and cancer. Nat Rev Immunol 18: 

773-789. 

141. Diefenbach, A. 2014. Natural Killer Cells. In Antibody Fc. M. E. Ackerman, 

and F. Nimmerjahn, eds. Elsevier. 75-93. 



 165 

142. Bryceson, Y. T., M. E. March, H. G. Ljunggren, and E. O. Long. 2006. 

Synergy among receptors on resting NK cells for the activation of natural 

cytotoxicity and cytokine secretion. Blood 107: 159-166. 

143. Robbins, S. H., and L. Brossay. 2002. NK cell receptors: emerging roles in 

host defense against infectious agents. Microbes Infect 4: 1523-1530. 

144. Stern, P., M. Gidlund, A. Orn, and H. Wigzell. 1980. Natural killer cells 

mediate lysis of embryonal carcinoma cells lacking MHC. Nature 285: 341-

342. 

145. Karre, K., H. G. Ljunggren, G. Piontek, and R. Kiessling. 1986. Selective 

rejection of H-2-deficient lymphoma variants suggests alternative immune 

defence strategy. Nature 319: 675-678. 

146. Liao, N. S., M. Bix, M. Zijlstra, R. Jaenisch, and D. Raulet. 1991. MHC 

class I deficiency: susceptibility to natural killer (NK) cells and impaired NK 

activity. Science 253: 199-202. 

147. Raulet, D. H., R. E. Vance, and C. W. McMahon. 2001. Regulation of the 

natural killer cell receptor repertoire. Annu Rev Immunol 19: 291-330. 

148. Bryceson, Y. T., M. E. March, D. F. Barber, H. G. Ljunggren, and E. O. 

Long. 2005. Cytolytic granule polarization and degranulation controlled by 

different receptors in resting NK cells. J Exp Med 202: 1001-1012. 

149. Bryceson, Y. T., M. E. March, H. G. Ljunggren, and E. O. Long. 2006. 

Activation, coactivation, and costimulation of resting human natural killer cells. 

Immunol Rev 214: 73-91. 

150. Bauer, S., V. Groh, J. Wu, A. Steinle, J. H. Phillips, L. L. Lanier, and T. 

Spies. 1999. Activation of NK cells and T cells by NKG2D, a receptor for 

stress-inducible MICA. Science 285: 727-729. 



 166 

151. Fernandez, N. C., A. Lozier, C. Flament, P. Ricciardi-Castagnoli, D. Bellet, 

M. Suter, M. Perricaudet, T. Tursz, E. Maraskovsky, and L. Zitvogel. 1999. 

Dendritic cells directly trigger NK cell functions: cross-talk relevant in innate 

anti-tumor immune responses in vivo. Nat Med 5: 405-411. 

152. Arase, H., E. S. Mocarski, A. E. Campbell, A. B. Hill, and L. L. Lanier. 

2002. Direct recognition of cytomegalovirus by activating and inhibitory NK 

cell receptors. Science 296: 1323-1326. 

153. Cooper, M. A., J. M. Elliott, P. A. Keyel, L. Yang, J. A. Carrero, and W. M. 

Yokoyama. 2009. Cytokine-induced memory-like natural killer cells. Proc Natl 

Acad Sci U S A 106: 1915-1919. 

154. O'Leary, J. G., M. Goodarzi, D. L. Drayton, and U. H. von Andrian. 2006. T 

cell- and B cell-independent adaptive immunity mediated by natural killer 

cells. Nat Immunol 7: 507-516. 

155. Matzinger, P. 2002. The danger model: a renewed sense of self. Science 

296: 301-305. 

156. Rakoff-Nahoum, S., and R. Medzhitov. 2009. Toll-like receptors and 

cancer. Nat Rev Cancer 9: 57-63. 

157. Poltorak, A., O. Kurmyshkina, and T. Volkova. 2016. Stimulator of 

interferon genes (STING): A "new chapter" in virus-associated cancer 

research. Lessons from wild-derived mouse models of innate immunity. 

Cytokine Growth Factor Rev 29: 83-91. 

158. Yu, X., H. Wang, X. Li, C. Guo, F. Yuan, P. B. Fisher, and X. Y. Wang. 

2016. Activation of the MDA-5-IPS-1 Viral Sensing Pathway Induces Cancer 

Cell Death and Type I IFN-Dependent Antitumor Immunity. Cancer Res 76: 

2166-2176. 



 167 

159. Tel, J., S. P. Sittig, R. A. Blom, L. J. Cruz, G. Schreibelt, C. G. Figdor, and 

I. J. de Vries. 2013. Targeting uptake receptors on human plasmacytoid 

dendritic cells triggers antigen cross-presentation and robust type I IFN 

secretion. J Immunol 191: 5005-5012. 

160. Tang, C. H., J. A. Zundell, S. Ranatunga, C. Lin, Y. Nefedova, J. R. Del 

Valle, and C. C. Hu. 2016. Agonist-Mediated Activation of STING Induces 

Apoptosis in Malignant B Cells. Cancer Res 76: 2137-2152. 

161. Gasser, S., S. Orsulic, E. J. Brown, and D. H. Raulet. 2005. The DNA 

damage pathway regulates innate immune system ligands of the NKG2D 

receptor. Nature 436: 1186-1190. 

162. Cheng, M., Y. Chen, W. Xiao, R. Sun, and Z. Tian. 2013. NK cell-based 

immunotherapy for malignant diseases. Cell Mol Immunol 10: 230-252. 

163. Parham, P. 2005. Putting a face to MHC restriction. J Immunol 174: 3-5. 

164. Zhu, Y., and L. Chen. 2009. Turning the tide of lymphocyte costimulation. 

J Immunol 182: 2557-2558. 

165. Heath, W. R., and F. R. Carbone. 2009. Dendritic cell subsets in primary 

and secondary T cell responses at body surfaces. Nat Immunol 10: 1237-

1244. 

166. Mosmann, T. R., L. Li, H. Hengartner, D. Kagi, W. Fu, and S. Sad. 1997. 

Differentiation and functions of T cell subsets. Ciba Found Symp 204: 148-

154; discussion 154-148. 

167. Murphy, K. M., and S. L. Reiner. 2002. The lineage decisions of helper T 

cells. Nat Rev Immunol 2: 933-944. 

168. Lanzavecchia, A. 1985. Antigen-specific interaction between T and B 

cells. Nature 314: 537-539. 



 168 

169. Rock, K. L., B. Benacerraf, and A. K. Abbas. 1984. Antigen presentation 

by hapten-specific B lymphocytes. I. Role of surface immunoglobulin 

receptors. J Exp Med 160: 1102-1113. 

170. Rajewsky, K. 1996. Clonal selection and learning in the antibody system. 

Nature 381: 751-758. 

171. Yatim, K. M., and F. G. Lakkis. 2015. A brief journey through the immune 

system. Clin J Am Soc Nephrol 10: 1274-1281. 

172. Russell, J. H., and T. J. Ley. 2002. Lymphocyte-mediated cytotoxicity. 

Annu Rev Immunol 20: 323-370. 

173. Littman, D. R., and A. Y. Rudensky. 2010. Th17 and regulatory T cells in 

mediating and restraining inflammation. Cell 140: 845-858. 

174. Stout, R. D., J. Suttles, J. Xu, I. S. Grewal, and R. A. Flavell. 1996. 

Impaired T cell-mediated macrophage activation in CD40 ligand-deficient 

mice. J Immunol 156: 8-11. 

175. Forthal, D. N. 2014. Functions of Antibodies. Microbiol Spectr 2: 1-17. 

176. Arstila, T. P., A. Casrouge, V. Baron, J. Even, J. Kanellopoulos, and P. 

Kourilsky. 1999. A direct estimate of the human alphabeta T cell receptor 

diversity. Science 286: 958-961. 

177. Gowans, J. L., and E. J. Knight. 1964. The Route of Re-Circulation of 

Lymphocytes in the Rat. Proc R Soc Lond B Biol Sci 159: 257-282. 

178. Bousso, P., and E. Robey. 2003. Dynamics of CD8+ T cell priming by 

dendritic cells in intact lymph nodes. Nat Immunol 4: 579-585. 

179. Palframan, R. T., S. Jung, G. Cheng, W. Weninger, Y. Luo, M. Dorf, D. R. 

Littman, B. J. Rollins, H. Zweerink, A. Rot, and U. H. von Andrian. 2001. 

Inflammatory chemokine transport and presentation in HEV: a remote control 



 169 

mechanism for monocyte recruitment to lymph nodes in inflamed tissues. J 

Exp Med 194: 1361-1373. 

180. Dolfi, D. V., P. A. Duttagupta, A. C. Boesteanu, Y. M. Mueller, C. H. Oliai, 

A. B. Borowski, and P. D. Katsikis. 2011. Dendritic cells and CD28 

costimulation are required to sustain virus-specific CD8+ T cell responses 

during the effector phase in vivo. J Immunol 186: 4599-4608. 

181. Shiow, L. R., D. B. Rosen, N. Brdickova, Y. Xu, J. An, L. L. Lanier, J. G. 

Cyster, and M. Matloubian. 2006. CD69 acts downstream of interferon-

alpha/beta to inhibit S1P1 and lymphocyte egress from lymphoid organs. 

Nature 440: 540-544. 

182. Mescher, M. F., J. M. Curtsinger, P. Agarwal, K. A. Casey, M. Gerner, C. 

D. Hammerbeck, F. Popescu, and Z. Xiao. 2006. Signals required for 

programming effector and memory development by CD8+ T cells. Immunol 

Rev 211: 81-92. 

183. Masopust, D., and J. M. Schenkel. 2013. The integration of T cell 

migration, differentiation and function. Nat Rev Immunol 13: 309-320. 

184. Pennock, N. D., J. T. White, E. W. Cross, E. E. Cheney, B. A. Tamburini, 

and R. M. Kedl. 2013. T cell responses: naive to memory and everything in 

between. Adv Physiol Educ 37: 273-283. 

185. Harty, J. T., A. R. Tvinnereim, and D. W. White. 2000. CD8+ T cell effector 

mechanisms in resistance to infection. Annu Rev Immunol 18: 275-308. 

186. Stinchcombe, J. C., and G. M. Griffiths. 2007. Secretory mechanisms in 

cell-mediated cytotoxicity. Annu Rev Cell Dev Biol 23: 495-517. 

187. O'Shea, J. J., and W. E. Paul. 2010. Mechanisms underlying lineage 

commitment and plasticity of helper CD4+ T cells. Science 327: 1098-1102. 



 170 

188. Szabo, S. J., B. M. Sullivan, S. L. Peng, and L. H. Glimcher. 2003. 

Molecular mechanisms regulating Th1 immune responses. Annu Rev 

Immunol 21: 713-758. 

189. Newport, M. J., C. M. Huxley, S. Huston, C. M. Hawrylowicz, B. A. Oostra, 

R. Williamson, and M. Levin. 1996. A mutation in the interferon-gamma-

receptor gene and susceptibility to mycobacterial infection. N Engl J Med 335: 

1941-1949. 

190. Reese, T. A., H. E. Liang, A. M. Tager, A. D. Luster, N. Van Rooijen, D. 

Voehringer, and R. M. Locksley. 2007. Chitin induces accumulation in tissue 

of innate immune cells associated with allergy. Nature 447: 92-96. 

191. Zhu, J., and W. E. Paul. 2008. CD4 T cells: fates, functions, and faults. 

Blood 112: 1557-1569. 

192. Weaver, C. T., L. E. Harrington, P. R. Mangan, M. Gavrieli, and K. M. 

Murphy. 2006. Th17: an effector CD4 T cell lineage with regulatory T cell ties. 

Immunity 24: 677-688. 

193. Breitfeld, D., L. Ohl, E. Kremmer, J. Ellwart, F. Sallusto, M. Lipp, and R. 

Forster. 2000. Follicular B helper T cells express CXC chemokine receptor 5, 

localize to B cell follicles, and support immunoglobulin production. J Exp Med 

192: 1545-1552. 

194. Nurieva, R. I., and Y. Chung. 2010. Understanding the development and 

function of T follicular helper cells. Cell Mol Immunol 7: 190-197. 

195. King, C. 2009. New insights into the differentiation and function of T 

follicular helper cells. Nat Rev Immunol 9: 757-766. 

196. Saraiva, M., and A. O'Garra. 2010. The regulation of IL-10 production by 

immune cells. Nat Rev Immunol 10: 170-181. 



 171 

197. Fontenot, J. D., and A. Y. Rudensky. 2005. A well adapted regulatory 

contrivance: regulatory T cell development and the forkhead family 

transcription factor Foxp3. Nat Immunol 6: 331-337. 

198. Hozumi, N., and S. Tonegawa. 1976. Evidence for somatic rearrangement 

of immunoglobulin genes coding for variable and constant regions. Proc Natl 

Acad Sci U S A 73: 3628-3632. 

199. Davies, D. R., and H. Metzger. 1983. Structural basis of antibody function. 

Annu Rev Immunol 1: 87-117. 

200. Ruprecht, C. R., and A. Lanzavecchia. 2006. Toll-like receptor stimulation 

as a third signal required for activation of human naive B cells. Eur J Immunol 

36: 810-816. 

201. Gulbranson-Judge, A., and I. MacLennan. 1996. Sequential antigen-

specific growth of T cells in the T zones and follicles in response to pigeon 

cytochrome c. Eur J Immunol 26: 1830-1837. 

202. McHeyzer-Williams, L. J., L. P. Malherbe, and M. G. McHeyzer-Williams. 

2006. Helper T cell-regulated B cell immunity. Curr Top Microbiol Immunol 

311: 59-83. 

203. Jaiswal, A. I., and M. Croft. 1997. CD40 ligand induction on T cell subsets 

by peptide-presenting B cells: implications for development of the primary T 

and B cell response. J Immunol 159: 2282-2291. 

204. Radbruch, A., G. Muehlinghaus, E. O. Luger, A. Inamine, K. G. Smith, T. 

Dorner, and F. Hiepe. 2006. Competence and competition: the challenge of 

becoming a long-lived plasma cell. Nat Rev Immunol 6: 741-750. 

205. Stavnezer, J. 1996. Immunoglobulin class switching. Curr Opin Immunol 

8: 199-205. 



 172 

206. Ward, E. S., and V. Ghetie. 1995. The effector functions of 

immunoglobulins: implications for therapy. Ther Immunol 2: 77-94. 

207. Brandtzaeg, P. 2003. Role of secretory antibodies in the defence against 

infections. Int J Med Microbiol 293: 3-15. 

208. Roost, H. P., M. F. Bachmann, A. Haag, U. Kalinke, V. Pliska, H. 

Hengartner, and R. M. Zinkernagel. 1995. Early high-affinity neutralizing anti-

viral IgG responses without further overall improvements of affinity. Proc Natl 

Acad Sci U S A 92: 1257-1261. 

209. Cooper, N. R. 1985. The classical complement pathway: activation and 

regulation of the first complement component. Adv Immunol 37: 151-216. 

210. Chung, A. W., E. Rollman, R. J. Center, S. J. Kent, and I. Stratov. 2009. 

Rapid degranulation of NK cells following activation by HIV-specific 

antibodies. J Immunol 182: 1202-1210. 

211. Kalesnikoff, J., M. Huber, V. Lam, J. E. Damen, J. Zhang, R. P. 

Siraganian, and G. Krystal. 2001. Monomeric IgE stimulates signaling 

pathways in mast cells that lead to cytokine production and cell survival. 

Immunity 14: 801-811. 

212. Hammarlund, E., M. W. Lewis, S. G. Hansen, L. I. Strelow, J. A. Nelson, 

G. J. Sexton, J. M. Hanifin, and M. K. Slifka. 2003. Duration of antiviral 

immunity after smallpox vaccination. Nat Med 9: 1131-1137. 

213. Rogers, P. R., C. Dubey, and S. L. Swain. 2000. Qualitative changes 

accompany memory T cell generation: faster, more effective responses at 

lower doses of antigen. J Immunol 164: 2338-2346. 

214. Robbins, P. F., Y. C. Lu, M. El-Gamil, Y. F. Li, C. Gross, J. Gartner, J. C. 

Lin, J. K. Teer, P. Cliften, E. Tycksen, Y. Samuels, and S. A. Rosenberg. 



 173 

2013. Mining exomic sequencing data to identify mutated antigens recognized 

by adoptively transferred tumor-reactive T cells. Nat Med 19: 747-752. 

215. Segal, N. H., D. W. Parsons, K. S. Peggs, V. Velculescu, K. W. Kinzler, B. 

Vogelstein, and J. P. Allison. 2008. Epitope landscape in breast and 

colorectal cancer. Cancer Res 68: 889-892. 

216. Cavassani, K. A., M. Ishii, H. Wen, M. A. Schaller, P. M. Lincoln, N. W. 

Lukacs, C. M. Hogaboam, and S. L. Kunkel. 2008. TLR3 is an endogenous 

sensor of tissue necrosis during acute inflammatory events. J Exp Med 205: 

2609-2621. 

217. Mellman, I., and R. M. Steinman. 2001. Dendritic cells: specialized and 

regulated antigen processing machines. Cell 106: 255-258. 

218. Jahnisch, H., S. Fussel, A. Kiessling, R. Wehner, S. Zastrow, M. 

Bachmann, E. P. Rieber, M. P. Wirth, and M. Schmitz. 2010. Dendritic cell-

based immunotherapy for prostate cancer. Clin Dev Immunol 2010: 517493. 

219. Martin-Orozco, N., P. Muranski, Y. Chung, X. O. Yang, T. Yamazaki, S. 

Lu, P. Hwu, N. P. Restifo, W. W. Overwijk, and C. Dong. 2009. T helper 17 

cells promote cytotoxic T cell activation in tumor immunity. Immunity 31: 787-

798. 

220. Boon, T., J. C. Cerottini, B. Van den Eynde, P. van der Bruggen, and A. 

Van Pel. 1994. Tumor antigens recognized by T lymphocytes. Annu Rev 

Immunol 12: 337-365. 

221. Marincola, F. M., E. M. Jaffee, D. J. Hicklin, and S. Ferrone. 2000. Escape 

of human solid tumors from T-cell recognition: molecular mechanisms and 

functional significance. Adv Immunol 74: 181-273. 



 174 

222. Algarra, I., T. Cabrera, and F. Garrido. 2000. The HLA crossroad in tumor 

immunology. Hum Immunol 61: 65-73. 

223. Gabrilovich, D. I., H. L. Chen, K. R. Girgis, H. T. Cunningham, G. M. 

Meny, S. Nadaf, D. Kavanaugh, and D. P. Carbone. 1996. Production of 

vascular endothelial growth factor by human tumors inhibits the functional 

maturation of dendritic cells. Nat Med 2: 1096-1103. 

224. Menetrier-Caux, C., G. Montmain, M. C. Dieu, C. Bain, M. C. Favrot, C. 

Caux, and J. Y. Blay. 1998. Inhibition of the differentiation of dendritic cells 

from CD34(+) progenitors by tumor cells: role of interleukin-6 and 

macrophage colony-stimulating factor. Blood 92: 4778-4791. 

225. Chaux, P., N. Favre, M. Martin, and F. Martin. 1997. Tumor-infiltrating 

dendritic cells are defective in their antigen-presenting function and inducible 

B7 expression in rats. Int J Cancer 72: 619-624. 

226. Gabrilovich, D. I., S. Nadaf, J. Corak, J. A. Berzofsky, and D. P. Carbone. 

1996. Dendritic cells in antitumor immune responses. II. Dendritic cells grown 

from bone marrow precursors, but not mature DC from tumor-bearing mice, 

are effective antigen carriers in the therapy of established tumors. Cell 

Immunol 170: 111-119. 

227. Harding, F. A., J. G. McArthur, J. A. Gross, D. H. Raulet, and J. P. Allison. 

1992. CD28-mediated signalling co-stimulates murine T cells and prevents 

induction of anergy in T-cell clones. Nature 356: 607-609. 

228. Dunn, G. P., L. J. Old, and R. D. Schreiber. 2004. The immunobiology of 

cancer immunosurveillance and immunoediting. Immunity 21: 137-148. 



 175 

229. DuPage, M., C. Mazumdar, L. M. Schmidt, A. F. Cheung, and T. Jacks. 

2012. Expression of tumour-specific antigens underlies cancer 

immunoediting. Nature 482: 405-409. 

230. von Boehmer, L., M. Mattle, P. Bode, A. Landshammer, C. Schafer, N. 

Nuber, G. Ritter, L. Old, H. Moch, N. Schafer, E. Jager, A. Knuth, and M. van 

den Broek. 2013. NY-ESO-1-specific immunological pressure and escape in a 

patient with metastatic melanoma. Cancer Immun 13: 12. 

231. Mittal, D., M. M. Gubin, R. D. Schreiber, and M. J. Smyth. 2014. New 

insights into cancer immunoediting and its three component phases--

elimination, equilibrium and escape. Curr Opin Immunol 27: 16-25. 

232. Khong, H. T., and N. P. Restifo. 2002. Natural selection of tumor variants 

in the generation of "tumor escape" phenotypes. Nat Immunol 3: 999-1005. 

233. Schmiedel, D., and O. Mandelboim. 2018. NKG2D Ligands-Critical 

Targets for Cancer Immune Escape and Therapy. Front Immunol 9: 2040. 

234. Joyce, J. A., and D. T. Fearon. 2015. T cell exclusion, immune privilege, 

and the tumor microenvironment. Science 348: 74-80. 

235. Galon, J., A. Costes, F. Sanchez-Cabo, A. Kirilovsky, B. Mlecnik, C. 

Lagorce-Pages, M. Tosolini, M. Camus, A. Berger, P. Wind, F. Zinzindohoue, 

P. Bruneval, P. H. Cugnenc, Z. Trajanoski, W. H. Fridman, and F. Pages. 

2006. Type, density, and location of immune cells within human colorectal 

tumors predict clinical outcome. Science 313: 1960-1964. 

236. Quail, D. F., and J. A. Joyce. 2013. Microenvironmental regulation of 

tumor progression and metastasis. Nat Med 19: 1423-1437. 

237. Molon, B., S. Ugel, F. Del Pozzo, C. Soldani, S. Zilio, D. Avella, A. De 

Palma, P. Mauri, A. Monegal, M. Rescigno, B. Savino, P. Colombo, N. Jonjic, 



 176 

S. Pecanic, L. Lazzarato, R. Fruttero, A. Gasco, V. Bronte, and A. Viola. 

2011. Chemokine nitration prevents intratumoral infiltration of antigen-specific 

T cells. J Exp Med 208: 1949-1962. 

238. Salmon, H., K. Franciszkiewicz, D. Damotte, M. C. Dieu-Nosjean, P. 

Validire, A. Trautmann, F. Mami-Chouaib, and E. Donnadieu. 2012. Matrix 

architecture defines the preferential localization and migration of T cells into 

the stroma of human lung tumors. J Clin Invest 122: 899-910. 

239. Motz, G. T., S. P. Santoro, L. P. Wang, T. Garrabrant, R. R. Lastra, I. S. 

Hagemann, P. Lal, M. D. Feldman, F. Benencia, and G. Coukos. 2014. Tumor 

endothelium FasL establishes a selective immune barrier promoting tolerance 

in tumors. Nat Med 20: 607-615. 

240. Gilkes, D. M., G. L. Semenza, and D. Wirtz. 2014. Hypoxia and the 

extracellular matrix: drivers of tumour metastasis. Nat Rev Cancer 14: 430-

439. 

241. Hamzah, J., M. Jugold, F. Kiessling, P. Rigby, M. Manzur, H. H. Marti, T. 

Rabie, S. Kaden, H. J. Grone, G. J. Hammerling, B. Arnold, and R. Ganss. 

2008. Vascular normalization in Rgs5-deficient tumours promotes immune 

destruction. Nature 453: 410-414. 

242. Shrimali, R. K., Z. Yu, M. R. Theoret, D. Chinnasamy, N. P. Restifo, and 

S. A. Rosenberg. 2010. Antiangiogenic agents can increase lymphocyte 

infiltration into tumor and enhance the effectiveness of adoptive 

immunotherapy of cancer. Cancer Res 70: 6171-6180. 

243. Sharma, P., and J. P. Allison. 2015. The future of immune checkpoint 

therapy. Science 348: 56-61. 



 177 

244. Pardoll, D. M. 2012. The blockade of immune checkpoints in cancer 

immunotherapy. Nature reviews. Cancer 12: 252-264. 

245. Wherry, E. J., and M. Kurachi. 2015. Molecular and cellular insights into T 

cell exhaustion. Nat Rev Immunol 15: 486-499. 

246. Keir, M. E., S. C. Liang, I. Guleria, Y. E. Latchman, A. Qipo, L. A. 

Albacker, M. Koulmanda, G. J. Freeman, M. H. Sayegh, and A. H. Sharpe. 

2006. Tissue expression of PD-L1 mediates peripheral T cell tolerance. J Exp 

Med 203: 883-895. 

247. Parry, R. V., J. M. Chemnitz, K. A. Frauwirth, A. R. Lanfranco, I. 

Braunstein, S. V. Kobayashi, P. S. Linsley, C. B. Thompson, and J. L. Riley. 

2005. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct 

mechanisms. Molecular and cellular biology 25: 9543-9553. 

248. Nirschl, C. J., and C. G. Drake. 2013. Molecular pathways: coexpression 

of immune checkpoint molecules: signaling pathways and implications for 

cancer immunotherapy. Clin Cancer Res 19: 4917-4924. 

249. Parsa, A. T., J. S. Waldron, A. Panner, C. A. Crane, I. F. Parney, J. J. 

Barry, K. E. Cachola, J. C. Murray, T. Tihan, M. C. Jensen, P. S. Mischel, D. 

Stokoe, and R. O. Pieper. 2007. Loss of tumor suppressor PTEN function 

increases B7-H1 expression and immunoresistance in glioma. Nat Med 13: 

84-88. 

250. Noman, M. Z., G. Desantis, B. Janji, M. Hasmim, S. Karray, P. Dessen, V. 

Bronte, and S. Chouaib. 2014. PD-L1 is a novel direct target of HIF-1alpha, 

and its blockade under hypoxia enhanced MDSC-mediated T cell activation. J 

Exp Med 211: 781-790. 



 178 

251. Wilke, C. M., S. Wei, L. Wang, I. Kryczek, J. Kao, and W. Zou. 2011. Dual 

biological effects of the cytokines interleukin-10 and interferon-gamma. 

Cancer Immunol Immunother 60: 1529-1541. 

252. Dong, H., S. E. Strome, D. R. Salomao, H. Tamura, F. Hirano, D. B. Flies, 

P. C. Roche, J. Lu, G. Zhu, K. Tamada, V. A. Lennon, E. Celis, and L. Chen. 

2002. Tumor-associated B7-H1 promotes T-cell apoptosis: a potential 

mechanism of immune evasion. Nat Med 8: 793-800. 

253. Muller, A. J., and P. A. Scherle. 2006. Targeting the mechanisms of 

tumoral immune tolerance with small-molecule inhibitors. Nat Rev Cancer 6: 

613-625. 

254. Terme, M., E. Ullrich, L. Aymeric, K. Meinhardt, M. Desbois, N. Delahaye, 

S. Viaud, B. Ryffel, H. Yagita, G. Kaplanski, A. Prevost-Blondel, M. Kato, J. L. 

Schultze, E. Tartour, G. Kroemer, N. Chaput, and L. Zitvogel. 2011. IL-18 

induces PD-1-dependent immunosuppression in cancer. Cancer Res 71: 

5393-5399. 

255. Fanoni, D., S. Tavecchio, S. Recalcati, Y. Balice, L. Venegoni, R. Fiorani, 

C. Crosti, and E. Berti. 2011. New monoclonal antibodies against B-cell 

antigens: possible new strategies for diagnosis of primary cutaneous B-cell 

lymphomas. Immunol Lett 134: 157-160. 

256. Francisco, L. M., V. H. Salinas, K. E. Brown, V. K. Vanguri, G. J. Freeman, 

V. K. Kuchroo, and A. H. Sharpe. 2009. PD-L1 regulates the development, 

maintenance, and function of induced regulatory T cells. J Exp Med 206: 

3015-3029. 

257. Krummel, M. F., and J. P. Allison. 1995. CD28 and CTLA-4 have opposing 

effects on the response of T cells to stimulation. J Exp Med 182: 459-465. 



 179 

258. Linsley, P. S., J. L. Greene, W. Brady, J. Bajorath, J. A. Ledbetter, and R. 

Peach. 1994. Human B7-1 (CD80) and B7-2 (CD86) bind with similar avidities 

but distinct kinetics to CD28 and CTLA-4 receptors. Immunity 1: 793-801. 

259. Qureshi, O. S., Y. Zheng, K. Nakamura, K. Attridge, C. Manzotti, E. M. 

Schmidt, J. Baker, L. E. Jeffery, S. Kaur, Z. Briggs, T. Z. Hou, C. E. Futter, G. 

Anderson, L. S. Walker, and D. M. Sansom. 2011. Trans-endocytosis of 

CD80 and CD86: a molecular basis for the cell-extrinsic function of CTLA-4. 

Science 332: 600-603. 

260. Peggs, K. S., S. A. Quezada, C. A. Chambers, A. J. Korman, and J. P. 

Allison. 2009. Blockade of CTLA-4 on both effector and regulatory T cell 

compartments contributes to the antitumor activity of anti-CTLA-4 antibodies. 

J Exp Med 206: 1717-1725. 

261. Lenschow, D. J., T. L. Walunas, and J. A. Bluestone. 1996. CD28/B7 

system of T cell costimulation. Annu Rev Immunol 14: 233-258. 

262. Huang, C. T., C. J. Workman, D. Flies, X. Pan, A. L. Marson, G. Zhou, E. 

L. Hipkiss, S. Ravi, J. Kowalski, H. I. Levitsky, J. D. Powell, D. M. Pardoll, C. 

G. Drake, and D. A. Vignali. 2004. Role of LAG-3 in regulatory T cells. 

Immunity 21: 503-513. 

263. Lanier, L. L. 2008. Up on the tightrope: natural killer cell activation and 

inhibition. Nat Immunol 9: 495-502. 

264. Grosso, J. F., C. C. Kelleher, T. J. Harris, C. H. Maris, E. L. Hipkiss, A. De 

Marzo, R. Anders, G. Netto, D. Getnet, T. C. Bruno, M. V. Goldberg, D. M. 

Pardoll, and C. G. Drake. 2007. LAG-3 regulates CD8+ T cell accumulation 

and effector function in murine self- and tumor-tolerance systems. J Clin 

Invest 117: 3383-3392. 



 180 

265. Zhu, C., A. C. Anderson, A. Schubart, H. Xiong, J. Imitola, S. J. Khoury, X. 

X. Zheng, T. B. Strom, and V. K. Kuchroo. 2005. The Tim-3 ligand galectin-9 

negatively regulates T helper type 1 immunity. Nat Immunol 6: 1245-1252. 

266. Zarek, P. E., C. T. Huang, E. R. Lutz, J. Kowalski, M. R. Horton, J. Linden, 

C. G. Drake, and J. D. Powell. 2008. A2A receptor signaling promotes 

peripheral tolerance by inducing T-cell anergy and the generation of adaptive 

regulatory T cells. Blood 111: 251-259. 

267. Fontenot, J. D., J. P. Rasmussen, M. A. Gavin, and A. Y. Rudensky. 2005. 

A function for interleukin 2 in Foxp3-expressing regulatory T cells. Nat 

Immunol 6: 1142-1151. 

268. Takahashi, T., T. Tagami, S. Yamazaki, T. Uede, J. Shimizu, N. 

Sakaguchi, T. W. Mak, and S. Sakaguchi. 2000. Immunologic self-tolerance 

maintained by CD25(+)CD4(+) regulatory T cells constitutively expressing 

cytotoxic T lymphocyte-associated antigen 4. J Exp Med 192: 303-310. 

269. Collison, L. W., C. J. Workman, T. T. Kuo, K. Boyd, Y. Wang, K. M. 

Vignali, R. Cross, D. Sehy, R. S. Blumberg, and D. A. Vignali. 2007. The 

inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature 450: 

566-569. 

270. Cao, X., S. F. Cai, T. A. Fehniger, J. Song, L. I. Collins, D. R. Piwnica-

Worms, and T. J. Ley. 2007. Granzyme B and perforin are important for 

regulatory T cell-mediated suppression of tumor clearance. Immunity 27: 635-

646. 

271. Tadokoro, C. E., G. Shakhar, S. Shen, Y. Ding, A. C. Lino, A. Maraver, J. 

J. Lafaille, and M. L. Dustin. 2006. Regulatory T cells inhibit stable contacts 

between CD4+ T cells and dendritic cells in vivo. J Exp Med 203: 505-511. 



 181 

272. Fantini, M. C., C. Becker, G. Monteleone, F. Pallone, P. R. Galle, and M. 

F. Neurath. 2004. Cutting edge: TGF-beta induces a regulatory phenotype in 

CD4+CD25- T cells through Foxp3 induction and down-regulation of Smad7. 

J Immunol 172: 5149-5153. 

273. Curiel, T. J., G. Coukos, L. Zou, X. Alvarez, P. Cheng, P. Mottram, M. 

Evdemon-Hogan, J. R. Conejo-Garcia, L. Zhang, M. Burow, Y. Zhu, S. Wei, I. 

Kryczek, B. Daniel, A. Gordon, L. Myers, A. Lackner, M. L. Disis, K. L. 

Knutson, L. Chen, and W. Zou. 2004. Specific recruitment of regulatory T 

cells in ovarian carcinoma fosters immune privilege and predicts reduced 

survival. Nat Med 10: 942-949. 

274. Ito, M., Y. Minamiya, H. Kawai, S. Saito, H. Saito, T. Nakagawa, K. Imai, 

M. Hirokawa, and J. Ogawa. 2006. Tumor-derived TGFbeta-1 induces 

dendritic cell apoptosis in the sentinel lymph node. J Immunol 176: 5637-

5643. 

275. Byrne, S. N., M. C. Knox, and G. M. Halliday. 2008. TGFbeta is 

responsible for skin tumour infiltration by macrophages enabling the tumours 

to escape immune destruction. Immunol Cell Biol 86: 92-97. 

276. Tormoen, G. W., M. R. Crittenden, and M. J. Gough. 2018. Role of the 

immunosuppressive microenvironment in immunotherapy. Adv Radiat Oncol 

3: 520-526. 

277. DeNardo, D. G., J. B. Barreto, P. Andreu, L. Vasquez, D. Tawfik, N. 

Kolhatkar, and L. M. Coussens. 2009. CD4(+) T cells regulate pulmonary 

metastasis of mammary carcinomas by enhancing protumor properties of 

macrophages. Cancer Cell 16: 91-102. 



 182 

278. Arina, A., and V. Bronte. 2015. Myeloid-derived suppressor cell impact on 

endogenous and adoptively transferred T cells. Curr Opin Immunol 33: 120-

125. 

279. Marigo, I., E. Bosio, S. Solito, C. Mesa, A. Fernandez, L. Dolcetti, S. Ugel, 

N. Sonda, S. Bicciato, E. Falisi, F. Calabrese, G. Basso, P. Zanovello, E. 

Cozzi, S. Mandruzzato, and V. Bronte. 2010. Tumor-induced tolerance and 

immune suppression depend on the C/EBPbeta transcription factor. Immunity 

32: 790-802. 

280. Nagaraj, S., K. Gupta, V. Pisarev, L. Kinarsky, S. Sherman, L. Kang, D. L. 

Herber, J. Schneck, and D. I. Gabrilovich. 2007. Altered recognition of antigen 

is a mechanism of CD8+ T cell tolerance in cancer. Nat Med 13: 828-835. 

281. Rodriguez, P. C., A. H. Zea, J. DeSalvo, K. S. Culotta, J. Zabaleta, D. G. 

Quiceno, J. B. Ochoa, and A. C. Ochoa. 2003. L-arginine consumption by 

macrophages modulates the expression of CD3 zeta chain in T lymphocytes. 

J Immunol 171: 1232-1239. 

282. Schreiber, R. D., L. J. Old, and M. J. Smyth. 2011. Cancer immunoediting: 

integrating immunity's roles in cancer suppression and promotion. Science 

331: 1565-1570. 

283. Munn, D. H., and A. L. Mellor. 2007. Indoleamine 2,3-dioxygenase and 

tumor-induced tolerance. J Clin Invest 117: 1147-1154. 

284. Rodriguez, P. C., and A. C. Ochoa. 2008. Arginine regulation by myeloid 

derived suppressor cells and tolerance in cancer: mechanisms and 

therapeutic perspectives. Immunol Rev 222: 180-191. 

285. Rodriguez, P. C., C. P. Hernandez, K. Morrow, R. Sierra, J. Zabaleta, D. 

D. Wyczechowska, and A. C. Ochoa. 2010. L-arginine deprivation regulates 



 183 

cyclin D3 mRNA stability in human T cells by controlling HuR expression. J 

Immunol 185: 5198-5204. 

286. Nagaraj, S., A. G. Schrum, H. I. Cho, E. Celis, and D. I. Gabrilovich. 2010. 

Mechanism of T cell tolerance induced by myeloid-derived suppressor cells. J 

Immunol 184: 3106-3116. 

287. Kaplan, D. H., V. Shankaran, A. S. Dighe, E. Stockert, M. Aguet, L. J. Old, 

and R. D. Schreiber. 1998. Demonstration of an interferon gamma-dependent 

tumor surveillance system in immunocompetent mice. Proc Natl Acad Sci U S 

A 95: 7556-7561. 

288. Gao, J., L. Z. Shi, H. Zhao, J. Chen, L. Xiong, Q. He, T. Chen, J. Roszik, 

C. Bernatchez, S. E. Woodman, P. L. Chen, P. Hwu, J. P. Allison, A. Futreal, 

J. A. Wargo, and P. Sharma. 2016. Loss of IFN-gamma Pathway Genes in 

Tumor Cells as a Mechanism of Resistance to Anti-CTLA-4 Therapy. Cell 

167: 397-404 e399. 

289. Ribas, A. 2015. Adaptive Immune Resistance: How Cancer Protects from 

Immune Attack. Cancer discovery 5: 915-919. 

290. Rabinovich, G. A., D. Gabrilovich, and E. M. Sotomayor. 2007. 

Immunosuppressive strategies that are mediated by tumor cells. Annu Rev 

Immunol 25: 267-296. 

291. Yang, Y. 2015. Cancer immunotherapy: harnessing the immune system to 

battle cancer. J Clin Invest 125: 3335-3337. 

292. Woo, S. R., L. Corrales, and T. F. Gajewski. 2015. Innate immune 

recognition of cancer. Annu Rev Immunol 33: 445-474. 

293. Tivol, E. A., F. Borriello, A. N. Schweitzer, W. P. Lynch, J. A. Bluestone, 

and A. H. Sharpe. 1995. Loss of CTLA-4 leads to massive lymphoproliferation 



 184 

and fatal multiorgan tissue destruction, revealing a critical negative regulatory 

role of CTLA-4. Immunity 3: 541-547. 

294. Wei, S. C., C. R. Duffy, and J. P. Allison. 2018. Fundamental Mechanisms 

of Immune Checkpoint Blockade Therapy. Cancer Discov 8: 1069-1086. 

295. Schwartz, R. H. 1992. Costimulation of T lymphocytes: the role of CD28, 

CTLA-4, and B7/BB1 in interleukin-2 production and immunotherapy. Cell 71: 

1065-1068. 

296. van der Merwe, P. A., D. L. Bodian, S. Daenke, P. Linsley, and S. J. 

Davis. 1997. CD80 (B7-1) binds both CD28 and CTLA-4 with a low affinity 

and very fast kinetics. J Exp Med 185: 393-403. 

297. Linsley, P. S., W. Brady, M. Urnes, L. S. Grosmaire, N. K. Damle, and J. 

A. Ledbetter. 1991. CTLA-4 is a second receptor for the B cell activation 

antigen B7. J Exp Med 174: 561-569. 

298. Egen, J. G., and J. P. Allison. 2002. Cytotoxic T lymphocyte antigen-4 

accumulation in the immunological synapse is regulated by TCR signal 

strength. Immunity 16: 23-35. 

299. Topalian, S. L., C. G. Drake, and D. M. Pardoll. 2015. Immune checkpoint 

blockade: a common denominator approach to cancer therapy. Cancer Cell 

27: 450-461. 

300. Friedline, R. H., D. S. Brown, H. Nguyen, H. Kornfeld, J. Lee, Y. Zhang, M. 

Appleby, S. D. Der, J. Kang, and C. A. Chambers. 2009. CD4+ regulatory T 

cells require CTLA-4 for the maintenance of systemic tolerance. J Exp Med 

206: 421-434. 

301. Read, S., R. Greenwald, A. Izcue, N. Robinson, D. Mandelbrot, L. 

Francisco, A. H. Sharpe, and F. Powrie. 2006. Blockade of CTLA-4 on 



 185 

CD4+CD25+ regulatory T cells abrogates their function in vivo. J Immunol 

177: 4376-4383. 

302. Romano, E., M. Kusio-Kobialka, P. G. Foukas, P. Baumgaertner, C. 

Meyer, P. Ballabeni, O. Michielin, B. Weide, P. Romero, and D. E. Speiser. 

2015. Ipilimumab-dependent cell-mediated cytotoxicity of regulatory T cells ex 

vivo by nonclassical monocytes in melanoma patients. Proc Natl Acad Sci U 

S A 112: 6140-6145. 

303. Fehlings, M., Y. Simoni, H. L. Penny, E. Becht, C. Y. Loh, M. M. Gubin, J. 

P. Ward, S. C. Wong, R. D. Schreiber, and E. W. Newell. 2017. Checkpoint 

blockade immunotherapy reshapes the high-dimensional phenotypic 

heterogeneity of murine intratumoural neoantigen-specific CD8(+) T cells. Nat 

Commun 8: 562. 

304. Ramagopal, U. A., W. Liu, S. C. Garrett-Thomson, J. B. Bonanno, Q. Yan, 

M. Srinivasan, S. C. Wong, A. Bell, S. Mankikar, V. S. Rangan, S. 

Deshpande, A. J. Korman, and S. C. Almo. 2017. Structural basis for cancer 

immunotherapy by the first-in-class checkpoint inhibitor ipilimumab. Proc Natl 

Acad Sci U S A 114: E4223-E4232. 

305. Chen, H., C. I. Liakou, A. Kamat, C. Pettaway, J. F. Ward, D. N. Tang, J. 

Sun, A. A. Jungbluth, P. Troncoso, C. Logothetis, and P. Sharma. 2009. Anti-

CTLA-4 therapy results in higher CD4+ICOShi T cell frequency and IFN-

gamma levels in both nonmalignant and malignant prostate tissues. Proc Natl 

Acad Sci U S A 106: 2729-2734. 

306. Wei, S. C., J. H. Levine, A. P. Cogdill, Y. Zhao, N. A. S. Anang, M. C. 

Andrews, P. Sharma, J. Wang, J. A. Wargo, D. Pe'er, and J. P. Allison. 2017. 



 186 

Distinct Cellular Mechanisms Underlie Anti-CTLA-4 and Anti-PD-1 Checkpoint 

Blockade. Cell 170: 1120-1133 e1117. 

307. Carthon, B. C., J. D. Wolchok, J. Yuan, A. Kamat, D. S. Ng Tang, J. Sun, 

G. Ku, P. Troncoso, C. J. Logothetis, J. P. Allison, and P. Sharma. 2010. 

Preoperative CTLA-4 blockade: tolerability and immune monitoring in the 

setting of a presurgical clinical trial. Clin Cancer Res 16: 2861-2871. 

308. Schadendorf, D., F. S. Hodi, C. Robert, J. S. Weber, K. Margolin, O. 

Hamid, D. Patt, T. T. Chen, D. M. Berman, and J. D. Wolchok. 2015. Pooled 

Analysis of Long-Term Survival Data From Phase II and Phase III Trials of 

Ipilimumab in Unresectable or Metastatic Melanoma. J Clin Oncol 33: 1889-

1894. 

309. Eroglu, Z., D. W. Kim, X. Wang, L. H. Camacho, B. Chmielowski, E. Seja, 

A. Villanueva, K. Ruchalski, J. A. Glaspy, K. B. Kim, W. J. Hwu, and A. Ribas. 

2015. Long term survival with cytotoxic T lymphocyte-associated antigen 4 

blockade using tremelimumab. Eur J Cancer 51: 2689-2697. 

310. Oh, D. Y., J. Cham, L. Zhang, G. Fong, S. S. Kwek, M. Klinger, M. Faham, 

and L. Fong. 2017. Immune Toxicities Elicted by CTLA-4 Blockade in Cancer 

Patients Are Associated with Early Diversification of the T-cell Repertoire. 

Cancer Res 77: 1322-1330. 

311. Kvistborg, P., D. Philips, S. Kelderman, L. Hageman, C. Ottensmeier, D. 

Joseph-Pietras, M. J. Welters, S. van der Burg, E. Kapiteijn, O. Michielin, E. 

Romano, C. Linnemann, D. Speiser, C. Blank, J. B. Haanen, and T. N. 

Schumacher. 2014. Anti-CTLA-4 therapy broadens the melanoma-reactive 

CD8+ T cell response. Sci Transl Med 6: 254ra128. 



 187 

312. Nishimura, H., M. Nose, H. Hiai, N. Minato, and T. Honjo. 1999. 

Development of lupus-like autoimmune diseases by disruption of the PD-1 

gene encoding an ITIM motif-carrying immunoreceptor. Immunity 11: 141-

151. 

313. Agata, Y., A. Kawasaki, H. Nishimura, Y. Ishida, T. Tsubata, H. Yagita, 

and T. Honjo. 1996. Expression of the PD-1 antigen on the surface of 

stimulated mouse T and B lymphocytes. Int Immunol 8: 765-772. 

314. Freeman, G. J., A. J. Long, Y. Iwai, K. Bourque, T. Chernova, H. 

Nishimura, L. J. Fitz, N. Malenkovich, T. Okazaki, M. C. Byrne, H. F. Horton, 

L. Fouser, L. Carter, V. Ling, M. R. Bowman, B. M. Carreno, M. Collins, C. R. 

Wood, and T. Honjo. 2000. Engagement of the PD-1 immunoinhibitory 

receptor by a novel B7 family member leads to negative regulation of 

lymphocyte activation. J Exp Med 192: 1027-1034. 

315. Yokosuka, T., M. Takamatsu, W. Kobayashi-Imanishi, A. Hashimoto-Tane, 

M. Azuma, and T. Saito. 2012. Programmed cell death 1 forms negative 

costimulatory microclusters that directly inhibit T cell receptor signaling by 

recruiting phosphatase SHP2. J Exp Med 209: 1201-1217. 

316. Bengsch, B., A. L. Johnson, M. Kurachi, P. M. Odorizzi, K. E. Pauken, J. 

Attanasio, E. Stelekati, L. M. McLane, M. A. Paley, G. M. Delgoffe, and E. J. 

Wherry. 2016. Bioenergetic Insufficiencies Due to Metabolic Alterations 

Regulated by the Inhibitory Receptor PD-1 Are an Early Driver of CD8(+) T 

Cell Exhaustion. Immunity 45: 358-373. 

317. Patsoukis, N., K. Bardhan, P. Chatterjee, D. Sari, B. Liu, L. N. Bell, E. D. 

Karoly, G. J. Freeman, V. Petkova, P. Seth, L. Li, and V. A. Boussiotis. 2015. 



 188 

PD-1 alters T-cell metabolic reprogramming by inhibiting glycolysis and 

promoting lipolysis and fatty acid oxidation. Nature communications 6: 6692. 

318. Huang, A. C., M. A. Postow, R. J. Orlowski, R. Mick, B. Bengsch, S. 

Manne, W. Xu, S. Harmon, J. R. Giles, B. Wenz, M. Adamow, D. Kuk, K. S. 

Panageas, C. Carrera, P. Wong, F. Quagliarello, B. Wubbenhorst, K. 

D'Andrea, K. E. Pauken, R. S. Herati, R. P. Staupe, J. M. Schenkel, S. 

McGettigan, S. Kothari, S. M. George, R. H. Vonderheide, R. K. Amaravadi, 

G. C. Karakousis, L. M. Schuchter, X. Xu, K. L. Nathanson, J. D. Wolchok, T. 

C. Gangadhar, and E. J. Wherry. 2017. T-cell invigoration to tumour burden 

ratio associated with anti-PD-1 response. Nature 545: 60-65. 

319. Gubin, M. M., X. Zhang, H. Schuster, E. Caron, J. P. Ward, T. Noguchi, Y. 

Ivanova, J. Hundal, C. D. Arthur, W. J. Krebber, G. E. Mulder, M. Toebes, M. 

D. Vesely, S. S. Lam, A. J. Korman, J. P. Allison, G. J. Freeman, A. H. 

Sharpe, E. L. Pearce, T. N. Schumacher, R. Aebersold, H. G. Rammensee, 

C. J. Melief, E. R. Mardis, W. E. Gillanders, M. N. Artyomov, and R. D. 

Schreiber. 2014. Checkpoint blockade cancer immunotherapy targets tumour-

specific mutant antigens. Nature 515: 577-581. 

320. Herbst, R. S., J. C. Soria, M. Kowanetz, G. D. Fine, O. Hamid, M. S. 

Gordon, J. A. Sosman, D. F. McDermott, J. D. Powderly, S. N. Gettinger, H. 

E. Kohrt, L. Horn, D. P. Lawrence, S. Rost, M. Leabman, Y. Xiao, A. Mokatrin, 

H. Koeppen, P. S. Hegde, I. Mellman, D. S. Chen, and F. S. Hodi. 2014. 

Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in 

cancer patients. Nature 515: 563-567. 

321. Ghoneim, H. E., Y. Fan, A. Moustaki, H. A. Abdelsamed, P. Dash, P. 

Dogra, R. Carter, W. Awad, G. Neale, P. G. Thomas, and B. Youngblood. 



 189 

2017. De Novo Epigenetic Programs Inhibit PD-1 Blockade-Mediated T Cell 

Rejuvenation. Cell 170: 142-157 e119. 

322. Bengsch, B., T. Ohtani, O. Khan, M. Setty, S. Manne, S. O'Brien, P. F. 

Gherardini, R. S. Herati, A. C. Huang, K. M. Chang, E. W. Newell, N. 

Bovenschen, D. Pe'er, S. M. Albelda, and E. J. Wherry. 2018. Epigenomic-

Guided Mass Cytometry Profiling Reveals Disease-Specific Features of 

Exhausted CD8 T Cells. Immunity 48: 1029-1045 e1025. 

323. Dijkstra, J. M., T. Somamoto, L. Moore, I. Hordvik, M. Ototake, and U. 

Fischer. 2006. Identification and characterization of a second CD4-like gene 

in teleost fish. Mol Immunol 43: 410-419. 

324. Xu, F., J. Liu, D. Liu, B. Liu, M. Wang, Z. Hu, X. Du, L. Tang, and F. He. 

2014. LSECtin expressed on melanoma cells promotes tumor progression by 

inhibiting antitumor T-cell responses. Cancer Res 74: 3418-3428. 

325. Workman, C. J., and D. A. Vignali. 2005. Negative regulation of T cell 

homeostasis by lymphocyte activation gene-3 (CD223). J Immunol 174: 688-

695. 

326. Workman, C. J., K. J. Dugger, and D. A. Vignali. 2002. Cutting edge: 

molecular analysis of the negative regulatory function of lymphocyte 

activation gene-3. J Immunol 169: 5392-5395. 

327. DeKruyff, R. H., X. Bu, A. Ballesteros, C. Santiago, Y. L. Chim, H. H. Lee, 

P. Karisola, M. Pichavant, G. G. Kaplan, D. T. Umetsu, G. J. Freeman, and J. 

M. Casasnovas. 2010. T cell/transmembrane, Ig, and mucin-3 allelic variants 

differentially recognize phosphatidylserine and mediate phagocytosis of 

apoptotic cells. J Immunol 184: 1918-1930. 



 190 

328. Chiba, S., M. Baghdadi, H. Akiba, H. Yoshiyama, I. Kinoshita, H. Dosaka-

Akita, Y. Fujioka, Y. Ohba, J. V. Gorman, J. D. Colgan, M. Hirashima, T. 

Uede, A. Takaoka, H. Yagita, and M. Jinushi. 2012. Tumor-infiltrating DCs 

suppress nucleic acid-mediated innate immune responses through 

interactions between the receptor TIM-3 and the alarmin HMGB1. Nat 

Immunol 13: 832-842. 

329. Huang, Y. H., C. Zhu, Y. Kondo, A. C. Anderson, A. Gandhi, A. Russell, S. 

K. Dougan, B. S. Petersen, E. Melum, T. Pertel, K. L. Clayton, M. Raab, Q. 

Chen, N. Beauchemin, P. J. Yazaki, M. Pyzik, M. A. Ostrowski, J. N. 

Glickman, C. E. Rudd, H. L. Ploegh, A. Franke, G. A. Petsko, V. K. Kuchroo, 

and R. S. Blumberg. 2015. CEACAM1 regulates TIM-3-mediated tolerance 

and exhaustion. Nature 517: 386-390. 

330. Ndhlovu, L. C., S. Lopez-Verges, J. D. Barbour, R. B. Jones, A. R. Jha, B. 

R. Long, E. C. Schoeffler, T. Fujita, D. F. Nixon, and L. L. Lanier. 2012. Tim-3 

marks human natural killer cell maturation and suppresses cell-mediated 

cytotoxicity. Blood 119: 3734-3743. 

331. Monney, L., C. A. Sabatos, J. L. Gaglia, A. Ryu, H. Waldner, T. Chernova, 

S. Manning, E. A. Greenfield, A. J. Coyle, R. A. Sobel, G. J. Freeman, and V. 

K. Kuchroo. 2002. Th1-specific cell surface protein Tim-3 regulates 

macrophage activation and severity of an autoimmune disease. Nature 415: 

536-541. 

332. Peggs, K. S., S. A. Quezada, and J. P. Allison. 2008. Cell intrinsic 

mechanisms of T-cell inhibition and application to cancer therapy. Immunol 

Rev 224: 141-165. 



 191 

333. Watts, T. H. 2005. TNF/TNFR family members in costimulation of T cell 

responses. Annu Rev Immunol 23: 23-68. 

334. Peggs, K. S., S. A. Quezada, and J. P. Allison. 2009. Cancer 

immunotherapy: co-stimulatory agonists and co-inhibitory antagonists. Clin 

Exp Immunol 157: 9-19. 

335. Rudd, C. E., and H. Schneider. 2003. Unifying concepts in CD28, ICOS 

and CTLA4 co-receptor signalling. Nat Rev Immunol 3: 544-556. 

336. Tafuri, A., A. Shahinian, F. Bladt, S. K. Yoshinaga, M. Jordana, A. 

Wakeham, L. M. Boucher, D. Bouchard, V. S. Chan, G. Duncan, B. Odermatt, 

A. Ho, A. Itie, T. Horan, J. S. Whoriskey, T. Pawson, J. M. Penninger, P. S. 

Ohashi, and T. W. Mak. 2001. ICOS is essential for effective T-helper-cell 

responses. Nature 409: 105-109. 

337. McAdam, A. J., R. J. Greenwald, M. A. Levin, T. Chernova, N. 

Malenkovich, V. Ling, G. J. Freeman, and A. H. Sharpe. 2001. ICOS is critical 

for CD40-mediated antibody class switching. Nature 409: 102-105. 

338. Leconte, J., S. Bagherzadeh Yazdchi, V. Panneton, and W. K. Suh. 2016. 

Inducible costimulator (ICOS) potentiates TCR-induced calcium flux by 

augmenting PLCgamma1 activation and actin remodeling. Mol Immunol 79: 

38-46. 

339. Coyle, A. J., S. Lehar, C. Lloyd, J. Tian, T. Delaney, S. Manning, T. 

Nguyen, T. Burwell, H. Schneider, J. A. Gonzalo, M. Gosselin, L. R. Owen, C. 

E. Rudd, and J. C. Gutierrez-Ramos. 2000. The CD28-related molecule ICOS 

is required for effective T cell-dependent immune responses. Immunity 13: 

95-105. 



 192 

340. Amatore, F., L. Gorvel, and D. Olive. 2018. Inducible Co-Stimulator 

(ICOS) as a potential therapeutic target for anti-cancer therapy. Expert Opin 

Ther Targets 22: 343-351. 

341. Saoulli, K., S. Y. Lee, J. L. Cannons, W. C. Yeh, A. Santana, M. D. 

Goldstein, N. Bangia, M. A. DeBenedette, T. W. Mak, Y. Choi, and T. H. 

Watts. 1998. CD28-independent, TRAF2-dependent costimulation of resting T 

cells by 4-1BB ligand. J Exp Med 187: 1849-1862. 

342. Myers, L., S. W. Lee, R. J. Rossi, L. Lefrancois, B. S. Kwon, R. S. Mittler, 

M. Croft, and A. T. Vella. 2006. Combined CD137 (4-1BB) and adjuvant 

therapy generates a developing pool of peptide-specific CD8 memory T cells. 

Int Immunol 18: 325-333. 

343. Melero, I., W. W. Shuford, S. A. Newby, A. Aruffo, J. A. Ledbetter, K. E. 

Hellstrom, R. S. Mittler, and L. Chen. 1997. Monoclonal antibodies against the 

4-1BB T-cell activation molecule eradicate established tumors. Nat Med 3: 

682-685. 

344. Buchan, S. L., L. Dou, M. Remer, S. G. Booth, S. N. Dunn, C. Lai, M. 

Semmrich, I. Teige, L. Martensson, C. A. Penfold, H. T. C. Chan, J. E. 

Willoughby, C. I. Mockridge, L. N. Dahal, K. L. S. Cleary, S. James, A. Rogel, 

P. Kannisto, M. Jernetz, E. L. Williams, E. Healy, J. S. Verbeek, P. W. M. 

Johnson, B. Frendeus, M. S. Cragg, M. J. Glennie, J. C. Gray, A. Al-

Shamkhani, and S. A. Beers. 2018. Antibodies to Costimulatory Receptor 4-

1BB Enhance Anti-tumor Immunity via T Regulatory Cell Depletion and 

Promotion of CD8 T Cell Effector Function. Immunity 49: 958-970 e957. 

345. Bansal-Pakala, P., A. G. Jember, and M. Croft. 2001. Signaling through 

OX40 (CD134) breaks peripheral T-cell tolerance. Nat Med 7: 907-912. 



 193 

346. Dawicki, W., E. M. Bertram, A. H. Sharpe, and T. H. Watts. 2004. 4-1BB 

and OX40 act independently to facilitate robust CD8 and CD4 recall 

responses. J Immunol 173: 5944-5951. 

347. Rogers, P. R., J. Song, I. Gramaglia, N. Killeen, and M. Croft. 2001. OX40 

promotes Bcl-xL and Bcl-2 expression and is essential for long-term survival 

of CD4 T cells. Immunity 15: 445-455. 

348. Weinberg, A. D., M. M. Rivera, R. Prell, A. Morris, T. Ramstad, J. T. Vetto, 

W. J. Urba, G. Alvord, C. Bunce, and J. Shields. 2000. Engagement of the 

OX-40 receptor in vivo enhances antitumor immunity. J Immunol 164: 2160-

2169. 

349. Zaini, J., S. Andarini, M. Tahara, Y. Saijo, N. Ishii, K. Kawakami, M. 

Taniguchi, K. Sugamura, T. Nukiwa, and T. Kikuchi. 2007. OX40 ligand 

expressed by DCs costimulates NKT and CD4+ Th cell antitumor immunity in 

mice. J Clin Invest 117: 3330-3338. 

350. Curti, B. D., M. Kovacsovics-Bankowski, N. Morris, E. Walker, L. 

Chisholm, K. Floyd, J. Walker, I. Gonzalez, T. Meeuwsen, B. A. Fox, T. 

Moudgil, W. Miller, D. Haley, T. Coffey, B. Fisher, L. Delanty-Miller, N. 

Rymarchyk, T. Kelly, T. Crocenzi, E. Bernstein, R. Sanborn, W. J. Urba, and 

A. D. Weinberg. 2013. OX40 is a potent immune-stimulating target in late-

stage cancer patients. Cancer Res 73: 7189-7198. 

351. Hanabuchi, S., N. Watanabe, Y. H. Wang, Y. H. Wang, T. Ito, J. Shaw, W. 

Cao, F. X. Qin, and Y. J. Liu. 2006. Human plasmacytoid predendritic cells 

activate NK cells through glucocorticoid-induced tumor necrosis factor 

receptor-ligand (GITRL). Blood 107: 3617-3623. 



 194 

352. Ahonen, C., E. Manning, L. D. Erickson, B. O'Connor, E. F. Lind, S. S. 

Pullen, M. R. Kehry, and R. J. Noelle. 2002. The CD40-TRAF6 axis controls 

affinity maturation and the generation of long-lived plasma cells. Nat Immunol 

3: 451-456. 

353. Mackey, M. F., Z. Wang, K. Eichelberg, and R. N. Germain. 2003. Distinct 

contributions of different CD40 TRAF binding sites to CD154-induced 

dendritic cell maturation and IL-12 secretion. Eur J Immunol 33: 779-789. 

354. Hendriks, J., L. A. Gravestein, K. Tesselaar, R. A. van Lier, T. N. 

Schumacher, and J. Borst. 2000. CD27 is required for generation and long-

term maintenance of T cell immunity. Nat Immunol 1: 433-440. 

355. Herr, H. W., and A. Morales. 2008. History of bacillus Calmette-Guerin 

and bladder cancer: an immunotherapy success story. J Urol 179: 53-56. 

356. Adams, S., L. Kozhaya, F. Martiniuk, T. C. Meng, L. Chiriboga, L. Liebes, 

T. Hochman, N. Shuman, D. Axelrod, J. Speyer, Y. Novik, A. Tiersten, J. D. 

Goldberg, S. C. Formenti, N. Bhardwaj, D. Unutmaz, and S. Demaria. 2012. 

Topical TLR7 agonist imiquimod can induce immune-mediated rejection of 

skin metastases in patients with breast cancer. Clin Cancer Res 18: 6748-

6757. 

357. Shi, M., X. Chen, K. Ye, Y. Yao, and Y. Li. 2016. Application potential of 

toll-like receptors in cancer immunotherapy: Systematic review. Medicine 

(Baltimore) 95: e3951. 

358. Burdelya, L. G., C. M. Brackett, B. Kojouharov, Gitlin, II, K. I. Leonova, A. 

S. Gleiberman, S. Aygun-Sunar, J. Veith, C. Johnson, G. J. Haderski, P. 

Stanhope-Baker, S. Allamaneni, J. Skitzki, M. Zeng, E. Martsen, A. 

Medvedev, D. Scheblyakov, N. M. Artemicheva, D. Y. Logunov, A. L. 



 195 

Gintsburg, B. S. Naroditsky, S. S. Makarov, and A. V. Gudkov. 2013. Central 

role of liver in anticancer and radioprotective activities of Toll-like receptor 5 

agonist. Proc Natl Acad Sci U S A 110: E1857-1866. 

359. Weigel, B. J., S. Cooley, T. DeFor, D. J. Weisdorf, A. Panoskaltsis-Mortari, 

W. Chen, B. R. Blazar, and J. S. Miller. 2012. Prolonged subcutaneous 

administration of 852A, a novel systemic toll-like receptor 7 agonist, to 

activate innate immune responses in patients with advanced hematologic 

malignancies. Am J Hematol 87: 953-956. 

360. Garg, A. D., D. V. Krysko, T. Verfaillie, A. Kaczmarek, G. B. Ferreira, T. 

Marysael, N. Rubio, M. Firczuk, C. Mathieu, A. J. Roebroek, W. Annaert, J. 

Golab, P. de Witte, P. Vandenabeele, and P. Agostinis. 2012. A novel 

pathway combining calreticulin exposure and ATP secretion in immunogenic 

cancer cell death. EMBO J 31: 1062-1079. 

361. Braunstein, M. J., J. Kucharczyk, and S. Adams. 2018. Targeting Toll-Like 

Receptors for Cancer Therapy. Target Oncol 13: 583-598. 

362. Geisse, J., I. Caro, J. Lindholm, L. Golitz, P. Stampone, and M. Owens. 

2004. Imiquimod 5% cream for the treatment of superficial basal cell 

carcinoma: results from two phase III, randomized, vehicle-controlled studies. 

J Am Acad Dermatol 50: 722-733. 

363. Drobits, B., M. Holcmann, N. Amberg, M. Swiecki, R. Grundtner, M. 

Hammer, M. Colonna, and M. Sibilia. 2012. Imiquimod clears tumors in mice 

independent of adaptive immunity by converting pDCs into tumor-killing 

effector cells. J Clin Invest 122: 575-585. 

364. Arends, T. J., R. J. Lammers, J. Falke, A. G. van der Heijden, I. Rustighini, 

R. Pozzi, M. Ravic, A. Eisenhardt, H. Vergunst, and J. A. Witjes. 2015. 



 196 

Pharmacokinetic, Pharmacodynamic, and Activity Evaluation of TMX-101 in a 

Multicenter Phase 1 Study in Patients With Papillary Non-Muscle-Invasive 

Bladder Cancer. Clin Genitourin Cancer 13: 204-209 e202. 

365. Mauldin, I. S., N. A. Wages, A. M. Stowman, E. Wang, W. C. Olson, D. H. 

Deacon, K. T. Smith, N. Galeassi, J. E. Teague, M. E. Smolkin, K. A. 

Chianese-Bullock, R. A. Clark, G. R. Petroni, F. M. Marincola, D. W. Mullins, 

and C. L. Slingluff, Jr. 2016. Topical treatment of melanoma metastases with 

imiquimod, plus administration of a cancer vaccine, promotes immune 

signatures in the metastases. Cancer Immunol Immunother 65: 1201-1212. 

366. Meyer, T., C. Surber, L. E. French, and E. Stockfleth. 2013. Resiquimod, a 

topical drug for viral skin lesions and skin cancer. Expert Opin Investig Drugs 

22: 149-159. 

367. Rook, A. H., J. M. Gelfand, M. Wysocka, A. B. Troxel, B. Benoit, C. 

Surber, R. Elenitsas, M. A. Buchanan, D. S. Leahy, R. Watanabe, I. R. Kirsch, 

E. J. Kim, and R. A. Clark. 2015. Topical resiquimod can induce disease 

regression and enhance T-cell effector functions in cutaneous T-cell 

lymphoma. Blood 126: 1452-1461. 

368. Sabado, R. L., A. Pavlick, S. Gnjatic, C. M. Cruz, I. Vengco, F. Hasan, M. 

Spadaccia, F. Darvishian, L. Chiriboga, R. M. Holman, J. Escalon, C. Muren, 

C. Escano, E. Yepes, D. Sharpe, J. P. Vasilakos, L. Rolnitzsky, J. Goldberg, 

J. Mandeli, S. Adams, A. Jungbluth, L. Pan, R. Venhaus, P. A. Ott, and N. 

Bhardwaj. 2015. Resiquimod as an immunologic adjuvant for NY-ESO-1 

protein vaccination in patients with high-risk melanoma. Cancer Immunol Res 

3: 278-287. 



 197 

369. Brody, J. D., W. Z. Ai, D. K. Czerwinski, J. A. Torchia, M. Levy, R. H. 

Advani, Y. H. Kim, R. T. Hoppe, S. J. Knox, L. K. Shin, I. Wapnir, R. J. 

Tibshirani, and R. Levy. 2010. In situ vaccination with a TLR9 agonist induces 

systemic lymphoma regression: a phase I/II study. J Clin Oncol 28: 4324-

4332. 

370. Krieg, A. M. 2008. Toll-like receptor 9 (TLR9) agonists in the treatment of 

cancer. Oncogene 27: 161-167. 

371. Wang, S., J. Campos, M. Gallotta, M. Gong, C. Crain, E. Naik, R. L. 

Coffman, and C. Guiducci. 2016. Intratumoral injection of a CpG 

oligonucleotide reverts resistance to PD-1 blockade by expanding 

multifunctional CD8+ T cells. Proc Natl Acad Sci U S A 113: E7240-E7249. 

372. Matsumoto, M., and T. Seya. 2008. TLR3: interferon induction by double-

stranded RNA including poly(I:C). Advanced drug delivery reviews 60: 805-

812. 

373. Martins, K. A., S. Bavari, and A. M. Salazar. 2015. Vaccine adjuvant uses 

of poly-IC and derivatives. Expert Rev Vaccines 14: 447-459. 

374. Ayari, C., M. Besancon, A. Bergeron, H. LaRue, V. Bussieres, and Y. 

Fradet. 2016. Poly(I:C) potentiates Bacillus Calmette-Guerin immunotherapy 

for bladder cancer. Cancer immunology, immunotherapy : CII 65: 223-234. 

375. Bald, T., J. Landsberg, D. Lopez-Ramos, M. Renn, N. Glodde, P. Jansen, 

E. Gaffal, J. Steitz, R. Tolba, U. Kalinke, A. Limmer, G. Jonsson, M. Holzel, 

and T. Tuting. 2014. Immune cell-poor melanomas benefit from PD-1 

blockade after targeted type I IFN activation. Cancer discovery 4: 674-687. 

376. Takaki, H., H. Shime, M. Matsumoto, and T. Seya. 2017. Tumor cell death 

by pattern-sensing of exogenous RNA: Tumor cell TLR3 directly induces 



 198 

necroptosis by poly(I:C) in vivo, independent of immune effector-mediated 

tumor shrinkage. Oncoimmunology 6: e1078968. 

377. Cen, X., S. Liu, and K. Cheng. 2018. The Role of Toll-Like Receptor in 

Inflammation and Tumor Immunity. Front Pharmacol 9: 878. 

378. Ammi, R., J. De Waele, Y. Willemen, I. Van Brussel, D. M. Schrijvers, E. 

Lion, and E. L. Smits. 2015. Poly(I:C) as cancer vaccine adjuvant: knocking 

on the door of medical breakthroughs. Pharmacol Ther 146: 120-131. 

379. Gao, P., M. Ascano, Y. Wu, W. Barchet, B. L. Gaffney, T. Zillinger, A. A. 

Serganov, Y. Liu, R. A. Jones, G. Hartmann, T. Tuschl, and D. J. Patel. 2013. 

Cyclic [G(2',5')pA(3',5')p] is the metazoan second messenger produced by 

DNA-activated cyclic GMP-AMP synthase. Cell 153: 1094-1107. 

380. Sun, L., J. Wu, F. Du, X. Chen, and Z. J. Chen. 2013. Cyclic GMP-AMP 

synthase is a cytosolic DNA sensor that activates the type I interferon 

pathway. Science 339: 786-791. 

381. Abe, T., and G. N. Barber. 2014. Cytosolic-DNA-mediated, STING-

dependent proinflammatory gene induction necessitates canonical NF-

kappaB activation through TBK1. J Virol 88: 5328-5341. 

382. Santana Carrero, R. M., F. Beceren-Braun, S. C. Rivas, S. M. Hegde, A. 

Gangadharan, D. Plote, G. Pham, S. M. Anthony, and K. S. Schluns. 2019. 

IL-15 is a component of the inflammatory milieu in the tumor 

microenvironment promoting antitumor responses. Proc Natl Acad Sci U S A 

116: 599-608. 

383. Woo, S. R., M. B. Fuertes, L. Corrales, S. Spranger, M. J. Furdyna, M. Y. 

Leung, R. Duggan, Y. Wang, G. N. Barber, K. A. Fitzgerald, M. L. Alegre, and 



 199 

T. F. Gajewski. 2014. STING-dependent cytosolic DNA sensing mediates 

innate immune recognition of immunogenic tumors. Immunity 41: 830-842. 

384. Zhang, X., H. Shi, J. Wu, X. Zhang, L. Sun, C. Chen, and Z. J. Chen. 

2013. Cyclic GMP-AMP containing mixed phosphodiester linkages is an 

endogenous high-affinity ligand for STING. Mol Cell 51: 226-235. 

385. Chandra, D., W. Quispe-Tintaya, A. Jahangir, D. Asafu-Adjei, I. Ramos, H. 

O. Sintim, J. Zhou, Y. Hayakawa, D. K. Karaolis, and C. Gravekamp. 2014. 

STING ligand c-di-GMP improves cancer vaccination against metastatic 

breast cancer. Cancer Immunol Res 2: 901-910. 

386. Ohkuri, T., A. Ghosh, A. Kosaka, J. Zhu, M. Ikeura, M. David, S. C. 

Watkins, S. N. Sarkar, and H. Okada. 2014. STING contributes to antiglioma 

immunity via triggering type I IFN signals in the tumor microenvironment. 

Cancer Immunol Res 2: 1199-1208. 

387. Gao, P., M. Ascano, T. Zillinger, W. Wang, P. Dai, A. A. Serganov, B. L. 

Gaffney, S. Shuman, R. A. Jones, L. Deng, G. Hartmann, W. Barchet, T. 

Tuschl, and D. J. Patel. 2013. Structure-function analysis of STING activation 

by c[G(2',5')pA(3',5')p] and targeting by antiviral DMXAA. Cell 154: 748-762. 

388. Wang, E. L., Z. R. Qian, M. Nakasono, T. Tanahashi, K. Yoshimoto, Y. 

Bando, E. Kudo, M. Shimada, and T. Sano. 2010. High expression of Toll-like 

receptor 4/myeloid differentiation factor 88 signals correlates with poor 

prognosis in colorectal cancer. Br J Cancer 102: 908-915. 

389. Cammarota, R., V. Bertolini, G. Pennesi, E. O. Bucci, O. Gottardi, C. 

Garlanda, L. Laghi, M. C. Barberis, F. Sessa, D. M. Noonan, and A. Albini. 

2010. The tumor microenvironment of colorectal cancer: stromal TLR-4 

expression as a potential prognostic marker. J Transl Med 8: 112. 



 200 

390. Stockfleth, E., U. Trefzer, C. Garcia-Bartels, T. Wegner, T. Schmook, and 

W. Sterry. 2003. The use of Toll-like receptor-7 agonist in the treatment of 

basal cell carcinoma: an overview. Br J Dermatol 149 Suppl 66: 53-56. 

391. Swann, J. B., Y. Hayakawa, N. Zerafa, K. C. Sheehan, B. Scott, R. D. 

Schreiber, P. Hertzog, and M. J. Smyth. 2007. Type I IFN contributes to NK 

cell homeostasis, activation, and antitumor function. J Immunol 178: 7540-

7549. 

392. Theofilopoulos, A. N., R. Baccala, B. Beutler, and D. H. Kono. 2005. Type 

I interferons (alpha/beta) in immunity and autoimmunity. Annu Rev Immunol 

23: 307-336. 

393. Papageorgiou, A., C. P. Dinney, and D. J. McConkey. 2007. Interferon-

alpha induces TRAIL expression and cell death via an IRF-1-dependent 

mechanism in human bladder cancer cells. Cancer Biol Ther 6: 872-879. 

394. Taylor, M. W., and G. S. Feng. 1991. Relationship between interferon-

gamma, indoleamine 2,3-dioxygenase, and tryptophan catabolism. FASEB J 

5: 2516-2522. 

395. Terawaki, S., S. Chikuma, S. Shibayama, T. Hayashi, T. Yoshida, T. 

Okazaki, and T. Honjo. 2011. IFN-alpha directly promotes programmed cell 

death-1 transcription and limits the duration of T cell-mediated immunity. 

Journal of immunology 186: 2772-2779. 

396. Fuertes, M. B., A. K. Kacha, J. Kline, S. R. Woo, D. M. Kranz, K. M. 

Murphy, and T. F. Gajewski. 2011. Host type I IFN signals are required for 

antitumor CD8+ T cell responses through CD8{alpha}+ dendritic cells. The 

Journal of experimental medicine 208: 2005-2016. 



 201 

397. Diamond, M. S., M. Kinder, H. Matsushita, M. Mashayekhi, G. P. Dunn, J. 

M. Archambault, H. Lee, C. D. Arthur, J. M. White, U. Kalinke, K. M. Murphy, 

and R. D. Schreiber. 2011. Type I interferon is selectively required by 

dendritic cells for immune rejection of tumors. J Exp Med 208: 1989-2003. 

398. De Palma, M., R. Mazzieri, L. S. Politi, F. Pucci, E. Zonari, G. Sitia, S. 

Mazzoleni, D. Moi, M. A. Venneri, S. Indraccolo, A. Falini, L. G. Guidotti, R. 

Galli, and L. Naldini. 2008. Tumor-targeted interferon-alpha delivery by Tie2-

expressing monocytes inhibits tumor growth and metastasis. Cancer Cell 14: 

299-311. 

399. Yang, X., X. Zhang, M. L. Fu, R. R. Weichselbaum, T. F. Gajewski, Y. 

Guo, and Y. X. Fu. 2014. Targeting the tumor microenvironment with 

interferon-beta bridges innate and adaptive immune responses. Cancer Cell 

25: 37-48. 

400. U'Ren, L., A. Guth, D. Kamstock, and S. Dow. 2010. Type I interferons 

inhibit the generation of tumor-associated macrophages. Cancer Immunol 

Immunother 59: 587-598. 

401. Koebel, C. M., W. Vermi, J. B. Swann, N. Zerafa, S. J. Rodig, L. J. Old, M. 

J. Smyth, and R. D. Schreiber. 2007. Adaptive immunity maintains occult 

cancer in an equilibrium state. Nature 450: 903-907. 

402. Dunn, G. P., A. T. Bruce, K. C. Sheehan, V. Shankaran, R. Uppaluri, J. D. 

Bui, M. S. Diamond, C. M. Koebel, C. Arthur, J. M. White, and R. D. 

Schreiber. 2005. A critical function for type I interferons in cancer 

immunoediting. Nat Immunol 6: 722-729. 

403. Izawa, J. I., P. Sweeney, P. Perrotte, D. Kedar, Z. Dong, J. W. Slaton, T. 

Karashima, K. Inoue, W. F. Benedict, and C. P. Dinney. 2002. Inhibition of 



 202 

tumorigenicity and metastasis of human bladder cancer growing in athymic 

mice by interferon-beta gene therapy results partially from various 

antiangiogenic effects including endothelial cell apoptosis. Clin Cancer Res 8: 

1258-1270. 

404. von Marschall, Z., A. Scholz, T. Cramer, G. Schafer, M. Schirner, K. 

Oberg, B. Wiedenmann, M. Hocker, and S. Rosewicz. 2003. Effects of 

interferon alpha on vascular endothelial growth factor gene transcription and 

tumor angiogenesis. Journal of the National Cancer Institute 95: 437-448. 

405. Dinney, C. P., D. R. Bielenberg, P. Perrotte, R. Reich, B. Y. Eve, C. D. 

Bucana, and I. J. Fidler. 1998. Inhibition of basic fibroblast growth factor 

expression, angiogenesis, and growth of human bladder carcinoma in mice 

by systemic interferon-alpha administration. Cancer Res 58: 808-814. 

406. Lamm, D., M. Brausi, M. A. O'Donnell, and J. A. Witjes. 2014. Interferon 

alfa in the treatment paradigm for non-muscle-invasive bladder cancer. 

Urologic oncology 32: 35 e21-30. 

407. Benedict, W. F., Z. Tao, C. S. Kim, X. Zhang, J. H. Zhou, L. Adam, D. J. 

McConkey, A. Papageorgiou, M. Munsell, J. Philopena, H. Engler, W. 

Demers, D. C. Maneval, C. P. Dinney, and R. J. Connor. 2004. Intravesical 

Ad-IFNalpha causes marked regression of human bladder cancer growing 

orthotopically in nude mice and overcomes resistance to IFN-alpha protein. 

Mol Ther 10: 525-532. 

408. Navai, N., W. F. Benedict, G. Zhang, A. Abraham, N. Ainslie, J. B. Shah, 

H. B. Grossman, A. M. Kamat, and C. P. Dinney. 2016. Phase 1b Trial to 

Evaluate Tissue Response to a Second Dose of Intravesical Recombinant 

Adenoviral Interferon alpha2b Formulated in Syn3 for Failures of Bacillus 



 203 

Calmette-Guerin (BCG) Therapy in Nonmuscle Invasive Bladder Cancer. Ann 

Surg Oncol 23: 4110-4114. 

409. Sharma, P., K. Wagner, J. D. Wolchok, and J. P. Allison. 2011. Novel 

cancer immunotherapy agents with survival benefit: recent successes and 

next steps. Nat Rev Cancer 11: 805-812. 

410. Hamanishi, J., M. Mandai, N. Matsumura, K. Abiko, T. Baba, and I. 

Konishi. 2016. PD-1/PD-L1 blockade in cancer treatment: perspectives and 

issues. Int J Clin Oncol 21: 462-473. 

411. Herbst, R. S., P. Baas, D. W. Kim, E. Felip, J. L. Perez-Gracia, J. Y. Han, 

J. Molina, J. H. Kim, C. D. Arvis, M. J. Ahn, M. Majem, M. J. Fidler, G. de 

Castro, Jr., M. Garrido, G. M. Lubiniecki, Y. Shentu, E. Im, M. Dolled-Filhart, 

and E. B. Garon. 2016. Pembrolizumab versus docetaxel for previously 

treated, PD-L1-positive, advanced non-small-cell lung cancer (KEYNOTE-

010): a randomised controlled trial. Lancet 387: 1540-1550. 

412. Motzer, R. J., B. Escudier, D. F. McDermott, S. George, H. J. Hammers, 

S. Srinivas, S. S. Tykodi, J. A. Sosman, G. Procopio, E. R. Plimack, D. 

Castellano, T. K. Choueiri, H. Gurney, F. Donskov, P. Bono, J. Wagstaff, T. 

C. Gauler, T. Ueda, Y. Tomita, F. A. Schutz, C. Kollmannsberger, J. Larkin, A. 

Ravaud, J. S. Simon, L. A. Xu, I. M. Waxman, P. Sharma, and I. CheckMate. 

2015. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. N 

Engl J Med 373: 1803-1813. 

413. Larkin, J., V. Chiarion-Sileni, R. Gonzalez, J. J. Grob, C. L. Cowey, C. D. 

Lao, D. Schadendorf, R. Dummer, M. Smylie, P. Rutkowski, P. F. Ferrucci, A. 

Hill, J. Wagstaff, M. S. Carlino, J. B. Haanen, M. Maio, I. Marquez-Rodas, G. 

A. McArthur, P. A. Ascierto, G. V. Long, M. K. Callahan, M. A. Postow, K. 



 204 

Grossmann, M. Sznol, B. Dreno, L. Bastholt, A. Yang, L. M. Rollin, C. Horak, 

F. S. Hodi, and J. D. Wolchok. 2015. Combined Nivolumab and Ipilimumab or 

Monotherapy in Untreated Melanoma. N Engl J Med 373: 23-34. 

414. Curran, M. A., W. Montalvo, H. Yagita, and J. P. Allison. 2010. PD-1 and 

CTLA-4 combination blockade expands infiltrating T cells and reduces 

regulatory T and myeloid cells within B16 melanoma tumors. Proc Natl Acad 

Sci U S A 107: 4275-4280. 

415. Sharma, A., M. Campbell, C. Yee, S. Goswami, and P. Sharma. 2019. 

Immunotherapy of Cancer. In Clinical Immunology: Principles and Practice, 

5th ed. Elsevier. 1033-1048. 

416. Yu, P., Y. Lee, Y. Wang, X. Liu, S. Auh, T. F. Gajewski, H. Schreiber, Z. 

You, C. Kaynor, X. Wang, and Y. X. Fu. 2007. Targeting the primary tumor to 

generate CTL for the effective eradication of spontaneous metastases. J 

Immunol 179: 1960-1968. 

417. Dranoff, G. 2004. Cytokines in cancer pathogenesis and cancer therapy. 

Nat Rev Cancer 4: 11-22. 

418. Mahoney, K. M., P. D. Rennert, and G. J. Freeman. 2015. Combination 

cancer immunotherapy and new immunomodulatory targets. Nat Rev Drug 

Discov 14: 561-584. 

419. Moynihan, K. D., C. F. Opel, G. L. Szeto, A. Tzeng, E. F. Zhu, J. M. 

Engreitz, R. T. Williams, K. Rakhra, M. H. Zhang, A. M. Rothschilds, S. 

Kumari, R. L. Kelly, B. H. Kwan, W. Abraham, K. Hu, N. K. Mehta, M. J. 

Kauke, H. Suh, J. R. Cochran, D. A. Lauffenburger, K. D. Wittrup, and D. J. 

Irvine. 2016. Eradication of large established tumors in mice by combination 



 205 

immunotherapy that engages innate and adaptive immune responses. Nat 

Med 22: 1402-1410. 

420. Milhem, M., R. Gonzales, T. Medina, J. Kirkwood, E. Buchbinder, and I. 

Mehmi. 2018. Intratumoral Toll-like receptor 9 (TLR9) agonist, CMP-001, in 

combination with pembrolizumab can reverse resistance to PD-1 inhibition in 

a phase Ib trail in subjects with advanced melanoma., Cancer Res. 

421. Sato-Kaneko, F., S. Yao, A. Ahmadi, S. S. Zhang, T. Hosoya, M. M. 

Kaneda, J. A. Varner, M. Pu, K. S. Messer, C. Guiducci, R. L. Coffman, K. 

Kitaura, T. Matsutani, R. Suzuki, D. A. Carson, T. Hayashi, and E. E. Cohen. 

2017. Combination immunotherapy with TLR agonists and checkpoint 

inhibitors suppresses head and neck cancer. JCI Insight 2. 

422. Sharma, P., M. Retz, A. Siefker-Radtke, A. Baron, A. Necchi, J. Bedke, E. 

R. Plimack, D. Vaena, M. O. Grimm, S. Bracarda, J. A. Arranz, S. Pal, C. 

Ohyama, A. Saci, X. Qu, A. Lambert, S. Krishnan, A. Azrilevich, and M. D. 

Galsky. 2017. Nivolumab in metastatic urothelial carcinoma after platinum 

therapy (CheckMate 275): a multicentre, single-arm, phase 2 trial. Lancet 

Oncol 18: 312-322. 

423. Rosenberg, J. E., J. Hoffman-Censits, T. Powles, M. S. van der Heijden, 

A. V. Balar, A. Necchi, N. Dawson, P. H. O'Donnell, A. Balmanoukian, Y. 

Loriot, S. Srinivas, M. M. Retz, P. Grivas, R. W. Joseph, M. D. Galsky, M. T. 

Fleming, D. P. Petrylak, J. L. Perez-Gracia, H. A. Burris, D. Castellano, C. 

Canil, J. Bellmunt, D. Bajorin, D. Nickles, R. Bourgon, G. M. Frampton, N. 

Cui, S. Mariathasan, O. Abidoye, G. D. Fine, and R. Dreicer. 2016. 

Atezolizumab in patients with locally advanced and metastatic urothelial 

carcinoma who have progressed following treatment with platinum-based 



 206 

chemotherapy: a single-arm, multicentre, phase 2 trial. Lancet 387: 1909-

1920. 

424. Sharma, P., M. K. Callahan, E. Calvo, and e. al. 2016. Efficacy and safety 

of nivolumab plus ipilimumub in previously treated metstatic urothelial 

carcinoma: First results from phase I/II CheckMate 032 study. SITC Annual 

Meeting. 

425. Singh, P., and P. Black. 2016. Emerging role of checkpoint inhibition in 

localized bladder cancer. Urol Oncol 34: 548-555. 

426. Lamm, D. L., B. A. Blumenstein, J. D. Crissman, J. E. Montie, J. E. 

Gottesman, B. A. Lowe, M. F. Sarosdy, R. D. Bohl, H. B. Grossman, T. M. 

Beck, J. T. Leimert, and E. D. Crawford. 2000. Maintenance bacillus 

Calmette-Guerin immunotherapy for recurrent TA, T1 and carcinoma in situ 

transitional cell carcinoma of the bladder: a randomized Southwest Oncology 

Group Study. J Urol 163: 1124-1129. 

427. Multhoff, G., M. Molls, and J. Radons. 2011. Chronic inflammation in 

cancer development. Frontiers in immunology 2: 98. 

428. Wong, Y. N. S., K. Joshi, P. Khetrapal, M. Ismail, J. L. Reading, M. W. 

Sunderland, A. Georgiou, A. J. S. Furness, A. Ben Aissa, E. Ghorani, T. 

Oakes, I. Uddin, W. S. Tan, A. Feber, U. McGovern, C. Swanton, A. 

Freeman, T. Marafioti, T. P. Briggs, J. D. Kelly, T. Powles, K. S. Peggs, B. M. 

Chain, M. D. Linch, and S. A. Quezada. 2018. Urine-derived lymphocytes as 

a non-invasive measure of the bladder tumor immune microenvironment. J 

Exp Med 215: 2748-2759. 

429. Allen, E., A. Jabouille, L. B. Rivera, I. Lodewijckx, R. Missiaen, V. Steri, K. 

Feyen, J. Tawney, D. Hanahan, I. P. Michael, and G. Bergers. 2017. 



 207 

Combined antiangiogenic and anti-PD-L1 therapy stimulates tumor immunity 

through HEV formation. Science translational medicine 9. 

430. Massari, F., C. Ciccarese, M. Santoni, R. Iacovelli, R. Mazzucchelli, F. 

Piva, M. Scarpelli, R. Berardi, G. Tortora, A. Lopez-Beltran, L. Cheng, and R. 

Montironi. 2016. Metabolic phenotype of bladder cancer. Cancer Treat Rev 

45: 46-57. 

431. Menendez, J. A., and R. Lupu. 2007. Fatty acid synthase and the 

lipogenic phenotype in cancer pathogenesis. Nat Rev Cancer 7: 763-777. 

432. Herr, H. W. 1999. The value of a second transurethral resection in 

evaluating patients with bladder tumors. J Urol 162: 74-76. 

433. Dunn, G. P., L. J. Old, and R. D. Schreiber. 2004. The three Es of cancer 

immunoediting. Annu Rev Immunol 22: 329-360. 

434. Zitvogel, L., L. Galluzzi, O. Kepp, M. J. Smyth, and G. Kroemer. 2015. 

Type I interferons in anticancer immunity. Nat Rev Immunol 15: 405-414. 

435. Chen, H. M., N. Tanaka, Y. Mitani, E. Oda, H. Nozawa, J. Z. Chen, H. 

Yanai, H. Negishi, M. K. Choi, T. Iwasaki, H. Yamamoto, T. Taniguchi, and A. 

Takaoka. 2009. Critical role for constitutive type I interferon signaling in the 

prevention of cellular transformation. Cancer Sci 100: 449-456. 

436. Tschurtschenthaler, M., J. Wang, C. Fricke, T. M. Fritz, L. Niederreiter, T. 

E. Adolph, E. Sarcevic, S. Kunzel, F. A. Offner, U. Kalinke, J. F. Baines, H. 

Tilg, and A. Kaser. 2014. Type I interferon signalling in the intestinal 

epithelium affects Paneth cells, microbial ecology and epithelial regeneration. 

Gut 63: 1921-1931. 

437. Katze, M. G., Y. He, and M. Gale, Jr. 2002. Viruses and interferon: a fight 

for supremacy. Nat Rev Immunol 2: 675-687. 



 208 

438. Chan, S. R., C. G. Rickert, W. Vermi, K. C. Sheehan, C. Arthur, J. A. 

Allen, J. M. White, J. Archambault, S. Lonardi, T. M. McDevitt, D. 

Bhattacharya, M. V. Lorenzi, D. C. Allred, and R. D. Schreiber. 2014. 

Dysregulated STAT1-SOCS1 control of JAK2 promotes mammary luminal 

progenitor cell survival and drives ERalpha(+) tumorigenesis. Cell Death 

Differ 21: 234-246. 

439. Bidwell, B. N., C. Y. Slaney, N. P. Withana, S. Forster, Y. Cao, S. Loi, D. 

Andrews, T. Mikeska, N. E. Mangan, S. A. Samarajiwa, N. A. de Weerd, J. 

Gould, P. Argani, A. Moller, M. J. Smyth, R. L. Anderson, P. J. Hertzog, and 

B. S. Parker. 2012. Silencing of Irf7 pathways in breast cancer cells promotes 

bone metastasis through immune escape. Nat Med 18: 1224-1231. 

440. Broz, M. L., M. Binnewies, B. Boldajipour, A. E. Nelson, J. L. Pollack, D. J. 

Erle, A. Barczak, M. D. Rosenblum, A. Daud, D. L. Barber, S. Amigorena, L. 

J. Van't Veer, A. I. Sperling, D. M. Wolf, and M. F. Krummel. 2014. Dissecting 

the tumor myeloid compartment reveals rare activating antigen-presenting 

cells critical for T cell immunity. Cancer Cell 26: 638-652. 

441. Gajewski, T. F., J. Louahed, and V. G. Brichard. 2010. Gene signature in 

melanoma associated with clinical activity: a potential clue to unlock cancer 

immunotherapy. Cancer J 16: 399-403. 

442. Cheon, H., E. C. Borden, and G. R. Stark. 2014. Interferons and their 

stimulated genes in the tumor microenvironment. Semin Oncol 41: 156-173. 

443. Vandeveer, A. J., J. K. Fallon, R. Tighe, H. Sabzevari, J. Schlom, and J. 

W. Greiner. 2016. Systemic Immunotherapy of Non-Muscle Invasive Mouse 

Bladder Cancer with Avelumab, an Anti-PD-L1 Immune Checkpoint Inhibitor. 

Cancer immunology research 4: 452-462. 



 209 

444. Garcia-Diaz, A., D. S. Shin, B. H. Moreno, J. Saco, H. Escuin-Ordinas, G. 

A. Rodriguez, J. M. Zaretsky, L. Sun, W. Hugo, X. Wang, G. Parisi, C. P. 

Saus, D. Y. Torrejon, T. G. Graeber, B. Comin-Anduix, S. Hu-Lieskovan, R. 

Damoiseaux, R. S. Lo, and A. Ribas. 2017. Interferon Receptor Signaling 

Pathways Regulating PD-L1 and PD-L2 Expression. Cell reports 19: 1189-

1201. 

445. Saito, R., C. C. Smith, T. Utsumi, L. M. Bixby, J. Kardos, S. E. Wobker, K. 

G. Stewart, S. Chai, U. Manocha, K. M. Byrd, J. S. Damrauer, S. E. Williams, 

B. G. Vincent, and W. Y. Kim. 2018. Molecular Subtype-Specific 

Immunocompetent Models of High-Grade Urothelial Carcinoma Reveal 

Differential Neoantigen Expression and Response to Immunotherapy. Cancer 

research 78: 3954-3968. 

446. Guo, Y., L. Luan, W. Rabacal, J. K. Bohannon, B. A. Fensterheim, A. 

Hernandez, and E. R. Sherwood. 2015. IL-15 Superagonist-Mediated 

Immunotoxicity: Role of NK Cells and IFN-gamma. Journal of immunology 

195: 2353-2364. 

447. Shime, H., M. Matsumoto, and T. Seya. 2017. Double-stranded RNA 

promotes CTL-independent tumor cytolysis mediated by CD11b(+)Ly6G(+) 

intratumor myeloid cells through the TICAM-1 signaling pathway. Cell death 

and differentiation 24: 385-396. 

448. Heufler, C., F. Koch, U. Stanzl, G. Topar, M. Wysocka, G. Trinchieri, A. 

Enk, R. M. Steinman, N. Romani, and G. Schuler. 1996. Interleukin-12 is 

produced by dendritic cells and mediates T helper 1 development as well as 

interferon-gamma production by T helper 1 cells. European journal of 

immunology 26: 659-668. 



 210 

449. van Hooren, L., L. C. Sandin, I. Moskalev, P. Ellmark, A. Dimberg, P. 

Black, T. H. Totterman, and S. M. Mangsbo. 2017. Local checkpoint inhibition 

of CTLA-4 as a monotherapy or in combination with anti-PD1 prevents the 

growth of murine bladder cancer. European journal of immunology 47: 385-

393. 

450. Muthuswamy, R., L. Wang, J. Pitteroff, J. R. Gingrich, and P. Kalinski. 

2015. Combination of IFNalpha and poly-I:C reprograms bladder cancer 

microenvironment for enhanced CTL attraction. Journal for immunotherapy of 

cancer 3: 6. 

451. Rincon, M. 2012. Interleukin-6: from an inflammatory marker to a target for 

inflammatory diseases. Trends in immunology 33: 571-577. 

452. Lauder, S. N., E. Jones, K. Smart, A. Bloom, A. S. Williams, J. P. Hindley, 

B. Ondondo, P. R. Taylor, M. Clement, C. Fielding, A. J. Godkin, S. A. Jones, 

and A. M. Gallimore. 2013. Interleukin-6 limits influenza-induced inflammation 

and protects against fatal lung pathology. Eur J Immunol 43: 2613-2625. 

453. Jones, S. A. 2005. Directing transition from innate to acquired immunity: 

defining a role for IL-6. J Immunol 175: 3463-3468. 

454. Iwakura, Y., H. Ishigame, S. Saijo, and S. Nakae. 2011. Functional 

specialization of interleukin-17 family members. Immunity 34: 149-162. 

455. Ribas, A., and J. D. Wolchok. 2018. Cancer immunotherapy using 

checkpoint blockade. Science 359: 1350-1355. 

456. Zaretsky, J. M., A. Garcia-Diaz, D. S. Shin, H. Escuin-Ordinas, W. Hugo, 

S. Hu-Lieskovan, D. Y. Torrejon, G. Abril-Rodriguez, S. Sandoval, L. Barthly, 

J. Saco, B. Homet Moreno, R. Mezzadra, B. Chmielowski, K. Ruchalski, I. P. 

Shintaku, P. J. Sanchez, C. Puig-Saus, G. Cherry, E. Seja, X. Kong, J. Pang, 



 211 

B. Berent-Maoz, B. Comin-Anduix, T. G. Graeber, P. C. Tumeh, T. N. 

Schumacher, R. S. Lo, and A. Ribas. 2016. Mutations Associated with 

Acquired Resistance to PD-1 Blockade in Melanoma. N Engl J Med 375: 819-

829. 

457. D'Elia, R. V., K. Harrison, P. C. Oyston, R. A. Lukaszewski, and G. C. 

Clark. 2013. Targeting the "cytokine storm" for therapeutic benefit. Clinical 

and vaccine immunology : CVI 20: 319-327. 

458. Tisoncik, J. R., M. J. Korth, C. P. Simmons, J. Farrar, T. R. Martin, and M. 

G. Katze. 2012. Into the eye of the cytokine storm. Microbiology and 

molecular biology reviews : MMBR 76: 16-32. 

459. Kim, K. D., J. Zhao, S. Auh, X. Yang, P. Du, H. Tang, and Y. X. Fu. 2007. 

Adaptive immune cells temper initial innate responses. Nature medicine 13: 

1248-1252. 

460. Lu, Z., and S. Xu. 2006. ERK1/2 MAP kinases in cell survival and 

apoptosis. IUBMB life 58: 621-631. 

461. Chang, C. H., J. Qiu, D. O'Sullivan, M. D. Buck, T. Noguchi, J. D. Curtis, 

Q. Chen, M. Gindin, M. M. Gubin, G. J. van der Windt, E. Tonc, R. D. 

Schreiber, E. J. Pearce, and E. L. Pearce. 2015. Metabolic Competition in the 

Tumor Microenvironment Is a Driver of Cancer Progression. Cell 162: 1229-

1241. 

462. O'Sullivan, D., G. J. van der Windt, S. C. Huang, J. D. Curtis, C. H. Chang, 

M. D. Buck, J. Qiu, A. M. Smith, W. Y. Lam, L. M. DiPlato, F. F. Hsu, M. J. 

Birnbaum, E. J. Pearce, and E. L. Pearce. 2014. Memory CD8(+) T cells use 

cell-intrinsic lipolysis to support the metabolic programming necessary for 

development. Immunity 41: 75-88. 



 212 

463. Pearce, E. L., M. C. Walsh, P. J. Cejas, G. M. Harms, H. Shen, L. S. 

Wang, R. G. Jones, and Y. Choi. 2009. Enhancing CD8 T-cell memory by 

modulating fatty acid metabolism. Nature 460: 103-107. 

464. O'Neill, L. A., R. J. Kishton, and J. Rathmell. 2016. A guide to 

immunometabolism for immunologists. Nature reviews. Immunology 16: 553-

565. 

465. Hugo, W., J. M. Zaretsky, L. Sun, C. Song, B. H. Moreno, S. Hu-

Lieskovan, B. Berent-Maoz, J. Pang, B. Chmielowski, G. Cherry, E. Seja, S. 

Lomeli, X. Kong, M. C. Kelley, J. A. Sosman, D. B. Johnson, A. Ribas, and R. 

S. Lo. 2016. Genomic and Transcriptomic Features of Response to Anti-PD-1 

Therapy in Metastatic Melanoma. Cell 165: 35-44. 

466. Brunner-Weinzierl, M. C., and C. E. Rudd. 2018. CTLA-4 and PD-1 

Control of T-Cell Motility and Migration: Implications for Tumor 

Immunotherapy. Front Immunol 9: 2737. 

467. Zinselmeyer, B. H., S. Heydari, C. Sacristan, D. Nayak, M. Cammer, J. 

Herz, X. Cheng, S. J. Davis, M. L. Dustin, and D. B. McGavern. 2013. PD-1 

promotes immune exhaustion by inducing antiviral T cell motility paralysis. J 

Exp Med 210: 757-774. 

468. Pasare, C., and R. Medzhitov. 2003. Toll pathway-dependent blockade of 

CD4+CD25+ T cell-mediated suppression by dendritic cells. Science 299: 

1033-1036. 

469. Fisher, D. T., M. M. Appenheimer, and S. S. Evans. 2014. The two faces 

of IL-6 in the tumor microenvironment. Semin Immunol 26: 38-47. 



 213 

470. Ngwa, W., O. C. Irabor, J. D. Schoenfeld, J. Hesser, S. Demaria, and S. 

C. Formenti. 2018. Using immunotherapy to boost the abscopal effect. Nat 

Rev Cancer 18: 313-322. 

471. Liu, M., R. S. O'Connor, S. Trefely, K. Graham, N. W. Snyder, and G. L. 

Beatty. 2019. Metabolic rewiring of macrophages by CpG potentiates 

clearance of cancer cells and overcomes tumor-expressed CD47-mediated 

'don't-eat-me' signal. Nat Immunol 20: 265-275. 

472. Kouidhi, S., F. Ben Ayed, and A. Benammar Elgaaied. 2018. Targeting 

Tumor Metabolism: A New Challenge to Improve Immunotherapy. Front 

Immunol 9: 353. 

473. Sharma, P., S. Hu-Lieskovan, J. A. Wargo, and A. Ribas. 2017. Primary, 

Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell 168: 707-

723. 

474. Chen, M. F., P. Y. Lin, C. F. Wu, W. C. Chen, and C. T. Wu. 2013. IL-6 

expression regulates tumorigenicity and correlates with prognosis in bladder 

cancer. PLoS One 8: e61901. 

475. Nowell, M. A., A. S. Williams, S. A. Carty, J. Scheller, A. J. Hayes, G. W. 

Jones, P. J. Richards, S. Slinn, M. Ernst, B. J. Jenkins, N. Topley, S. Rose-

John, and S. A. Jones. 2009. Therapeutic targeting of IL-6 trans signaling 

counteracts STAT3 control of experimental inflammatory arthritis. J Immunol 

182: 613-622. 

476. Tsujita, Y., A. Horiguchi, S. Tasaki, M. Isono, T. Asano, K. Ito, T. Asano, 

Y. Mayumi, and T. Kushibiki. 2017. STAT3 inhibition by WP1066 suppresses 

the growth and invasiveness of bladder cancer cells. Oncol Rep 38: 2197-

2204. 



 214 

477. Hillmer, E. J., H. Zhang, H. S. Li, and S. S. Watowich. 2016. STAT3 

signaling in immunity. Cytokine Growth Factor Rev 31: 1-15. 

478. Martincorena, I., and P. J. Campbell. 2015. Somatic mutation in cancer 

and normal cells. Science 349: 1483-1489. 

479. Lam, J. S., M. C. Benson, M. A. O'Donnell, A. Sawczuk, A. Gavazzi, M. H. 

Wechsler, and I. S. Sawczuk. 2003. Bacillus Calmete-Guerin plus interferon-

alpha2B intravesical therapy maintains an extended treatment plan for 

superficial bladder cancer with minimal toxicity. Urol Oncol 21: 354-360. 

480. Pietzak, E. J., E. C. Zabor, A. Bagrodia, J. Armenia, W. Hu, A. Zehir, S. 

Funt, F. Audenet, D. Barron, N. Maamouri, Q. Li, M. Y. Teo, M. E. Arcila, M. 

F. Berger, N. Schultz, G. Dalbagni, H. W. Herr, D. F. Bajorin, J. E. 

Rosenberg, H. Al-Ahmadie, B. H. Bochner, D. B. Solit, and G. Iyer. 2019. 

Genomic Differences Between "Primary" and "Secondary" Muscle-invasive 

Bladder Cancer as a Basis for Disparate Outcomes to Cisplatin-based 

Neoadjuvant Chemotherapy. Eur Urol 75: 231-239. 

481. Weskamp, G., K. Mendelson, S. Swendeman, S. Le Gall, Y. Ma, S. 

Lyman, A. Hinoki, S. Eguchi, V. Guaiquil, K. Horiuchi, and C. P. Blobel. 2010. 

Pathological neovascularization is reduced by inactivation of ADAM17 in 

endothelial cells but not in pericytes. Circulation research 106: 932-940. 

482. Lodolce, J. P., D. L. Boone, S. Chai, R. E. Swain, T. Dassopoulos, S. 

Trettin, and A. Ma. 1998. IL-15 receptor maintains lymphoid homeostasis by 

supporting lymphocyte homing and proliferation. Immunity 9: 669-676. 

483. Ozaki, K., T. Sukata, S. Yamamoto, S. Uwagawa, T. Seki, H. Kawasaki, A. 

Yoshitake, H. Wanibuchi, A. Koide, Y. Mori, and S. Fukushima. 1998. High 

susceptibility of p53(+/-) knockout mice in N-butyl-N-(4-



 215 

hydroxybutyl)nitrosamine urinary bladder carcinogenesis and lack of frequent 

mutation in residual allele. Cancer Res 58: 3806-3811. 

484. Lee, W. P., M. P. Stromberg, A. Ward, C. Stewart, E. P. Garrison, and G. 

T. Marth. 2014. MOSAIK: a hash-based algorithm for accurate next-

generation sequencing short-read mapping. PloS one 9: e90581. 

485. Eisen, M. B., P. T. Spellman, P. O. Brown, and D. Botstein. 1998. Cluster 

analysis and display of genome-wide expression patterns. Proceedings of the 

National Academy of Sciences of the United States of America 95: 14863-

14868. 

 
  



 216 

Vita 

Devin Erin Plote was born on January 31st to Gillian and Stevan Plote in 

Torrance, California. After completing high school in Plano, Texas at Plano West 

Senior High School in 2007, she received her Bachelor of Science with a major in 

Biotechnology from Rutgers University in May of 2011. During her undergraduate 

studies, Devin performed research in the George Carman lab in Food Science. 

After graduating from Rutgers, Devin worked as a manufacturing technologist at 

Immunomedics, Inc., a small pharmaceutical company specializing in cancer 

biologics and therapeutics. Devin joined the University of Texas MD Anderson 

Cancer Center UT Health Graduate School of Biomedical Sciences in August of 

2014. 

 

Permanent Address: 

25549 Housman Place 

Stevenson Ranch, CA 91381 

 


	Inhibition Of Urothelial Carcinoma By Type I Interferon Activation Of The Innate And Adaptive Immune Response
	Recommended Citation

	OLE_LINK2
	OLE_LINK1

