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ABSTRACT 

 

Primary sclerosing cholangitis (PSC) is an immune-mediated, cholestatic liver disease 

characterized by progressive fibrosis of the liver bile ducts. PSC patients have significantly 

greater rates of liver failure, portal hypertension, and cholangiocarcinoma (CCA) than the 

general population, and the median survival time from diagnosis is only 12 years without a liver 

transplant. Aside from transplant, there are no therapies that can prevent or cure the liver 

pathology. Nearly all PSC patients have a secondary diagnosis of inflammatory bowel disease 

(IBD), however the presentation of PSC colitis differs from that which is observed in IBD alone. 

Additionally, PSC patients have significantly increased risk for colorectal cancer (CRC) that is 

far greater than the already increased risk of CRC in IBD. Some hypothesize that PSC colitis is 

distinct from IBD though no differences have been formally identified. Others believe that PSC 

is antigen driven, due to the strong association with the human leukocyte antigen (HLA) locus by 

genome-wide association studies (GWAS). In this thesis we provide formal evidence that PSC 

colitis is distinct from IBD, and is characterized by the presence of lamina propria 

immunoglobulin G (IgG)-producing plasma cells and interleukin (IL)-17A+ forkhead box P3 

(Foxp3)+ CD4 T-cells. We demonstrate that both cell types show signs of selection, consistent 

with the antigen drive hypothesis. 16S sequencing identified a handful of bacterial taxa enriched 

specifically in PSC colitis, suggesting that a driving antigen could be bacterial in origin. Finally, 

we show that PSC patients with this unique colitis are at greater risk for dysplasia than PSC 

patients without it.  Our data suggests that an antigen in PSC drives inflammation and 

subsequently CRC, representing a hypothetical therapeutic target for the prevention of colonic 

inflammation and CRC, and potentially liver inflammation as well. 
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INTRODUCTION 

 

Adaptive immunity and tolerance 

Very broadly, the function of our immune system is to maximize our survival and ability 

to reproduce by recognizing and managing any foreign- or self-agent that would do us harm. 

Though colloquially thought of as a defense against pathogens, our immune system plays vital 

roles in homeostasis, wound healing, and defense against cancer. We have evolved two immune 

compartments termed the innate and adaptive immune system. Adaptive immune systems, as 

they are in humans, can be found in all jawed vertebrates1 whereas virtually all living organisms 

possess some aspect of innate immunity2, highlighting the importance of immunity for the 

survival of individuals and species. The innate immune system consists of physical and chemical 

barriers as well as a set of specialized immune cells that recognize evolutionarily conserved 

molecular patterns that signal foreign invasion or damage to our tissues3,4. Neutrophils, 

macrophages, eosinophils, and other specialized cells of the innate immune system are quickly 

activated in response to pathogen or damage signals that bind to their pattern recognition 

receptors (PRRs) and are the first line of defense against dangerous agents. However, innate 

immune cells can only respond to agents that present in the context of the limited set of 

molecules recognized by their PRRs.  

In contrast, T-cells and B-cell, the adaptive immune cells collectively named 

lymphocytes, can recognize an essentially limitless number of amino acid-based molecules due 

to the near infinite possible conformations of their receptors. The diversity of specificities 

afforded to T-cell receptors (TCRs) and B-cell receptors (BCRs), also known as 

immunoglobulins (Igs), is achieved by genetic recombination of these receptors. Early in its 
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development, a T-cell will randomly splice and merge one of 52 possible variable genes, with 

one of two diversity genes, and one of 13 joining genes to create a DNA segment coding for half 

of the TCR called the beta chain. The other half of the TCR, the alpha chain, also will randomly 

splice one of 70-80 V genes with one of 61 J genes. This process is referred to as V(D)J 

recombination and allows for approximately 5.8 million possible unique TCRs. B-cells also 

undergo V(D)J recombination using 65, 27, and 6 possible V, D, and J genes for its heavy chain, 

and 70 and 9 possible V and J genes for its light chain resulting in 3.4 million possible 

combinations of Ig. Additionally, TCRs and Ig undergo junctional diversification due to the 

improper joining of V, D, and J segments, resulting in an estimated 1018 and 1014 possible unique 

TCRs and Igs respectively5.  

The near infinite possible conformations of TCRs and Igs are the foundation by which 

lymphocytes pools are poised to respond to nearly any potential pathogenic antigen. In 1976, 

Frank Burnet postulated that from this pool of randomly generated receptors that there is by 

chance at least one that can recognize an assaulting antigen, which will lead to the activation and 

division of the antigen-specific lymphocyte to a great enough degree to allow for the clearance of 

the antigen6. This theory, called clonal selection, is now validated by countless scientific studies 

and has inspired many to investigate the TCR and Ig repertoires in the context of many infections 

and diseases. In certain contexts of antigen exposure such as bacterial or viral infection, there are 

observable “clonal expansions” of specific TCRs and Ig in the tissues in which the antigen is 

present7–10. Analysis of the TCR and Ig repertoire of individuals with infections or immune-

mediated diseases can potentially be a very powerful tool in understanding how the adaptive 

immune system is responding to these assaults on homeostasis. Some labs, including ours, have 
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even develop technique to clone and express TCRs11 and Igs12 for functional studies to determine 

specificity and explore factors that contribute to antigen affinity. 

With such diversity is appreciated that randomly generated TCRs can recognize tissue 

antigens as well. It is critical to an organism’s survival that T-cells and B-cells only respond to 

dangerous antigens and not to our non-pathogenic self-antigens, which is achieved to a great deal 

of success through control mechanisms called central and peripheral tolerance. In the thymus, 

developing T-cells are presented an array of self-peptides loaded into major histocompatibility 

complex (MHC; also known as HLA in humans) molecules. The fate of the T-cell depends on 

the strength of the interaction of its TCR with the MHC-peptide complex13,14. T-cells with too 

high affinity will die by apoptosis, while those that do not signal either too strongly or too 

weakly will be allowed to mature and pass into the periphery. In cases with the TCR affinity is 

strong, but not strong enough to induce apoptosis, the T-cell can develop into a regulatory T-cell 

(Treg), which are able to suppress immune responses. Both of these mechanisms of central 

tolerance are essential for avoiding inflammatory responses against one’s tissue15,16. 

Autoreactive T-cells that escape central tolerance mechanisms can be deleted17, anergized18, or 

converted to a Treg in the periphery19. Similar mechanisms of tolerance exists in B-cells, with 

the added ability to edit their receptor during selection in order to decrease affinity for self and 

avoid deletion20. Tolerization is an ongoing process and is not perfect, and a number of diseases 

are associated with defects in or loss of tolerance21–23. 

 The intestine is an immunological battleground that perfectly exemplifies the 

difficult task taken on by the immune system. The human gastrointestinal tract is a region in 

which host tissue is exposed to a broad variety of ingested materials, secreted molecules, and 

over 100 trillion bacteria24. Within this diverse antigen environment, the intestinal immune 
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system must allow passage of beneficial nutrients and metabolites, ward off pathogens, and keep 

commensal bacteria in check to avoid opportunistic infections. Barriers such as mucus and tight 

junctions between sheets of epithelial cells prevent bacteria and viruses from invading into the 

more sterile inner tissues25. Immunoglobulin A (IgA), a non-inflammatory isotype of Ig, as well 

as antimicrobial peptides are constantly secreted into the lumen of the gut in order to maintain 

and ward off bacteria26,27. Dendritic cells (DCs) constantly sample antigens proximal to the 

epithelial surface of the lumen and migrate to organized lymphoid structures to present to T-

cells28. In the absence of activating pathogen or damage signals, DCs will tolerize T-cells to the 

presented antigens, whereas DCs activated by such signals will relay activation signals to T-cells 

and induce an adaptive response. Occasionally, as is thought to be the case in celiac disease 

(CeD) for example23, when DCs present otherwise innocuous peptides in the context of pathogen 

or damage signals, an inappropriate adaptive immune response is mounted against a non-

dangerous antigen, resulting in tissue destruction. 

 

Immune-mediated inflammatory disorders 

Diseases in which tissue is chronically damaged by inflammatory pathways are called 

immune-mediated inflammatory disorders (IMIDs). These include CeD, type 1 diabetes (T1D), 

systemic lupus erythematosus (SLE), and IBD. Collectively, IMID has an incidence of 

approximately 5-7% in Western society, though incidence varies geographically29. IMIDs can 

affect any tissues and contribute significantly to morbidity, mortality, and reduced quality of life. 

Though therapies exist for many IMIDs, much remains to be understood about the mechanisms 

and causes of these diseases. One of the best characterized and understood IMIDs is CeD, in 



 5 

which a subset of genetically susceptible individuals mount a T-cell mediated inflammatory 

response against gluten peptides30.  

A physician named Willem Dicke first identified that a component of wheat was the 

causative agent in CeD in the 1940s31. Since then, countless studies have filled in the many 

details about the complex pathogenesis of this disease. CeD is driven by the ingestion of gluten 

in a subset of genetically vulnerable individuals. CeD almost exclusively occurs in individuals of 

HLA-DQ2 or HLA-DQ8 haplotypes32, because proline-rich gluten peptides are more strongly 

bound by the HLA molecules coded by this haplotype than other haplotypes33. Gluten peptides 

loaded on HLA can then present to T-cells resulting in an antigen-dependent expansion of T-

cells expressing specific TCRs34,35, leading to tissue destruction. In addition to the T-cell 

response, there is also a coordinated B-cell response which is also restricted in its Ig usage36. 

Importantly, the epitopes recognized by gluten-specific T- and B-cells are largely 

overlapping37,38. For this reason, although the exact function of B-cells in CeD pathogenesis is 

not known, it is hypothesized that they potentiate inflammation by presenting recognizable 

gluten epitopes to T-cells. Though there are many advances in understanding the mechanisms of 

tissue destruction in CeD, for many other IMIDs, we have little to know understanding of their 

pathogenesis. Many IMIDs have a strong association with HLA39, so it is believed that there 

might also be a similar antigen drive as seen in CeD, though none have yet to be identified. 

 

The roles of inflammation and infection in the development of cancer 

 It is well appreciated that cancer arises from sites of chronic infection and 

inflammation40. As early as 1863, German physician Rudolf Virchow speculated that cancer 

occurred in inflamed tissues, from inflammatory factors that promoted cell proliferation41. 
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Induction of cell proliferation by the immune system is critical mechanism of homeostatic 

processes such as wound healing and clearing of infections. For example, T-cells that infiltrate 

mechanically damaged tissues produce several growth factors that induces proliferation of 

surrounding healthy cells as a way of healing the wound42. In the context of certain enteric 

infections such as Listeria monocytogenes, our immune system promotes epithelial cell 

proliferation and turnover via secretion of IL-11 and IL-22 in order to dispose of infected cells 

and clear the pathogen43. Though immune factors are critical for survival and homeostasis, they 

can also unintentionally induce tumor growth and promotion. Epidermal growth factor (EGF), a 

peptide secreted by macrophages and essential to wound healing44, can also induce the 

proliferation of tumor cells45. Tumor cells can even secrete their own factors, such as colony 

stimulating factor-1 (CSF-1), that induce EGF and create a positive feedback loop favoring 

tumor proliferation46. 

 Pro-proliferative signals alone are not sufficient to induce and promote cancer, however. 

Though cytokines and other factors can promote proliferation and progression of tumor cells, 

they themselves cannot convert a healthy cell into a neoplastic cell. Rather, the initial generation 

of a cancerous cell is dependent on the accumulation of somatic mutations that disrupt the 

function of tumor suppressors or oncogenes. It was first recognized in 1941 that cancers arose 

from “subthreshold neoplastic states”, or seemingly normal cells which have accumulated 

mutations which would allow them to uncontrollably divide in response to the appropriate 

external proliferation signals47,48. There is a critical role for the events that ‘initiate’ neoplasia, 

i.e. events that cause somatic mutations, and the events that ‘promote’ tumorigenesis such as the 

secretion of inflammatory factors40. Initiation is irreversible, and though not necessarily 

pathogenic, results in a set of cells that are poised to become cancerous, given the right 
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conditions. Theoretically, such cells could remain dormant for many years, until conditions that 

promote their proliferation occur. Promotion alone also cannot produce tumors, and rather 

creates the milieu in which somatically mutate cells can divide and metastasize. Without 

initiation, no amount of cytokine can create a tumor. However, without promotion, a mutated cell 

cannot develop into a tumor either. Initiation and promotion are likely non-binary states, and 

there probably exists a spectrum of potency to each. One could even imagine situations in which 

their potencies could compensate for each other in the process of tumorigenesis. For example, it 

could be possible that highly mutated cells would require less inflammatory signals to develop 

into a tumor, due to a sufficient number of defects in intrinsic cellular regulation. Conversely, it 

might also be possible that a cell baring relatively few somatic mutations could become a tumor 

in response to extremely intense proliferation signals. To what degree tumorigenesis depends on 

the degree of initiation and promotion might differ by cancer type, the individual, or other 

factors. Additionally, the potency of initiation and promotion could depend on the number of 

mutations and genes affected or the nature (i.e. cellular and cytokine composition) of the 

inflammatory milieu respectively. Regardless, the study of the relationship between initiation 

and promotion in tumorigenesis is a high-yield pursuit, with implications for the prevention and 

treatment of cancer. 

 Infectious disease is also highly associated with the development of cancer, and 

approximately 15% of the worldwide incidence of cancer can be attributed to infections49. 

Viruses and bacteria increase the risk of cancer by contributing to both initiation and promotion 

events. First, chronic inflammation associated with persistent infections can introduce somatic 

mutations by the production of reactive oxygen species (ROS) that directly damage DNA50,51. 

This chronic inflammation can also create a pro-proliferative environment for cancers as 
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described in the paragraphs above. Secondly, certain viruses such as hepatitis B virus (HBV), the 

virus associated with hepatocellular carcinoma (HCC), can integrate its genome into our 

chromosomes, disrupting endogenous gene function of critical tumor suppressors, and even 

introduce virally-encoded oncogenes52. Human papilloma virus (HPV), in the context of cervical 

cancer development, will integrate its E6 and E7 genes into epithelial cell genomes, which 

allows for the stable and persistent expression of these viral proteins that bind and interfere with 

tumor suppressive capacity of p53 and retinoblastoma, respectively53,54.  

As infections contribute to both the initiation and promotion of certain tumors, they are 

prime targets in the prevention of cancer. Prevention of initial infections and clearance of chronic 

infections could theoretically reduce the number of initiation and promotion events that would 

lead to cancer. However, the role of viruses and bacteria in the generation of initiation mutations 

also means that clearing an infection will not entirely reduce the risk of cancer associated with 

the pathogen. In fact, after initial initiation events, clearance of certain pathogens can exacerbate 

tumorigenesis. For example, one study determined that after integration of the HPV genome into 

our chromosomes, that elimination of non-integrated, replicating virus is a critical step in the 

progression of aberrant epithelial cells into overt carcinoma55. Therefore, when it comes to 

intervention in pathogen-associated and inflammatory cancers, timing is key, and there exists a 

point of no return after which clearance of the infection will not stop tumorigenesis and may 

even exacerbate it. 

 

Primary Sclerosing Cholangitis 

PSC is a heterogenous, progressive liver disease characterized by inflammation and 

fibrosis of the intra- and extra-hepatic biliary ducts56. Progression of PSC leads to wall 
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thickening and narrowing or complete blockage of the bile ducts, resulting in the loss of smaller 

intrahepatic ducts as well as dilation of the ducts proximal to the stricture57. Clinical 

manifestations of PSC include jaundice, pruritus, hepatosplenomegaly, fatigue, and weight 

loss58,59. Patients with PSC often have elevated serum alkaline phosphatase (AP) levels, which 

serves as a prognostic marker for clinical outcomes60. Cholangiography of affected livers will 

often show a characteristic “beading” of the bile ducts corresponding to the strictures and 

proximal dilations61.  

Historically, visualization of strictures via endoscopic retrograde 

cholangiopancreatography (ERCP) was the standard in diagnosis of PSC, however this is now 

reserved for the evaluation of major strictures, interventional procedures, collection of tissue 

specimens, or diagnosis of early stage PSC, before strictures can be visualized non-invasively62. 

Usually, a diagnosis of PSC is rendered in the context of chronic cholestatic liver test 

abnormalities (including elevated AP) and cholangiographic evidence of multifocal bile duct 

strictures, after ruling out other liver abnormalities including primary biliary cirrhosis (PBC) and 

IgG4-associated autoimmune hepatitis (IgG4 AIH). Though a liver biopsy is not necessary for 

diagnosis of PSC, one can occasionally be taken if there are suspicions of PSC that only affects 

the small ducts or to rule out other liver disorders63. These biopsies, if deterministic, will often 

show inflammation and occasionally “onion skin” fibrosis which is pathognomic to PSC64. 

The liver abnormalities in PSC lead to cirrhosis, portal hypertension, and liver failure65. 

CCA is observed at incredibly higher rates in PSC patients than in the general population. 

Patients with PSC have a 398-fold increased risk of developing CCA as compared to the general 

population66. Additionally, one study surveying gallbladders removed from PSC patients found 

that 37% of removed gallbladders had dysplasia and 14% had overt carcinoma67. Though 



 10 

estimated to have an incidence rate of only 0.77 per 100,000 individuals in North America68, 

PSC is the fourth leading indication for liver transplant56, and approximately 40% of transplanted 

individuals will re-experience symptoms of PSC69. Without a liver transplant, however, median 

survival from time of diagnosis is estimated at about 12 years58. There are currently no therapies 

to cure, reverse, or alleviate the liver pathologies associated with PSC. 

The unknown etiology of PSC complicates the efforts in developing therapies for this 

disease. Risk for PSC is greater in relatives of individuals with PSC as compared to relatives of 

unaffected individuals70, suggesting a genetic component to PSC. GWAS point to a number of 

genetic loci potentially implicated in PSC71,72, the most strongly associated of which being the 

chromosomal locus coding for HLA. The degree of association with the HLA locus is to a 

similar degree observed in other classic autoimmune diseases39,73, suggesting that HLA could 

play a role in PSC much like it does in CeD. A few studies have linked HLA-DRB1 to PSC74,75, 

however this HLA molecule has yet to be definitively implicated. Outside of the HLA locus, 

genes within 22 genetic loci have been identified in PSC71–73,76,77, all of which are shared with 

other autoimmune diseases39. These genes include: ATXN2, BACH2, BCL2L11, CCDC88B, 

CCL20, CD226, CD28, CLEC16A, CTLA4, GPR35, FOXP1, HDAC7, IL2, IL21, IL2RA, 

MMEL1, MST1, NFKB1, PRKD2, PSMG1, RFX4, RIC8B, SH2B3, SIK2, SOCS1, STRN4, 

TCF4, TNFRSF14, and UBASH3A. 

Genetic loci only explain about 10% of disease susceptibility39, however. It is therefore 

hypothesized that there is a significant environmental contribution to PSC, though none have 

been formally identified. A prevailing hypothesis in the field is that PSC could be caused by a 

microbe. In support of this, a number of studies have observed differences in the fecal microbial 

communities of PSC subjects versus healthy controls or versus other closely related disorders78–
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81. Additionally, though low in sample size, a few clinical studies provide preliminary evidence 

that both vancomycin and metronidazole can improve liver function tests and PSC-associated 

inflammation82–84. One study even found that Klebsiella pneumonia, a bacterium isolated from 

the feces of patients with PSC, can induce intestinal barrier permeability that allows bacteria to 

translocate to the liver, inducing a hepatic inflammatory response85. K. pneumonia, thus, is one 

potential therapeutic target in PSC, though it remains to be seen whether other bacteria found in 

the feces of PSC patients could also reproduce the effects observed by this bacterium. There are 

likely other bacteria that can replicate these pathologies, especially since vancomycin and 

metronidazole, neither of which directly affect K. pneumonia, improved the symptoms of PSC 

patients.  

 

Intestinal inflammation in PSC 

The impact of the gut microbiota on disease progression has been a subject of great 

interest, especially given the intestinal pathologies associated with PSC. In addition to the liver 

pathologies that burden these patients, nearly all individuals with PSC have a concurrent 

diagnosis of IBD86. IBD is a group of inflammatory diseases that affects the intestines, mainly 

classified as either ulcerative colitis (UC) or Crohn’s disease (CD). UC is characterized by 

continuous span of inflammation of the mucosa of the colon, starting rectally, though it can 

progress to the entire extent of the colon. Symptoms include constipation, diarrhea (with or 

without blood and/or mucus), bowel movement urgency, abdominal pain, fever, malaise and 

weight loss87. Complications of UC include severe bleeding, toxic megacolon, and perforation of 

the colon. CD, in contrast, consists of non-continuous, deeper inflammation that can affect any 

part of the gastrointestinal tract, leading to strictures, fistulas, and abscesses88. The inflammation 
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observed in both forms of IBD are non-specific, though features such as granulomas and fissures 

can be used to distinguish between them89. Additional diagnostics such as imaging and 

endoscopy can be used to distinguish the two types, though differentiation between the two can 

be difficult when a patient presents with exclusively colonic inflammation90. In contrast to either 

UC or CD, the IBD observed in the context of PSC is most often pan-colitic, with inflammation 

most severe in the ascending colon, terminal ileum involvement, and sparing of the rectum91,92. 

PSC-IBD can also present as inflammation affecting only the ascending, without visible 

inflammation distally93,94. PSC patients are also younger at the age of IBD diagnosis than 

patients without PSC92. 

 Due to the near ubiquitous presence of IBD in patients with PSC, many studies have 

investigated for genetic links between the two diseases. GWASs demonstrate a much weaker 

association with the HLA locus in IBD than in PSC, and only about 5% of all risk loci identified 

in IBD are also found in PSC39. The genome wide genetic correlation (rG) between PSC and UC 

is 0.29, and rG between PSC and CD is only 0.04. In contrast, rG between UC and CD is 0.5672, 

suggesting that UC and CD are more genetically similar to each other than PSC to either form of 

IBD. These genetic analyses underscore the differences in clinical observations between IBD and 

PSC-IBD, suggesting that PSC-colitis is in fact its own unique form of inflammation. 

 How the liver pathologies in PSC related to the intestinal manifestations is unknown, but 

it is hypothesized that both pathologies are related and may have a common origin. The intestine 

and liver are anatomically interconnected, allowing for travel of metabolites, nutrients, immune 

cells, bile acids, and other factors between the two. The liver delivers bile into the duodenum via 

the common bile duct, and liver-derived produces travel through the small intestine and reach the 

colon. Blood draining from the large intestine converge into the portal vein which feeds into the 
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capillaries of the liver. By this route, nutrients, metabolites, translocated bacteria, and bacterial 

products can reach the liver tissue. Some propose that pathogenic T-cells activated in the colon 

can travel to and seed liver tissue, thus causing the liver pathologies95. Others believe that 

bacteria or bacterial byproducts leak from the gut to the liver causing an inflammatory response, 

based on data showing that colonic bacterial overgrowth can cause liver disease96. 

Despite the clinical and genetic differences between the intestinal inflammation, there are 

no differences in the treatment of IBD with or without PSC. The medical management of IBD in 

either case is dependent on the severity and extent of the inflammation, as determined by 

colonoscopy. For mild to moderate colitis that is distally restricted, rectal application of a 5-

aminosalicylic acid derivative (5-ASA), a nonsteroidal anti-inflammatory drug (NSAID) 

clinically proven to induce remission, is recommended97. If colitis extends more proximally, if 

the inflammation becomes severe, or if the patient does not respond to rectal 5-ASA, then they 

can receive oral 5-ASA, steroids, or biologics including anti-tumor necrosis factor (TNF) agents, 

anti-integrin antibody, anti-interleukin(IL)-12/23 antibody, or janus kinase (JAK) inhibitors98–100. 

Though each therapy acts via different mechanisms, the goal of each is to induce sustained 

remission of the intestinal inflammation and reduce occurrence and severity of symptoms. In the 

case of severe disease refractory to medications, or with complications such as toxic megacolon, 

hemorrhage, or perforations, a partial or complete resection of the colon or affected portion of 

small intestine is indicated101,102. 

Another indication for surgical resection is the presence of CRC or precursory 

dysplasia101,102. It is well appreciated that IBD is associated with increased risk for colorectal 

cancer103,104, with both UC and CD having very comparable frequencies of and time to the 

development of CRC105. Though CRC can occur in individuals without IBD (referred to as 
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sporadic CRC), the risk is much greater in those with IBD106. CRC is a slowly progressing, 

epithelial-derived cancer that generally begins as dysplasia, which is defined as an abnormal 

epithelium confined to the basement membrane107. Dysplasia, though itself benign, has the 

potential to progress to CRC, and is the best marker for risk of malignant CRC in IBD108. For 

this reason, IBD patients are recommended to undergo dysplasia surveillance colonoscopies 

every one to three years109, so that a partial or complete colectomy can be performed before the 

dysplasia progresses to malignant CRC. 

Within cohorts of IBD patients, the major risk factors associated with the development of 

CRC include duration of disease110, extent of disease111, and severity of inflammation112. 

Another major factor that increases the risk of CRC within IBD cohorts is a concomitant 

diagnosis of PSC. In fact, patients with PSC-IBD are at a shocking five times greater risk for 

CRC than IBD patients without PSC113. One study reported that the absolute cumulative risk of 

CRC at 10, 20, and 25 year post diagnosis of colitis to be 2%, 5%, and 10% for patients with 

IBD, whereas it is 9%, 31%, and 50% for patients with PSC and IBD114. Due to the dramatic 

increase in risk for CRC, it is recommended that patient with IBD-PSC receive a screening 

colonoscopy on a yearly basis115. Consistent with the observations that PSC-IBD almost always 

involves the right colon, CRC is most often right-sided in PSC as opposed to IBD where CRC is 

more often left-sided116,117. Beyond the identification of PSC as a risk factor for IBD, it has never 

been formally demonstrated that the risk factors that predict dysplasia in IBD would apply to a 

cohort of PSC patients. Additionally, no study to date has looked for clinical and demographic 

risk factors unique to the development of CRC in PSC. 

As the risk factors for CRC in IBD are linked to the presence, duration, and severity of 

inflammation, many hypothesize that inflammation is directly involved in the pathogenesis of 
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CRC. Though no formal mechanisms by which inflammation leads to CRC have been published, 

many believe that chronic inflammation damages DNA via ROS, resulting in mutations that 

confer loss or gains of function in important genes within epithelial cells118. Many studies have 

investigated the molecular mechanisms of CRC and found that genomic instability is at the basis 

of neoplasia. Chromosomal instability (CIN) accounts for about 85% of all CRC and 

microsatellite instability (MSI) for about 15% in both sporadic and IBD-associated CRC119. 

CINs are genomic alterations that include structural aberrations such as point mutations, 

insertions, deletions, chromosomal rearrangements, or gains or losses of entire chromosomes120. 

Microsatellites are short repeats of nucleotides often located near coding regions in DNA121. In 

MSI, microsatellites become hypermutable due to defects in DNA mismatch repair, leading to 

increased risk for genetic mutations122. Generally, the genes affected in CIN and MSI are the 

same in sporadic and IBD-associated CRC, however the order in which mutations arise 

differs118. For example, loss of APC function mutations are found earlier in the development of 

sporadic than in IBD-associated CRC, while p53 mutations are found earlier in IBD-associated 

than sporadic CRC. 

The morphology and presentation of the two CRCs also differ. Sporadic CRC starts as a 

raised, well-defined polyp whereas IBD-associated CRC most often begins as a flat lesion, which 

can be difficult to see without specialized visualization methods123,124. IBD patients are also more 

likely to have multifocal CRC125. IBD demonstrates a “premalignant field effect” in which 

mutations found in CRC tumors can be observed in non-cancerous portions of the colon126. This 

likely suggests that inflammation introduces mutations in otherwise healthy tissue, creating 

regions at greater risk for developing into discernable dysplasia. Counterintuitively, given the 

dependence of CRC on inflammation in IBD, one recent study published that there is a reduction 
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in the density of CD3+, CD8+, and Foxp3+ immune cells in the stroma directly surrounding 

IBD-associated tumors, as compared to sporadic tumors127. However, better survival was 

reported in both groups for individuals with high frequencies of cells expressing these markers, 

potentially meaning that these cells have an anti-tumor function. Nonetheless, it would be 

interesting to understand why there would be a reduction of these cells in IBD patients. As 

inflammation can have both pro- and anti-tumor effects, it is likely dysplasia outcomes rely on 

multiple factors of inflammation.  

 

Thesis aims 

Whether PSC dysplasia develops by the same mechanisms as IBD dysplasia is 

completely unknown, and no studies have formally investigated either risk factors or mechanism 

of CRC in PSC specifically. The morbidity and mortality in this patient population is incredibly 

high, and given the lack effective medications and interventions, further investigation is critical. 

Because of the differences in presentation of inflammation and rates of CRC, we sought to 

investigate whether there were any features of the nature of PSC inflammation as compared to 

IBD inflammation that underlay the dramatically increased rates of CRC in PSC. We 

hypothesize that features unique to PSC colitis are directly related to the increased rates of CRC, 

and that the mechanisms by which CRC develop are different than in either IBD or sporadic 

CRC. Given the strong association with HLA, what we know about the impact of HLA in CeD, 

and the fact that PSC has features consistent with other autoimmune disorders, we hypothesize 

(as others have before us) that PSC intestinal and liver inflammation are antigen driven, and that 

a careful analysis of the adaptive immune repertoire would show signs consistent with antigen 

drive. We took a broad, systematic, and unbiased approach to this investigation, incorporating 
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clinical, transcriptional, and ex vivo cellular data to address our hypothesis. We present our work 

in the following chapters. We hope that that these data will be one steppingstone towards future 

investigations that will discover the exact mechanisms of PSC, identification of a driving 

antigen, and ultimately lead to therapies or even a cure. 
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MATERIALS AND METHODS 

Enrollment of study subjects 

All activities related to enrollment of subjects, collection of samples, and sample analysis 

were approved by the University of Chicago Institutional Review Board (IRB) and performed 

under IRB protocols 15773A and 13-1080.  

On a weekly basis, adults scheduled for a standard of care colonoscopy at the University 

of Chicago Medicine (UCM) were screened for diagnosis and eligibility criteria for enrollment in 

the study. Any subject that passed our exclusion criteria was eligible for enrollment. Our 

exclusion criteria included: individuals with chronic infectious diseases such as human 

immunodeficiency virus (HIV) or hepatitis C (HCV); active, untreated Clostridia difficile 

infection; active infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); 

intravenous or hard drug use such as cocaine, heroin, non-prescription methamphetamines; 

active use of blood thinners; severe comorbid diseases; individuals on active cancer treatment; 

and individuals who are pregnant. Approaching prospective subjects was at the discretion of their 

treating physician and was not done in cases that would put patients at any increased risk, 

regardless of reason. Subjects that passed the inclusion criteria were approached the day of their 

procedure by a dedicated set of clinical coordinators and research technologists, who would get 

written consent of those individuals willing to be enrolled in our study. 

 

Classification of subjects into diagnosis groups 

Individuals enrolled in the study were categorized as either PSC, IBD, or control subjects. 

Categorization of each subject into diagnosis groups was done after careful review of the 

subjects’ medical health records to ensure the validity of each diagnosis. Subjects were classified 
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as PSC if records of a diagnosis of PSC could be found in the patients’ chart along with 

supporting liver imaging and liver function tests consistent with the PSC diagnosis. A liver 

biopsy was not necessary to confirm a PSC diagnosis as consistent with current practices. PSC 

subjects were further categorized as PSC-no IBD, PSC-UC, PSC-CD, or PSC-indeterminant 

colitis (PSC-IC) depending on the respective IBD diagnosis found in the individuals’ chart. IBD 

subjects were also classified as UC, CD, or IC based on the details surrounding their IBD 

diagnosis. Importantly, as nearly all individuals with PSC and IBD have right sided colitis, we 

only enrolled IBD subjects who had an explicit history of right sided colitis. Any IBD subject 

without documented right sided colitis were excluded from the study. Any individuals without a 

diagnosis of PSC or IBD that were receiving screening colonoscopies for cancer screening or 

diagnostic abnormalities such as persistent diarrhea, were considered control subjects. 

Individuals who did not have any confirmed sporadic dysplasia on colonoscopy were classified 

as healthy controls, and those with a sporadic adenoma were classified as sporadic dysplasia 

controls. Any controls consented to the study that were determined to have signs of endoscopic 

or histologic inflammation were retrospectively excluded from the study. 

It is not uncommon for subjects’ IBD diagnosis to change over time. We therefore 

assigned subjects to an IBD subtype by the clinicians’ diagnosis after evaluating all findings 

from the day of the procedure. Any individual without a diagnosis of PSC, that subsequently 

received a diagnosis of PSC or had strong suspicions for PSC, were excluded from the analysis. 

Individuals with an initial diagnosis of PSC that were later confirmed to not have PSC were re-

classified as IBD without PSC. 

A diagnosis of dysplasia was determined by evaluation of the histological reports 

associated with the colonoscopy. If the pathologist’s report mentioned clear signs of adenoma, 



 20 

low-grade dysplasia, high-grade dysplasia, or carcinoma the subject was classified as having 

dysplasia. If the pathologist reported indefinite dysplasia or were unable to determine whether an 

abnormal lesion represented actual dysplasia or reactive changes due to inflammation, the 

subject was classified as indefinite for dysplasia. If no signs of bona fide or indefinite dysplasia 

were identified, the subject was classified as non-dysplastic. 

 

Collection of patient clinical and demographic data 

 We searched all subjects’ available electronic medical records for relevant clinical and 

demographic information. The demographic information collected included date of birth, sex, 

race, and ethnicity. We also recorded (when applicable) date of initial IBD and PSC diagnosis, 

date of first incidence of dysplasia, and date of liver transplant. For each procedure, we recorded 

(when applicable) the date of procedure; endoscopically and histologically scored inflammation 

in the right colon; location, stage, and nature of dysplasia; endoscopically and histologically 

scored inflammation at the site of dysplasia; and all IBD-related medications currently taken by 

the patients, including immunosuppressants, biologics, antibiotics, and steroids. 

 

Collection of tissue specimens 

 During the colonoscopy, upon reaching the extent of the colon, the endoscopist would 

collect 8-10 tissue biopsies using 2.8mm or 3.2mm forceps. One of these biopsies was placed 

immediately into RNAprotect (Qiagen) and the remaining biopsies were placed into RPMI 1640 

(Fisher Scientific). The samples were subsequently transported on ice back to the laboratory for 

processing. The tissue biopsy in RNAprotect was stored for 48-72 hours at 4C, after which the 
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solution was removed, and the tissue stored at -80C until needed. Tissue biopsies in RPMI were 

immediately processed upon return to the lab. 

 

Tissue biopsy RNAseq 

 Whole tissue biopsies stored at -80C were thawed on ice and transferred to Starstedt 

tubes (Fisher Scientific) containing 350uL RLT Plus (Qiagen) supplemented with 1% 2-

mercaptoethanol (Fisher Scientific) and equal quantities of 1.0mm and 0.5mm zirconium oxide 

beads (Next Advance). Biopsies were bead beat 3 times for 1 minute at a setting of 9 on a Bullet 

Blender 24 (Next Advance), with one minute of cooling on ice between each beating. Lysates 

were processed using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen). 500ng of purified 

RNA was used as input in the TruSeq Stranded mRNA Library Prep kit (Illumina) to generate 

sample libraries according to manufacturer’s specifications. Libraries were multiplexed and 

sequenced at a depth of 20 million reads per sample (50bp SR) on a HiSeq4000. 

 

Lymphocyte isolation 

Colonic epithelial cells and lymphocytes were isolated via mechanical disruption and 

enzymatic digestion. Briefly, colonic biopsies were twice shaken at 250rpm for 30min at 37C in 

7mL RPMI 1640 (Fisher Scientific) supplemented with 1% dialyzed fetal bovine serum 

(Biowest), 2mM EDTA (Corning), and 1.5 mM MgCl2 (Thermo Fisher Scientific). Cells were 

filtered through a 40uM filter (Fisher Scientific), centrifuged, and pooled for subsequent 

analysis. This fraction was considered the epithelial fraction. Subsequently, the remaining tissue 

was digested in two sequential shakes at 250rpm at 37C for 30min in 15mL RPMI 1640 

supplemented with 20% fetal bovine serum and 1mg/mL collagenase (Sigma-Aldrich). After 
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each digestion, the solution was filtered, centrifuged, and then combined for downstream 

experimentation. This fraction was considered the lamina propria fraction. 

 

Surface flow cytometry and fluorescence activated cell sorting (FACS) 

The following directly conjugated antibodies were used to identify cell surface markers 

(clone and manufacturer in parenthesis): CD45 (HI30; BD Biosciences), Ep-CAM (9C4; 

BioLegend), CD3 (UCHT1; BioLegend), TCR α/β (IP26; BioLegend), CD4 (SK3; BD 

Biosciences), CD8 (RPA-T8; BD Biosciences), CD19 (HIB19 BD Biosciences), CD27 (O323; 

BioLegend), and CD38 (HIT2; BioLegend). Cells were stained for 15min on ice using 

LIVE/DEAD Fixable Aqua or LIVE/DEAD Fixable Near-IR (Thermo Fisher Scientific) diluted 

in PBS (Fisher Scientific), washed with PBS supplemented 2% FBS, and subsequently stained in 

an antibody mastermix for 25min at 4C. Cells were washed with PBS/2%FBS, resuspended into 

PBS/2%FBS, and subsequently run on a BD FACSAria Fusion Flow Cytometer to sort purify the 

populations of interest. Up to 10,000 CD4 T-cells (CD45+ EpCAMneg > LIVE/DEADneg > 

FSC vs SSC > singlets > CD3+ CD19neg > CD4+ CD8neg) from the laminal propria fraction, 

and 10,000 epithelial cells (EpCAM+ CD45neg > LIVE/DEADneg > FSC vs SSC > singlets > 

EpCAMhi CD44neg) were sorted directly into Starstedt tubes (Fisher Scientific) containing 

350uL RLT Plus Buffer (Qiagen) supplemented with 1% 2-mercaptoethanol (Fisher Scientific). 

These samples were vortexed for 30sec and stored at -80C until RNA isolation. CD4 T-cells and 

plasma cells (CD45+ EpCAMneg > LIVE/DEADneg > FSC vs SSC > singlets > CD3neg > 

CD38+ CD27+) from the remaining lamina propria fraction were sorted into 600uL of RPMI 

1640 supplemented with 10% FBS and 1% penicillin/streptomycin (Thermo Fisher Scientific) 
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for downstream experimentation including 10x Genomics sequencing and ELISpot. All flow 

cytometry data were analyzed using FlowJo software version 10.7.2 (Tree Star). 

 

Enzyme-linked immune absorbent spot assay (ELISpot) 

A fraction of the purified plasma cells from FACS were used in this assay. Preceding the 

isolation of the plasma cells, three rows of a flat-bottom 96-well polystyrene plates were coated 

with polyclonal goat-anti human IgA, IgG, and IgM antibodies (KPL) at a concentration of 

5ug/mL, diluted in PBS. Plates were left at 4C for a minimum of 24 hours. The day of the plasma 

cell isolation, the coated plates were washed three times with PBS/0.05% Tween-20 (BioRad) 

and then three times with PBS. Coated wells were then blocked with RPMI 1640 supplemented 

with 10% FBS and 1% penicillin/streptomycin at 37C for a minimum of two hours. After FACS 

sorting, an equal number of plasma cells were serially diluted down the three rows of the plate at 

a 1:2 dilution and left to incubate at 37C overnight. After the incubation, the cells were removed 

from the plate, and the wells were washed three times with PBS/0.05% Tween-20 and then three 

times with PBS. Each row then was incubated with Biotin conjugated polyclonal goat anti-

human IgA, IgG, or IgM (Southern Biotech) at a concentration of 1ug/mL at room temperature, 

in the dark, for 2 hours. Subsequently, wells were washed three times with PBS/0.05% Tween-

20, three times with PBS, and incubated in Streptavidin-Alkaline Phosphotase (Southern 

Biotech) at a dilution of 1:500 for 2 hours at room temperature in the dark. The wells were then 

washed three times in each PBS/0.05% Tween-20 and PBS, and the substrate NBT/BCIP 

(Thermo Scientific) was applied until individual spots were visible, after which the reaction was 

halted using room temperature tap water. Plates were left to dry upside-down in the dark, after 
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which images were captured using a CTL ImmunoSpot Analyzer (ImmunoSpot) and spots were 

quantified manually in ImageJ (FIJI). 

 

Phorbol myristate acetate/ionomycin stimulation assay 

A portion of the lamina propria fraction was suspended in RPMI 1640 medium 

supplemented with 10% FBS, 1% penicillin/streptomycin, 1pg/mL phorbol myristate acetate 

(Sigma-Aldrich), 1.5 ng/mL ionomycin calcium salt (Sigma-Aldrich), 0.15% GolgiPlug (BD 

Bioscience), and 0.3% GolgiStop (BD Bioscience) in a total volume of 500uL in a polystyrene 

flat-bottom 24-well plate (Thermo Fisher Scientific). Cells were incubated at 37C for 3 hours 

after which they were washed twice with ice cold RPMI 1640 medium supplemented with 10% 

FBS and 1% penicillin/streptomycin. Cells were stained for live dead and subsequently surface 

markers as above, after which cells were fixed and permeabilized in a 1:4 solution of 

Fixation/Permeabilization Concentrate and Fixation/Diluent (eBioscience) for 1 hour at 4C. Cells 

were washed twice with a 1:10 dilution of Permeabilization Buffer Solution (eBioscience) in 

nuclease-free water (Fisher Scientific), and subsequently stained for intracellular markers for 1 

hour at room temperature. The following directly conjugated antibodies were used to identify 

intracellular markers (clone and manufacturer in parenthesis): CD45 (HI30; BD Biosciences), 

TCR α/β (IP26; BioLegend), CD4 (SK3; BD Biosciences), CD8 (RPA-T8; BD Biosciences), 

CD27 (O323; BioLegend), IFNγ (4S.B3; eBioscience), TNFα (MAb11; BioLegend), IL-17A 

(BL168; BioLegend), and Foxp3 (PCH101; Invitrogen). Cells were subsequently passed on 

either a BD LSRFortessa Flow Cytometer or a Cytek Aurora Flow Cytometer. All flow 

cytometry data were analyzed using FlowJo software version 10.7.2. 
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Single-cell RNAseq 

Cells were centrifuged and resuspended to a final concentration in RPMI 1640 medium 

supplemented with 10% FBS and 1% penicillin/streptomycin, and the suspensions were loaded 

into a Chromium Controller (10x Genomics, Inc.) under conditions to generate an anticipated 

yield of 1,000-10,000 depending on yield of cells from the tissue. Single-cell 5’ RNA-seq 

libraries, as well as V(D)J libraries, were generated for each sample according to the 

manufacturer’s instructions (Chromium Single Cell 5’ Library Construction Kit V1 Chemistry, 

Single Cell V(D)J Enrichment Kit for Human T-cells, and Single Cell V(D)J Enrichment Kit for 

Human B-cells, all from 10x Genomics Inc). 5’ libraries were sequenced to a minimum depth of 

50,000 reads per cell for 5’ gene expression libraries, or 5,000 reads per cell for V(D)J libraries, 

on an Illumina NovaSEQ6000. 

 

Bulk RNAseq analysis (provided by Saideep Gona) 

All bulk RNAseq samples were processed using a standard workflow based on the 

GENPIPES framework128. Specifically, the “stringtie” type “rnaseq” pipeline was used.  Reads 

were first trimmed using Trimmomatic software129. Trimmed reads were aligned to the GRCh38 

human reference genome using the STAR aligner130 following a two-pass mapping protocol. 

Alignments were then sorted and filtered for duplicates using Picard(sort, markduplicates) 

(“Picard Toolkit.” 2019. Broad Institute, GitHub Repository. 

http://broadinstitute.github.io/picard/). Gene-level read counts for downstream processing were 

calculated from spliced alignments using HTseq count131.  
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Tissue differential expression and gene set enrichment analysis (provided by Raúl Aguirre-

Gamboa) 

Counts derived from the alignment were filtered for lowly expressed transcripts (median 

> 5). Furthermore, we included only protein coding genes and TCR and IG receptors, resulting in 

a total of 15,146 genes. Upon this set of genes we detected differentially expressed genes either 

across diagnosis or cluster by fitting a linear model to the log2 count per million reads (CPM) 

using the limma package (v3.46.0)132. In every contrast we included as covariates sex, age, and 

batch of sequencing.  

We performed gene set enrichment analysis (GSEA) using the gseaGO function from the 

clusterProfiler (v.3.0.4)133 package over the log2 fold changes in expression between sporadic, 

IBD, and PSC dysplasia. We then manually annotated the top 100 most significantly enriched 

ontologies in 5 categories (Table 2). These top 100 were then visualized in an enrichment map 

using the ggraph package (v2.0.4, (https://CRAN.R-project.org/package=ggraph)), reflecting the 

sizes of the gene sets (ontologies) and the sharedness of genes among them through the edges of 

the graph.  

To detect gene ontologies enriched in defined sets of genes, such as I2 PSC genes (I2 

PSC versus I2 IBD contrast, p.adjusted < 0.05, log2 FC > 0). We performed over enrichment 

analysis using the enrichGO function from the clusterProfiler. 

 

Dimensionality reduction and clustering in non-dysplastic samples (provided by Raúl 

Aguirre-Gamboa) 

In order to evaluate whether the immune PSC dysplastic signature was detectable in the 

colon biopsies of IBD or PSC patients with no history of dysplasia in an unbiased approach, we 
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decided to detect disease transcriptional profiles through an unsupervised clustering strategy. To 

do so, we selected only samples with no history of dysplasia (healthy n=48, IBD n =100, PSC 

n=59). The normalized (log2 CPMs) expression matrix was then corrected for batch effect, and 

selected the top 3,000 most variable genes by modeling the mean-variance relationship using the 

FindVariableFeatures, from the Seurat package (v4.0.0.0)134. Next, we calculated the principal 

components (PCs) by sample, for which we selected the first 40 PCs, as they explain at least 

70% of the complete variance. These 40PCs were then used as a distance matrix to perform 

hierarchical clustering from which we selected 4 biologically relevant clusters: U1, U2, I1 and 

I2. All statistical analyses involving dimensionality reduction and clustering were performed 

using R (v4.0.3, (“The R Project for Statistical Computing”)). 

 

Prediction of cluster assignment in dysplastic samples (provided by Raúl Aguirre-Gamboa) 

To assign a cluster(U1, U2, I1 and I2) to dysplastic samples, we constructed a classifier 

using an elastic net (eNet) model, which is a regularized regression approach. To do so, we 

decrease the potential noise within cluster assignment errors, by calculating cluster silhouette for 

each sample, and select only samples with a positive silhouette score. Defining a set of core 

cluster samples, we used the core cluster samples to detect differential expressed genes between 

U2, I1, and I2 clusters, and used all DEG (p.adjust < 0.05) in at least one contrast as the initial 

set of features to construct the eNet model. To select the penalisation score for eNet we used a 

10x cross validation within the non dysplastic cohort using 60% of samples for training and 40% 

for testing.  

 

Repertoire analysis of plasma cells (portions provided by Marcos Viera) 
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 Binary base call output from sequencing were put through the Cellranger mkfastq pipline 

to generate fastq files, which were subsequently put through Cellranger vdj to generate full-

length Ig sequences (https://support.10xgenomics.com/single-cell-

vdj/software/pipelines/latest/using/vdj). Full-length Ig sequences were processed using 

IMGT/HiV-QUEST to identify productive sequences, determine V, D, and J gene usage, and 

identify the CDR3135. Non-productive sequences, and sequences with the same cellular barcode 

were filtered from the analysis. Partis v0.15.0136,137 with default settings was used to 

simultaneously identify sets of sequences descended from the same naïve B cell and determine 

the sequence and the germline immunoglobulin genes used by each clone’s naïve ancestor. 

IgPhyML v1.1.0. was used to build clones’ phylogenetic trees by jointly optimizing tree 

topology and the parameters of a codon substitution model that incorporates variation in the 

mutability of nucleotide motifs in immunoglobulin genes138,139. We manually verified that all the 

heavy chains within the top clones used the same light chain. Those that did not were removed 

from the clone, and the clonal size was re-adjusted. Custom code (available at 

https://github.com/cobeylab/psc_repertoire) was used for subsequent computational analyses. 

For the entire sequence and separately for CDR3, the average amino acid divergence was 

computed between each sequence and the inferred naïve ancestor (to estimate average 

divergence from the clone’s ancestor) and for all pairs of sequences in a clone (to estimate 

standing diversity within clones at the time they were sampled). These analyses were conducted 

for the top clone in each dataset, including multiple clones in case of ties. 

 

Transcriptional analysis of CD4 T-cells (portions provided by Saideep Gona) 
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Fastq files were processed into gene count matrices using Cellranger v3.1.0 and the 

GRCh38 transcriptome downloadable from the Cellranger website. Analysis centered on the 

Seurat framework134. An initial filtration step involved the removal of plasma cells from some 

samples. In addition, cells with mitochondrial read percentage greater than 50% were removed 

from further analysis. Finally, we dropped samples PSC28D and PSC40D entirely due to their 

very low T cell counts. Datasets were integrated using the SCTransform protocol140. Specifically, 

SC- Transform was run on each sample while regressing mitochondrial read percentage as a 

covariate. Integration was performed using 20,000 genes followed by dimensionality reductions 

runPCA (utilizing 20 principle components for all de- pendent analysis), and runUMAP. After 

dimensionality reduction, unsupervised clustering was performed using FindNeighbors and 

FindClusters (resolution of 1). To define T-cell subpopulations, we employed a calibration 

strategy using corresponding flow cytometry data as a reference (Figure 9). 

To perform differential gene expression analysis between subpopulations, we used a 

pseudobulking strategy. First, genes were filtered to have LogCPM > 0.01. Next, scran factor 

normalization was performed using the computeSum- Factors function from the “scran” R 

package141. Cells with size factors between 0.125 and 8 were preserved. Pseudobulk means were 

then calculated from the log counts as the per gene mean within each pseudobulk grouping. 

Pseudobulk means were used as input into an EdgeR, Limma-voom142,143 differential testing 

pipeline similar to those employed in bulk. Variance stabilization was performed using the 

Limma-Voom function voomWithQualityWeights and model fitting was performed using the 

Limma-Voom functions lmfit and eBayes. Resulting differential expression statistics were 

extracted using the topTable function. 
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Repertoire analysis of CD4 T-cells 

 Binary base call output from sequencing were put through the Cellranger mkfastq pipline 

to generate fastq files, which were subsequently put through Cellranger vdj to generate full-

length TCR sequences (https://support.10xgenomics.com/single-cell-

vdj/software/pipelines/latest/using/vdj). Full-length TCR sequences were processed using 

IMGT/HiV-QUEST to identify productive sequences, determine V, D, and J gene usage, and 

identify the CDR3. Non-productive sequences, and sequences with the same cellular barcode 

were filtered from the analysis. TCRs were matched to gene expression profiles by barcodes and 

all subsequent analyses were performed by cell type. CDR3 amino acid sequences were trimmed 

from both ends to the left-most and right-most amino acid with a mutation within its codon 

(silent or missense). Trimmed amino acids from IL17A+ FOXP3+ CD4 T-cells were queried for 

potential motifs using Sensitive, Thorough, Rapid, Enriched Motif Elicitation (STREME) web-

based software144, using IL17A and FOXP3 single positive CDR3s as a control. The proportion 

of cells containing the motif were then calculated. 

 

Disease diagnosis to dysplasia outcome (provided by Raúl Aguirre-Gamboa) 

To evaluate whether IBD or PSC samples that have ever acquired an I2 inflammatory 

profile in the gut, had an increased risk of developing right side dysplasia, we compared the 

probability of developing dysplasia from the data of colitis diagnosis (date of IBD diagnosis for 

PSC diagnosed samples). We first calculated the time from disease diagnosis to right side 

dysplasia for each individual patient with a history of right-sided dysplasia as events, or to the 

latest colonoscopy procedure in their medical records as the latest time point with a negative 

dysplasia diagnosis. Next, we stratified samples into two groups: I2 group and others. We 
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defined I2 as any samples for which an I2 inflammatory profile was ever detected in any of their 

visits. We then evaluated the difference in times to develop dysplasia from their first colitis 

related diagnosis using the Kaplan–Meier estimator using the survminer package (v0.4.8, 

(https://CRAN.R-project.org/package=survminer)). The same process was then repeated with 

non-right-sided dysplasia as the outcome. 

 

16S sequencing (adapted from Barlow et al. Nature communications 2020) 

 A portion of DNA extracted from the whole tissue biopsies was dedicated to 16S 

sequencing. We used a digital polymerase chain reaction (dPCR)-based method to calculate 

absolute abundance measures of bacteria taxa as described previously145. Briefly, total 

concentration of 16S ribosomal RNA was quantified using universal primers to 16S and the 

QX200 droplet dPCR system (Bio-Rad). DNA then amplified and libraries generated using 

barcoded universal primers against the variable 4 region of 16S in triplicate, pooled, and 

quantified for subsequent sequencing. Samples were sequenced on the Illumina MiSeq platform 

using 300bp paired-end sequencing conditions. 

 Processing of all sequencing data was performed using QIIME 2 2019.1. Raw sequence 

data were demultiplexed and quality filtered using the q2-demux plugin followed by denoising 

with DADA2. 

 

Whole Exome Sequencing 

 Reads were first trimmed using Trimmomatic software129. Trimmed reads were aligned to 

the GRCh38 human reference genome using the Burrow-Wheeler Aligner (BWA; 

https://github.com/lh3/bwa), and a panel of normal (PoN) was generated from all the reads from 
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all the samples. Variants were called using Mutect2146, with the PoN and GnomAD (v3.1.1; 

https://gnomad.broadinstitute.org/)  population germine information as additional inputs. 

Variants were filtered for those likely to be somatic and then functionally annotated with 

Funcotator (https://github.com/broadinstitute/gatk/). 
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RESULTS 

Introduction 

 We investigated whether there were biological factors present in PSC but absent in IBD 

that potentially underpin the differences in inflammation patterns and increased risk of CRC in 

PSC. To maximize our chances of finding relevant differences, we began with an unbiased 

transcriptional sequencing of colonic tissue from patients with PSC, as well as patients with IBD 

and healthy controls. There are many regional differences in factors such as bacterial load and 

composition147, immune subsets148, and epithelial cell function and identity149 across the large 

intestine, so we restricted our analysis to the right colon as a way of controlling for these regional 

factors. We selected the right colon, as PSC-colitis is most common and active in the right colon, 

and dysplasia is most often right-sided. Though IBD patients do not always have right-sided 

inflammation, we only analyzed IBD patients with a documented history of right-sided colitis, to 

ensure that these IBD controls had the potential to present with right-sided colitis, even if they 

weren’t actively inflamed at the time of sampling. 

 

The environment of PSC dysplasia differs from that of IBD or sporadic dysplasia 

 As we are particularly interested in understanding how the development of CRC in PSC 

differs from IBD, we began by analyzing patients with dysplasia at the time of sampling. 

Consistent with previously reported literature, we observed that PSC dysplasia was most often 

right-sided (hepatic flexure to ileo-cecal valve), whereas IBD dysplasia was more common distal 

to the hepatic flexure (transverse colon to rectum) (Figure 2A). As severity of inflammation is a 

risk factor for CRC, we quantified the severity of inflammation in the same segment of colon in  

which the dysplasia was identified. Amongst patients with right-sided dysplasia, we observed  
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Figure 1: The colonic dysplasia landscape of PSC differs from that of IBD. 

 
a, Histologically scored inflammation at the site of dysplasia within the right colon. 0 = no 
diagnostic abnormality, 1 = quiescent/minimally active, 2 = mild, 3 = moderate, 4 = severe. 
Right colon consisted of the cecum, ascending colon, and hepatic flexure. b, single sample gene 
set enrichment analysis (ssGSEA) inflammatory response score calculated from the 
transcriptome of the right colon non-dysplastic tissue biopsy. c, Log 2 fold change (FC) of genes 
comparing PSC-dysplasia and IBD-dysplasia (x-axis) versus PSC-dysplasia and sporadic 
dysplasia (y-axis). Genes uniquely differentially expressed in PSC-dysplasia versus sporadic 
highlighted in green, genes uniquely differentially expressed in PSC-dysplasia versus IBD-
dysplasia highlighted in yellow, and genes differentially expressed in both comparisons 
highlighted in purple. Inset bar graph quantifies the percentage of differentially expressed genes 
in each comparison (proportion of genes upregulated in PSC in purple, genes upregulated in 
sporadic dysplasia in green, and genes upregulated in IBD in yellow). d, Enrichment map of the 
100 most significantly enriched gene sets upregulated in PSC-dysplasia versus IBD-dysplasia 
and sporadic dysplasia. Gene sets annotated by pathway and representative pathways per theme 
are labeled. Size of the circle represents size of the enriched gene set.  
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Figure 2: Histology score, but not endoscopy score, is greater in any area of dysplasia in 
PSC but not IBD. 

 
a, Location of dysplasia as a proportion of total subjects with dysplasia at the time of collection. 
If a subject had multi-focal dysplasia, the most proximal dysplasia is noted. Right-sided 
dysplasia colored maroon, transverse dysplasia colored yellow, and left-sided dysplasia colored 
blue. b, Endoscopically scored inflammation at the site of dysplasia within the right colon. 0 = 
no diagnostic abnormality/quiescent, 1 = mild, 2 = moderate, 3 = severe. c, Histologically scored 
inflammation at the location of dysplasia, as done in Fig. 1a, for all dysplastic regions outside of 
the right colon (distal to hepatic flexure). d, Endoscopically scored inflammation at the location 
of dysplasia, as done in b, for all dysplastic regions outside of the right colon. (b-d) Significance 
determined by Wilcoxon test. 
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that PSC dysplasia always arose in the context of histologically active inflammation, whereas 

IBD dysplasia was most often found in areas of quiescent disease or areas without any 

discernable signs of IBD (Figure 1A). We did not observe any differences in endoscopically 

determined inflammation, however (Figure 2B).  

We performed RNAseq on non-dysplastic tissue from the right colon of PSC, IBD, and 

non-IBD (sporadic) patients with dysplasia in the right colon. The clinical and demographic 

features of the patients included in this analysis are summarized in Table 1. We imputed the 

single sample inflammatory response gene set enrichment score (ssGSEA; 

HALLMARK_INFLAMMATORY_RESPONSE gene set from the Molecular Signature 

Database), for each sample. Consistent with what was observed histologically, we found that 

PSC dysplasia had a higher inflammatory response than IBD dysplasia, and that IBD dysplasia 

had the same levels of inflammation as non-colitis-associated sporadic dysplasia (Figure 1B). 

This suggests that PSC dysplasia is associated with active inflammation whereas IBD dysplasia, 

despite having severity and duration of inflammation as risk factors for development, has the 

same level of inflammation as a patient who developed dysplasia independently of IBD-

associated colitis. In fact, there were almost no genes differentially expressed in IBD-dysplasia 

as compared to sporadic dysplasia (Figure 1C, inset bar graph). Though there were fewer genes 

differentially expressed in PSC dysplasia versus IBD dysplasia than in PSC dysplasia versus 

sporadic dysplasia, the direction and fold-change of gene expression in both comparisons were 

highly correlated (Figure 1C). The genes upregulated in PSC with respect to both comparisons 

were significantly enriched for many immune processes, as well as processes related to defense 

against pathogens and extracellular structural organization (Figure 1D, Table 2). Therefore, PSC 

dysplasia, but not IBD or sporadic dysplasia, is associated with an immune signature and  
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Table 1: Clinical and demographic information for patients in Figure 1. 
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Table 2: Top 100 most significantly enriched gene sets in PSC dysplasia 

ID Description Category Set size 

Normalized 
enrichment 
score 

Adjusted 
p-value 

GO:0002449 
lymphocyte 
mediated immunity 

Adaptive immune 
response 320 2.120084348 5.01E-09 

GO:0051251 

positive regulation 
of lymphocyte 
activation 

Adaptive immune 
response 323 2.114437086 5.01E-09 

GO:0051249 

regulation of 
lymphocyte 
activation 

Adaptive immune 
response 458 2.029728356 5.01E-09 

GO:0030098 
lymphocyte 
differentiation 

Adaptive immune 
response 324 1.969046105 5.01E-09 

GO:0046651 
lymphocyte 
proliferation 

Adaptive immune 
response 238 1.935121811 5.01E-09 

GO:0002819 

regulation of 
adaptive immune 
response 

Adaptive immune 
response 156 2.004129521 5.40E-08 

GO:0002920 

regulation of 
humoral immune 
response 

Adaptive immune 
response 107 2.280250319 5.01E-09 

GO:0002455 

humoral immune 
response mediated 
by circulating 
immunoglobulin 

Adaptive immune 
response 132 2.210111491 5.01E-09 

GO:0006959 
humoral immune 
response 

Adaptive immune 
response 262 2.281148622 5.01E-09 

GO:0050853 
B cell receptor 
signaling pathway 

Adaptive immune 
response 119 2.148358573 5.01E-09 

GO:0019724 
B cell mediated 
immunity 

Adaptive immune 
response 203 2.145308814 5.01E-09 

GO:0016064 

immunoglobulin 
mediated immune 
response 

Adaptive immune 
response 200 2.144070478 5.01E-09 

GO:0002460 

adaptive immune 
response based on 
somatic 
recombination of 
immune receptors 
built from 
immunoglobulin 
superfamily 
domains 

Adaptive immune 
response 332 2.143227007 5.01E-09 

GO:0050864 
regulation of B cell 
activation 

Adaptive immune 
response 172 2.053178086 5.01E-09 
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Table 2 continued. 
 
GO:0042113 B cell activation 

Adaptive immune 
response 282 2.03362906 5.01E-09 

GO:0050871 
positive regulation 
of B cell activation 

Adaptive immune 
response 130 2.055369145 3.07E-08 

GO:0002377 
immunoglobulin 
production 

Adaptive immune 
response 177 1.956491267 3.48E-08 

GO:0050870 
positive regulation 
of T cell activation 

Adaptive immune 
response 200 2.069570217 5.01E-09 

GO:0050863 
regulation of T cell 
activation 

Adaptive immune 
response 301 1.949216443 5.01E-09 

GO:0042110 T cell activation 
Adaptive immune 
response 430 1.916694154 5.01E-09 

GO:0030217 
T cell 
differentiation 

Adaptive immune 
response 233 1.886199039 3.31E-08 

GO:0050867 
positive regulation 
of cell activation Cellular process 374 2.121873227 5.01E-09 

GO:0006909 phagocytosis Cellular process 341 2.006062163 5.01E-09 

GO:0007204 

positive regulation 
of cytosolic calcium 
ion concentration Cellular process 254 1.908060426 5.01E-09 

GO:0043410 
positive regulation 
of MAPK cascade Cellular process 466 1.71643973 5.01E-09 

GO:0051480 

regulation of 
cytosolic calcium 
ion concentration Cellular process 278 1.842885218 2.32E-08 

GO:0033108 

mitochondrial 
respiratory chain 
complex assembly Cellular process 101 

-
2.227186387 6.10E-08 

GO:0006119 
oxidative 
phosphorylation Cellular process 138 

-
2.073903665 6.22E-08 

GO:0032963 
collagen metabolic 
process 

Extracellular 
structure 
organization 90 2.303609806 5.01E-09 

GO:0030198 
extracellular matrix 
organization 

Extracellular 
structure 
organization 344 2.200900499 5.01E-09 

GO:0043062 

extracellular 
structure 
organization 

Extracellular 
structure 
organization 344 2.200900499 5.01E-09 

GO:0045765 
regulation of 
angiogenesis 

Extracellular 
structure 
organization 277 1.962264808 5.01E-09 

GO:0001525 angiogenesis 

Extracellular 
structure 
organization 471 1.949945494 5.01E-09 
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Table 2 continued. 

GO:1901342 

regulation of 
vasculature 
development 

Extracellular 
structure 
organization 308 1.919372122 5.01E-09 

GO:0042060 wound healing 

Extracellular 
structure 
organization 436 1.851246659 5.01E-09 

GO:0030574 
collagen catabolic 
process 

Extracellular 
structure 
organization 39 2.222579091 1.91E-08 

GO:0045766 
positive regulation 
of angiogenesis 

Extracellular 
structure 
organization 154 2.003135862 4.77E-08 

GO:0022617 
extracellular matrix 
disassembly 

Extracellular 
structure 
organization 70 2.142816854 6.22E-08 

GO:0002009 
morphogenesis of 
an epithelium 

Extracellular 
structure 
organization 480 1.655025341 1.14E-07 

GO:0002696 

positive regulation 
of leukocyte 
activation 

Immune 
signaling/activation 362 2.105537828 5.01E-09 

GO:0002697 

regulation of 
immune effector 
process 

Immune 
signaling/activation 412 2.063739083 5.01E-09 

GO:0002703 

regulation of 
leukocyte mediated 
immunity 

Immune 
signaling/activation 194 1.970874615 5.01E-09 

GO:0050727 

regulation of 
inflammatory 
response 

Immune 
signaling/activation 320 2.018820013 5.01E-09 

GO:0002253 
activation of 
immune response 

Immune 
signaling/activation 497 2.038786394 5.01E-09 

GO:0002699 

positive regulation 
of immune effector 
process 

Immune 
signaling/activation 200 1.96926 5.01E-09 

GO:0050851 

antigen receptor-
mediated signaling 
pathway 

Immune 
signaling/activation 296 1.987717781 5.01E-09 

GO:0002429 

immune response-
activating cell 
surface receptor 
signaling pathway 

Immune 
signaling/activation 431 1.996092285 5.01E-09 

GO:0002757 

immune response-
activating signal 
transduction 

Immune 
signaling/activation 431 1.996092285 5.01E-09 
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Table 2 continued. 

GO:0070661 
leukocyte 
proliferation 

Immune 
signaling/activation 263 1.946128722 5.01E-09 

GO:1902105 

regulation of 
leukocyte 
differentiation 

Immune 
signaling/activation 257 1.940558781 5.01E-09 

GO:0002764 

immune response-
regulating signaling 
pathway 

Immune 
signaling/activation 464 1.972859551 5.01E-09 

GO:0002768 

immune response-
regulating cell 
surface receptor 
signaling pathway 

Immune 
signaling/activation 461 1.971995537 5.01E-09 

GO:0002440 

production of 
molecular mediator 
of immune response 

Immune 
signaling/activation 263 1.924734625 5.01E-09 

GO:0002521 
leukocyte 
differentiation 

Immune 
signaling/activation 474 1.948067454 5.01E-09 

GO:0002683 

negative regulation 
of immune system 
process 

Immune 
signaling/activation 394 1.781502053 5.01E-09 

GO:1903706 
regulation of 
hemopoiesis 

Immune 
signaling/activation 437 1.711194557 3.62E-08 

GO:0071621 
granulocyte 
chemotaxis 

Immune 
signaling/activation 114 2.251038966 5.01E-09 

GO:0097530 
granulocyte 
migration 

Immune 
signaling/activation 133 2.224517285 5.01E-09 

GO:0030595 
leukocyte 
chemotaxis 

Immune 
signaling/activation 202 2.173401676 5.01E-09 

GO:0097529 
myeloid leukocyte 
migration 

Immune 
signaling/activation 193 2.143076625 5.01E-09 

GO:1903039 

positive regulation 
of leukocyte cell-
cell adhesion 

Immune 
signaling/activation 219 2.117996513 5.01E-09 

GO:0060326 cell chemotaxis 
Immune 
signaling/activation 263 2.087082061 5.01E-09 

GO:0022409 
positive regulation 
of cell-cell adhesion 

Immune 
signaling/activation 256 2.067205914 5.01E-09 

GO:0050900 leukocyte migration 
Immune 
signaling/activation 457 2.109907627 5.01E-09 

GO:0007159 
leukocyte cell-cell 
adhesion 

Immune 
signaling/activation 325 2.026583642 5.01E-09 

GO:1903037 

regulation of 
leukocyte cell-cell 
adhesion 

Immune 
signaling/activation 292 1.973915207 5.01E-09 
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Table 2 continued. 

GO:0045785 
positive regulation 
of cell adhesion 

Immune 
signaling/activation 395 1.988302228 5.01E-09 

GO:0030335 
positive regulation 
of cell migration 

Immune 
signaling/activation 485 1.941476303 5.01E-09 

GO:0022407 
regulation of cell-
cell adhesion 

Immune 
signaling/activation 386 1.868366801 5.01E-09 

GO:0002685 
regulation of 
leukocyte migration 

Immune 
signaling/activation 192 1.933847399 1.53E-08 

GO:0002548 
monocyte 
chemotaxis 

Immune 
signaling/activation 57 2.17374667 7.38E-08 

GO:0072676 
lymphocyte 
migration 

Immune 
signaling/activation 106 2.089692001 7.63E-08 

GO:0002687 

positive regulation 
of leukocyte 
migration 

Immune 
signaling/activation 131 2.017863731 1.17E-07 

GO:0070098 

chemokine-
mediated signaling 
pathway 

Immune 
signaling/activation 80 2.32712843 5.01E-09 

GO:1990868 
response to 
chemokine 

Immune 
signaling/activation 89 2.216763381 5.01E-09 

GO:1990869 
cellular response to 
chemokine 

Immune 
signaling/activation 89 2.216763381 5.01E-09 

GO:0001819 

positive regulation 
of cytokine 
production 

Immune 
signaling/activation 389 2.039303919 5.01E-09 

GO:0034341 
response to 
interferon-gamma 

Immune 
signaling/activation 181 1.973677727 9.52E-09 

GO:0034612 
response to tumor 
necrosis factor 

Immune 
signaling/activation 285 1.820238949 4.69E-08 

GO:0030449 

regulation of 
complement 
activation 

Innate immune 
response 92 2.182792365 5.01E-09 

GO:0006956 
complement 
activation 

Innate immune 
response 141 2.281783738 5.01E-09 

GO:0006958 

complement 
activation, classical 
pathway 

Innate immune 
response 118 2.212561611 5.01E-09 

GO:0032943 
mononuclear cell 
proliferation 

Innate immune 
response 240 1.936133271 5.01E-09 

GO:0002275 

myeloid cell 
activation involved 
in immune response 

Innate immune 
response 499 1.785196562 5.01E-09 

GO:0043299 
leukocyte 
degranulation 

Innate immune 
response 488 1.781983183 5.01E-09 
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Table 2 continued. 

GO:0036230 
granulocyte 
activation 

Innate immune 
response 464 1.766070807 5.01E-09 

GO:0030593 
neutrophil 
chemotaxis 

Innate immune 
response 94 2.284151499 5.01E-09 

GO:1990266 
neutrophil 
migration 

Innate immune 
response 110 2.2732604 5.01E-09 

GO:0042119 
neutrophil 
activation 

Innate immune 
response 457 1.779640769 5.01E-09 

GO:0002283 

neutrophil 
activation involved 
in immune response 

Innate immune 
response 446 1.767850129 5.01E-09 

GO:0002446 
neutrophil mediated 
immunity 

Innate immune 
response 455 1.763015774 5.01E-09 

GO:0043312 
neutrophil 
degranulation 

Innate immune 
response 443 1.761789789 5.01E-09 

GO:0071222 
cellular response to 
lipopolysaccharide 

Response to 
pathogen 171 2.124179959 5.01E-09 

GO:0071219 

cellular response to 
molecule of 
bacterial origin 

Response to 
pathogen 179 2.105390059 5.01E-09 

GO:0032496 
response to 
lipopolysaccharide 

Response to 
pathogen 279 2.084222476 5.01E-09 

GO:0002237 

response to 
molecule of 
bacterial origin 

Response to 
pathogen 293 2.075103827 5.01E-09 

GO:0071216 
cellular response to 
biotic stimulus 

Response to 
pathogen 203 2.037928974 5.01E-09 

GO:0042742 
defense response to 
bacterium 

Response to 
pathogen 216 1.924042202 5.01E-09 

GO:0031349 
positive regulation 
of defense response 

Response to 
pathogen 323 1.923376686 5.01E-09 

GO:0032103 

positive regulation 
of response to 
external stimulus 

Response to 
pathogen 446 1.918197595 5.01E-09 
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inflammation, and IBD dysplasia indistinguishable from sporadic dysplasia in these regards. 

Importantly, the increase in histologically scored inflammation in PSC was observed for 

dysplasia distal to the hepatic flexure (Figure 2C), suggesting these results are applicable to 

dysplasia occurring anywhere within the colon. 

 

PSC colitis is unique and distinct from IBD colitis 

 The immune signature we observe associated with PSC dysplasia could either be a 

response to the dysplasia or could precede the dysplasia. If the former, the inflammation does not 

likely have a causative link in the development of dysplasia. If this inflammation precedes 

dysplasia, it is more likely to be associated with the development of the dysplasia. To determine 

whether the PSC dysplasia inflammatory signature could be found in advance of the dysplasia, 

we analyzed the right colon tissue of healthy control, IBD, and PSC subjects with no history of 

dysplasia and no diagnosis of dysplasia at the time of sampling. Clinical and demographic 

information for the patient included in this analysis are summarized in Table 3. Overall, we 

observed that histologically scored and endoscopically scored inflammation was higher in PSC 

patients than in IBD (Figure 3A and 4A). However, there was no significant difference in 

transcriptionally scored inflammation, and both IBD and PSC patients were more inflamed than 

healthy controls (Figure 3B). This highlights a disparity in how severity of inflammation is 

quantified histologically and transcriptionally. There are many methods by which pathologists 

can evaluate inflammation, each with its own criteria, and no consistent methods is used across 

all hospitals150. At UCM, pathologists use a four-tiered grading system, based on the presence of 

neutrophils in different compartments of the colonic tissue to determine the severity of 

inflammation (Table 4). Our analysis of inflammation in PSC dysplasia revealed an increase in  
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Table 3: Clinical and demographic information for patients in Figure 3. 
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Figure 3: A subset of PSC patients without dysplasia share a similar transcriptional profile 
to PSC patients with dysplasia. 

 
a, Histologically scored inflammation in the right colon of patients with no history of dysplasia. 
Scoring performed as in Fig. 1a. b, Inflammatory response ssGSEA calculated as in Fig. 1b. in 
the right colon of patients with no history of dysplasia. c, Uniform manifold and approximation 
and projection (UMAP) plot using right colon tissue samples from subjects with no history of 
dysplasia at the time of sample collection. Samples are annotated by transcriptionally determined 
cluster (left), histologically scored inflammation (top right), or inflammatory ssGSEA (bottom 
right). d, Distribution of subjects across clusters amongst subject without dysplasia (left), with 
right-sided dysplasia (middle), and with non-right sided dysplasia (right). Statistical significance 
determined by Chi-squared test. e, Log 2 fold change (FC) of genes comparing I2 subjects and U 
subjects (y-axis) versus PSC-dysplasia versus IBD/sporadic dysplasia (x-axis). Genes uniquely 
differentially expressed in I2 vs U highlighted in dark blue, genes uniquely differentially 
expressed in PSC-dysplasia versus IBD/sporadic dysplasia highlighted in light blue, and genes 
differentially expressed in both comparisons highlighted in pink. f, 20 most significantly 
upregulated gene sets in PSC-I2 versus IBD-I2, ordered by fold-change. Most significantly 
associated genes with each pathway listed on x-axis. 
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Figure 4: Inflammation across diseases, dysplasia, and clusters. 

 
a, Endoscopically scored right colon inflammation of patients without a history of dysplasia, as 
done in Extended Data Fig. 1b. b, Inflammatory response ssGSEA score across clusters. c, 
Inflammatory response ssGSEA between diagnoses, within clusters. d, Histologically scored 
right colon inflammation of patients with or without right colon dysplasia at the time of 
sampling. e, Endoscopically scored right colon inflammation of patients with or without right 
colon dysplasia at the time of sampling. f, Inflammatory response ssGSEA of patients with or 
without right colon dysplasia at the time of sampling. (a-f) Significance determined by Wilcoxon 
test (“.” for p<0.1, “*” for p<0.05, “**” for p<0.01, “***” for p<0.001, “****” for p<0.0001, , 
“ns” for not significant (p>0.05)). (d-f) Ind = Indefinite for dysplasia. 
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Table 4: Histologic criteria for grading of disease activity at UCM (provided by Dr. 
Christopher Weber) 
Activity 
Grading 

Histologic Criteria 

Quiescent Features of chronicity (crypt distortion/shortening/drop-out, basal 
plasmacytosis, pyloric or Paneth cell metaplasia) in the absence of 
mild/moderate/severe activity 

Mild Neutrophils present in epithelium 
Moderate Neutrophils present in crypt lumen forming crypt abscess 
Severe Erosion or ulceration of epithelium 
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several adaptive and innate immune pathways, and not just neutrophils (Figure 1D). To remain 

as unbiased as possible and to account for as many factors of inflammation as possible, we will 

give more weight to transcriptionally determined inflammation. Therefore, though PSC patients 

were histologically and endoscopically more inflamed than the IBD cohort, there was no 

difference in the transcriptionally determined inflammation, and are therefore comparable in 

distribution of inflammation.  

 Using the 3,000 most hypervariable genes across diagnoses, we were able to identify four 

transcriptionally distinct cluster of subjects (Figure 3C, left). Two of these clusters, uninflamed 1 

and 2 (U1 and U2) were histologically and transcriptionally uninflamed (Figure 3C, right and 

4B) and were therefore combined in subsequent analyses (collectively referred to as U). Two 

smaller clusters of inflamed subjects were identified and labeled inflamed 1 and 2 (I1 and I2), 

with I2 being more inflamed than I1 (Figure 4B). The distribution of diagnoses was not 

equivalent across transcriptional clusters (Figure 3D, left). Nearly all healthy controls fell in the 

U cluster, whereas there was a significant enrichment of IBD patients, and to an even greater 

extent PSC patients in I1 and I2. Nearly 25% of IBD patients were I1 or I2, and nearly 50% of 

PSC patients were I1 or I2. Across all clusters, PSC patients were either equally inflamed or less 

inflamed than their IBD counterparts (Figure 4C), suggesting that comparison of disease groups 

within clusters is fair, and that any inflammatory feature unique to PSC within a transcriptional 

cluster is not due to greater inflammation. 

Using core gene for each cluster, we predicted the transcriptional cluster identity of PSC, 

IBD, and control patients with dysplasia at the time of sampling. We observed that nearly all 

cases of right-sided PSC dysplasia were assigned I2, whereas the majority of right-sided IBD and 

sporadic dysplasia were assigned U (Figure 3D, center). This observation is consistent with the 
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fact that PSC dysplasia is inflamed while IBD and sporadic dysplasia are uninflamed. PSC-

dypsplasia patients were also more inflamed than the non-dysplastic PSC population (Figure 4F), 

confirming that inflammation is not a general feature of all PSC patients, and that PSC dysplasia 

is highly associated with strong inflammation. Notably, the majority of non-right-sided sporadic, 

IBD, and PSC dysplasia were assigned cluster U (Figure 3D, right). This suggests that 

inflammation is important specifically within the region that dysplasia develops, and that 

inflammation in one segment of the colon is irrelevant to the development of dysplasia in other 

segments. 

Given that nearly all PSC dysplasia subjects were categorized as I2 and nearly all IBD 

dysplasia as U, we wanted to directly compare the overlap between these two sets. Plotting the 

fold-change and direction of gene expression in PSC dysplasia and IBD dysplasia versus the 

fold-change and directions of the gene expression in I2 versus U revealed an extremely strong 

correlation between the two signatures (Figure 3E). The I2 gene signature is likely the same 

signature as the PSC-dysplasia signature, meaning that about 25% of PSC patients without a 

history of dysplasia share the same signature as a dysplastic PSC patient. The I2 signature could 

therefore be implicated in the development of PSC dysplasia, or at the very least marks PSC 

patients at risk for dysplasia.  

Since a subset of IBD patients were also classified as I2, we wanted to investigate 

whether there were any features unique to PSC I2 as compared to IBD I2. Since PSC dysplasia 

specifically is preferentially enriched in I2, the features unique to PSC I2 as compared to IBD I2 

are likely the most relevant to the development of PSC dysplasia. Surprisingly, though PSC I2 

and IBD I2 subjects are equally inflamed transcriptionally, we observed several immune 

pathways to be specifically enriched in PSC I2 (Figure 3F). We noted that several pathways 
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related to T-cell activation and response to bacterial molecules were enriched. Interestingly, 

some of the genes most correlated with the enriched pathways were previously identified as 

associated with PSC by GWAS (IDO1, SOCS1)39. 

 

PSC inflammation is characterized by antigen driven IgG plasma cells 

 We wanted to further characterize the nature of I2 inflammation and identify additional 

differences between PSC I2 and IBD I2. Given the strong association of HLA in PSC and the T-

cell signature observed uniquely in PSC I2, we paid special attention to differences in the 

adaptive immune compartment. We extracted plasma cells from the right colon of patients across 

clusters to determine if there was any visible B-cell phenotype. We found that plasma cells from 

I2 PSC and IBD patients were nearly 100% surface CD19+ (Figure 5A), suggesting that the 

plasma cells observed in these patients are recently arrived, active antibody secreting cells151. 

These plasma cells in PSC I2, and likely also IBD I2, were larger (Figure 6A) than plasma cells 

in U subjects as well. In a healthy colon, most plasma cells are of the IgA isotype152, though the 

proportion of plasma cells secreting pro-inflammatory IgG increases in active colitis153. We 

observed an ordinal increase across clusters of the proportion of plasma cells secreting IgG in 

both IBD and PSC (Figure 5B). However, the proportion of plasma cells secreting IgG in PSC I2 

was greater than in IBD I2 (p = 0.016). In our dataset, and consistent with previous reports, the 

percent of plasma cells secreting IgG in IBD I2 patients never exceeded 50%, whereas the 

majority of PSC I2 subjects had more than 50% of their plasma cells secreting IgG. Upwards of 

75% of all plasma cells in some PSC I2 subjects were of the IgG isotype. A corresponding 

decrease in IgA- and IgM-secreting plasma cells is observed ordinally across clusters (Figure  
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Figure 5: PSC inflammation is characterized by an influx of IgG plasma cells and plasma 
cells show signs consistent with antigen drive. 

 
a, Frequency of right colon plasma cells positive for surface CD19 by flow cytometry. b, 
Frequency of IgG-secreting plasma cells amongst total right colon plasma cells as determined by 
ELISpot. c, Representative dendrogram of heavy chain sequences within top clone of I2 patient. 
This clone demonstrates a “lop-sided” branching pattern, consistent with non-random mutation 
accumulation and antigen drive. Origin point represents inferred germline sequence. Scale bar 
represents codon substitutions per codon. d, Mean amino acid divergence from inferred germline 
within CDR3 of largest clones identified in each patient.  e, Mean pairwise amino acid 
divergence within CDR3 of largest clones identified in each patient. (a, b, d, e) Significance 
determined by Wilcoxon test (“*” for p<0.05, “**” for p<0.01, “***” for p<0.001, “****” for 
p<0.0001, , “ns” for not significant (p>0.05)). Each symbol represents an individual patient 
(open circles denote patients without dysplasia at the time of sampling, “x” denote patients with 
dysplasia at the time of sampling, open squares denote patients indefinite for dysplasia at the 
time of sampling).  
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Figure 6: Features of the top plasma cell clones in PSC patients 

 
a, Mean forward scatter (FSC) of right colon plasma cells across clusters as determined by flow 
cytometry. b, Frequency of IgA-secreting plasma cells amongst total right colon plasma cells as 
determined by ELISpot. c, Frequency of IgA-secreting plasma cells amongst total right colon 
plasma cells as determined by ELISpot. d, Proportion of the total repertoire made up by the top 
clone within each subject. e, Proportion of plasma cells of each isotype by clone. f, Mean amino 
acid divergence from inferred germline across entire heavy chain sequence of largest clones 
identified in each patient.  g, Mean pairwise amino acid divergence across entire heavy chain 
sequence of largest clones identified in each patient. (a-d, f, g) Each symbol represents an 
individual patient (open circles denote patients without dysplasia at the time of sampling, “x” 
denote patients with dysplasia at the time of sampling, open squares denote patients indefinite for 
dysplasia at the time of sampling). Significance determined by Wilcoxon test (“*” for p<0.05, 
“**” for p<0.01, “***” for p<0.001, , “ns” for not significant (p>0.05)). 
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6B,C). PSC colitis is therefore uniquely characterized by an influx of IgG-dominant plasma cells, 

which is not seen to the same degree in IBD colitis, even when equally inflamed. 

 As we had observed a unique plasma cell phenotype in PSC, we want to see if these 

plasma cells showed signs of antigen drive, given the strong association of PSC with HLA. We 

performed single cell sequencing of total plasma cells derived from PSC patients across clusters 

and determined clonal pools of cells based on similarities across heavy chain sequences. Given 

that PSC inflammation is characterized by an active turnover of plasma cells, we focused our 

analysis on the largest clone in each subject, under the assumption that the largest clone is the 

most likely to be a response to antigen drive. We observed that the three largest clones in our 

dataset were found in inflamed PSC patients (Figure 6D), and that the clones were 

predominantly IgG in I2 subjects, and IgA in U and I1 (Figure 6E). A representative dendrogram 

of the sequences within the largest clone of an I2 PSC patient demonstrates lop-sided branching 

patterns characteristic of non-random selection of mutations (Figure 5C). We observed, that 

within complementarity-determining region 3 (CDR3) of the largest clones, that there was a 

greater mean amino acid divergence from inferred germline in I2 subjects as compared to U 

(Figure 5D). Additionally, the CDR3 of the I2 top clones were more diverse as computed by the 

mean pairwise amino acid divergence within the clone (Figure 5E). These differences were not 

present when analyzing the entire length of the heavy chain (Figure 6F,G), meaning that the 

CDR3 specifically was more heavily mutated and diverse in the top clones of I2 than the top 

clones of U. Collectively, these are all signs that the IgG plasma cells in PSC I2 are expanded in 

response to antigen drive. 

 

PSC inflammation is characterized by antigen driven IL-17+ Foxp3+ CD4 T-cells 
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 We next proceeded to search for a corresponding subset of T-cell unique to PSC I2 

patients. We did not find any difference in the proportion of lamina propria CD4 T-cells positive 

for either interferon gamma (IFNγ), IL-17, TNFα, or Foxp3 across clusters within PSC (Figure 

8A,B,C,D). Previous work demonstrated an increase in pathogenic IL-17A+ Foxp3+ CD4 T-

cells in the cancerous lesions of IBD patients154, so we search specifically for the presence of 

these cells as well. To our surprise, we found an increase in the percentage of CD4 T-cells 

expressing IL-17A and Foxp3 in PSC I2 as compared to PSC U (Figure 7A) or IBD I2 (p = 

0.024). As controls, we did not see an increase of either IFNγ+ Foxp3+ or TNFα+ Foxp3+ cells 

in PSC I2 as compared to IBD I2 (Figure 8E,F). There was also no increase in singularly positive 

IL-17A or Foxp3 CD4 T-cells in PSC I2 (Figure 8G,H). Given the previous association with the 

development of colitis-associated CRC, and that these cells were uniquely present in the subset 

of PSC enriched for dysplasia, we turned our focus to the IL-17A+ Foxp3+ CD4 T-cells. We 

found that these double positive (DP) cells had lower surface expression of CD4 than their IL-

17A or Foxp3 single positive (SP) counterparts (Figure 7B), suggesting that the DP cells were 

more activated or chronically stimulated155. 

 Our analysis of these cells to this point was restricted to flow cytometry after stimulation 

and fixation. To better describe these cells ex vivo we performed single cell RNAseq on freshly 

isolated CD4 T-cells from PSC patients. By calibrating the threshold of transcriptional detection 

of cells co-expressing IL17A and FOXP3 transcript using our flow cytometry data (Figure 9A-

D), we successfully identified both DP and SP cells by single cell RNAseq (Figure 7C). We 

compared the transcriptional signature of DP cells to IL17A and FOXP3 SP cells and found a 

strong correlation between the two (Figure 9C), meaning that DP cells are distinct from either 

IL17A or FOXP3 SP cells. Using the genes increased in DP cells as compared to both IL17A or  
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Figure 7: PSC inflammation is characterized by IL-17A+ Foxp3+ CD4 T-cells enriched for 
TCRs containing “LA.” 

 
a, Percent of right colon lamina propria CD4 T-cells positive for IL-17A and Foxp3 by flow 
cytometry after 3 hour stimulation with phorbol myristate acetate and ionomycin. b, Mean 
fluorescence intensity (MFI) of surface CD4 of cells from I2 PSC patients. Significance 
determined by Wilcoxon matched-pairs signed rank test. c, UMAP of single-cell sequenced CD4 
T-cells from PSC subjects, annotated by transcriptionally-determined cell type. d, Log 2 fold 
change (FC) of genes comparing IL-17A+ Foxp3+ to Foxp3+ CD4 T-cells (x-axis) or IL-17A+ 
(y-axis) amongst I2 PSC subjects. Each gene represented as a point. Genes uniquely 
differentially expressed in IL-17A+ Foxp3+ versus Foxp3+ highlighted in blue, genes uniquely 
differentially expressed in IL-17A+ Foxp3+ and IL-17A+ highlighted in orange, and genes 
differentially expressed in both comparisons highlighted in pink. Genes not differentially 
expressed in either comparison shown as open gray circles. Highest FC genes labeled on graph. 
f, Most significantly enriched gene sets using genes upregulated in IL-17A+ Foxp3+ CD4 T-
cells versus either IL-17A+ or Foxp3+ CD4 T-cells. g, Enrichment for a pathogenic IL-17 
signature using genes differentially expressed in IL-17A+ Foxp3+ CD4 versus IL-17A+ CD4 
cells. GSEA p-value is shown. g, Proportion of cells containing amino acid motif “LA” in the 
TCR beta chain by cell type amongst I2 PSC patients. (b,d) Gray lines denote paired values from 
the same patients. SP = “single positive”, DP = “double positive” i.e. IL-17A+ Foxp3+. 
Significance determined by Wilcoxon test.  (“*” for p<0.05, , “ns” for not significant (p>0.05)). 
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Figure 8: Cytokines secreted by CD4 T-cells across transcriptional clusters 

 
Frequency of right colon lamina propria CD4 T-cells expressing IL-17A (a), IFNg (b), TNFa 
(c), or Foxp3 (d). Frequency of right colon lamina propria CD4 T-cells co-expressing IFNg and 
Foxp3 (e) or TNFa and Foxp3 (f). Frequency of right colon lamina propria CD4 T-cells that are 
IL-17+ Foxp3- (g) or Foxp3+ IL-17- (h). (a-h) Cells were assessed for cytokine and transcription 
factors by flow cytometry after 3 hour stimulation with phorbol myristate acetate and ionomycin. 
Significance determined by Wilcoxon test (“*” for p<0.05, “**” for p<0.01, “ns” for not 
significant (p>0.05)). 
 

 

 

 

 

 

 

 

 



 58 

Figure 9: Transcriptional identification of the IL17A+ FOXP3+ CD4 T-cells 

 
a, Correlation of proportion of IL-17A+ Foxp3+ cells by flow cytometry versus scRNAseq at 
each quantile cutoff value used to identify positive (IL17A+ FOXP3+) cells b, Normalized sum 
of differences in proportions between proportion of IL-17A+ Foxp3+ cells by flow cytometry 
and scRNAseq at each quantile cutoff value used to identify positive (IL17A+ FOXP3+) cells. c, 
Correlation of proportion of IL-17A+ Foxp3+ cells by flow cytometry versus scRNAseq at the 
quantile cutoff value used in Fig. 4 (0.94). Significance and correlation determined by two-sided 
Pearson correlation test. d, Proportion of each transcriptionally determined cell type within total 
CD4 cells by patient. 
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FOXP3 SP cells, we found an enrichment for activation modules (Figure 7E), further 

emphasizing that DP cells are highly activated. We also found that DP cells were enriched for a 

pathogenic Th17 signature156, as compared to IL17A SP cells suggesting that DP cells might be 

contributing to the inflammation (Figure 7F). 

 We wanted to determine whether the DP cells showed signs of antigen drive much like 

the IgG plasma cells. We performed TCR repertoire analysis of the CD4 T-cells from I2 PSC 

patients, stratifying the cells by identity as DP or IL17A/FOXP3 SP cells. We did not find any 

preferential V, D, or J gene usage in either the TCRβ or TCRα chains (Figure 10A-E). We 

proceed to analyze the non-germline encoded region of the TCRβ chain of each cell for potential 

amino acid motif enrichments. Using the STREME web-based software, we identified a 

candidate amino acid motif “LA.” We found this “LA” amino acid motif in a greater proportion 

of DP cells than in SP cells (Figure 7G). LA is a germline encoded motif within one of the open 

reading frames (ORF) of TRBD2. However, even when analyzing only the cells using TRBD2 

we found an enrichment of the “LA” motif in DP cells (Figure 10F), suggesting a preferential 

selection for this ORF amongst DP cells. A summary table of the V, D, and J genes used by 

“LA” containing cells is listed in Tables 5 and 6. We analyzed the V, D, and J usage amongst 

cells containing the “LA” motif and found that the Vα gene usage of DP cells containing the 

“LA” motif were distinct from DP cells without the LA motif (Figure 11C), further suggesting 

that these DP “LA”-containing cells are distinct within the TCR repertoire. 

 

PSC inflammation is associated with greater risk for dysplasia 

 Given the association of I2 inflammation with PSC dysplasia, we tested whether I2 status 

could be used as a marker for risk of dysplasia. We stratified patients as I2 if at any point these  
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Figure 10: V(D)J usage by cell type in I2 PSC 

 
TRBV (a), TRBD (b), and TRBJ (c) gene usage by cell type amongst CD4 T-cells from I2 PSC 
patients. TRAV (d) and TRAJ (e) gene usage by cell type amongst CD4 T-cells from I2 PSC 
patients. f, Proportion of cells containing amino acid motif “LA” in the TCR beta chain by cell 
type amongst I2 PSC patients using TRBD2. Gray lines denote paired values from the same 
patients. SP = “single positive”, DP = “double positive” i.e. IL-17A+ Foxp3+. (“*” for p<0.05). 
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Figure 11: V(D)J gene usage amongst IL17A+ FOXP3+ CD4 T-cells containing “LA” motif 

 
TRBV (a), TRBJ (b), TRAV (c), and TRAJ (d) gene usage amongst IL-17+ Foxp3+ CD4 T-cells 
stratified by whether the Beta chain contains the “LA” amino acid motif. (a-d) Significance 
determined by Chi-squared test. 
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Table 5: Amino acid and V, D, and J gene usage of TRB chain of cells containing “LA” 
motif 

subject barcode CDR3 amino acid sequence TRBV TRBJ TRBD 

PSC50B AATCCAGTCTACCTGC CASSLPFLAGVPYEQYF TRBV7-9*01 F TRBJ2-7*01 F TRBD2*02 F 

PSC50B ACTGAACAGGCTCTTA CASSHVLAGGPTSYNEQFF TRBV23-1*01 ORF TRBJ2-1*01 F TRBD2*02 F 

PSC50B AGGTCCGTCCCTAACC CASSRLAGGGQYF TRBV3-1*01 F TRBJ2-4*01 F TRBD2*02 F 

PSC50B CACACAAAGGACTGGT CASGGSLANTEAFF TRBV7-9*03 F TRBJ1-1*01 F TRBD2*02 F 

PSC50B CAGCCGAGTCTTGCGG CASNKRLASGANVLTF TRBV19*01 F TRBJ2-6*01 F TRBD2*01 F 

PSC50B CGGACACCACCCTATC CASSPGLAGVGKHEQFF TRBV12-4*01 F TRBJ2-1*01 F TRBD2*02 F 

PSC50B CTTTGCGGTATATCCG CSVEGSGLAQYF TRBV29-1*01 F TRBJ2-3*01 F TRBD2*01 F 

PSC50B GATGCTAAGGGTTTCT CASSPGLSGGAGRGLASGVPGEQYF TRBV18*01 F TRBJ2-7*01 F TRBD2*01 F 

PSC50B GTCGGGTGTTACGTCA CASSEGVGLANTDTQYF TRBV2*01 F TRBJ2-3*01 F TRBD2*01 F 

PSC50B TCTCATATCACCCTCA CASSLLASGTNEQFF TRBV7-8*01 F TRBJ2-1*01 F TRBD2*02 F 

PSC50B TTCTCAAGTAGCTCCG CASRYRYLAGEETQYF TRBV28*01 F TRBJ2-5*01 F TRBD2*02 F 

PSC50B TTGTAGGCACGTGAGA CATSTRLAANEQFF TRBV15*02 F TRBJ2-1*01 F TRBD2*01 F 

PSC50B TTTGTCAGTCGAACAG CASSRGGLAGPLQYF TRBV7-8*01 F TRBJ2-4*01 F TRBD2*02 F 

PSC70D AACTGGTAGGAGCGTT CASDRNGKLAGGNYEQFF TRBV19*01 F TRBJ2-1*01 F TRBD2*02 F 

PSC70D AAGGCAGGTAGCACGA CACGLANSYEQYF TRBV30*01 F TRBJ2-7*01 F TRBD2*01 F 

PSC70D ACACCCTAGCCAACAG CASSSLAGGNYEQYF TRBV11-2*01 F TRBJ2-7*01 F TRBD2*02 F 

PSC70D AGCCTAAAGAGTACCG CASSFGLARTGELFF TRBV28*01 F TRBJ2-2*01 F TRBD2*01 F 

PSC70D AGCTCTCTCGAGAGCA CASSQVIGLAGGGGEQFF TRBV4-1*01 F TRBJ2-1*01 F TRBD2*01 F 

PSC70D AGCTTGAGTCGCGGTT CASSSLAGGPVGEQYF TRBV11-2*01 F TRBJ2-7*01 F TRBD2*02 F 

PSC70D AGTAGTCCACCACCAG CASSALAGARNEQFF TRBV5-5*01 F TRBJ2-1*01 F TRBD2*02 F 

PSC70D CAAGGCCCACCGATAT CASSTGLAGGQGTQYF TRBV11-2*01 F TRBJ2-3*01 F TRBD2*02 F 

PSC70D CATCAAGGTTGGACCC CASSLVPGLAETQYF TRBV11-2*01 F TRBJ2-5*01 F TRBD2*01 F 

PSC70D CCTACACAGAGGACGG CASSPGLAGTYNEQFF TRBV7-8*01 F TRBJ2-1*01 F TRBD2*02 F 

PSC70D CGTCACTAGGTAAACT CASSFKLAGNTDTQYF TRBV27*01 F TRBJ2-3*01 F TRBD2*02 F 

PSC70D CGTGTCTCATATACGC CASSNRGLAGGYNEQFF TRBV27*01 F TRBJ2-1*01 F TRBD2*02 F 

PSC70D GATGAAAGTGACCAAG CASSFVGLAGVEQFF TRBV11-2*01 F TRBJ2-1*01 F TRBD2*02 F 

PSC70D GGATGTTAGGCGACAT CASSFGLASEQFF TRBV28*01 F TRBJ2-1*01 F TRBD2*01 F 

PSC70D GTACTTTTCCAAACAC CASRLAGGPNSGNEQFF TRBV7-2*01 F TRBJ2-1*01 F TRBD2*02 F 

PSC70D TAAGCGTTCCTTAATC CASSQGLAGTYEQYF TRBV4-3*01 F TRBJ2-7*01 F TRBD2*02 F 

PSC70D TACTTGTGTGCCTGGT CASSQGRGGRLAGELFF TRBV3-1*01 F TRBJ2-2*01 F TRBD2*01 F 

PSC70D TGACGGCTCATCGATG CASSLILAESNYGYTF TRBV28*01 F TRBJ1-2*01 F TRBD1*01 F 

PSC70D TGTGTTTCACTCTGTC CASRILAQGGKTQYF TRBV6-2*01 F TRBJ2-5*01 F TRBD1*01 F 

PSC70D TTCTACAGTACCCAAT CSARAPRLAGVRYEQYF TRBV20-1*01 F TRBJ2-7*01 F TRBD2*02 F 

PSC70D TTCTCCTCAGACAAAT CASSSLAGASYEQYF TRBV12-4*01 F TRBJ2-7*01 F TRBD2*01 F 

PSC94 ATAGACCGTTCCCGAG CASSLAFGLYGYTF TRBV27*01 F TRBJ1-2*01 F TRBD1*01 F 

PSC94 CGTTCTGTCAGCTCTC CASNGLAGGRFNEQFF TRBV19*01 F TRBJ2-1*01 F TRBD2*01 F 
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Table 5 continued. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PSC94 CTAGAGTAGGCTAGAC CASTLGLAGADEQFF TRBV12-4*01 F TRBJ2-1*01 F TRBD2*01 F 

PSC94 CTCCTAGAGTACGCGA CASRGLAGNTGELFF TRBV11-2*01 F TRBJ2-2*01 F TRBD2*01 F 

PSC94 GCATACAGTCTTCAAG CASTLGLAGADEQFF TRBV12-4*01 F TRBJ2-1*01 F TRBD2*01 F 

PSC94 GTAGTCATCTGGTGTA CASSFGLANGGGSSYEQYF TRBV7-8*02 F TRBJ2-7*01 F TRBD2*01 F 
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Table 6: V and J gene usage of TRA chain of cells containing “LA” motif 
subject barcode TRAV TRAJ 
PSC50B AATCCAGTCTACCTGC TRAV22*01 F TRAJ52*01 F 
PSC50B ACTGAACAGGCTCTTA TRAV4*01 F TRAJ44*01 F 
PSC50B AGGTCCGTCCCTAACC TRAV23/DV6*03 (F) TRAJ58*01 ORF 
PSC50B CACACAAAGGACTGGT TRAV8-1*01 F TRAJ37*01 F 
PSC50B CGGACACCACCCTATC TRAV26-1*01 F TRAJ29*01 F 
PSC50B CTTTGCGGTATATCCG TRAV5*01 F TRAJ17*01 F 
PSC50B GATGCTAAGGGTTTCT TRAV23/DV6*03 (F) TRAJ24*02 F 
PSC50B GATGCTAAGGGTTTCT TRAV19*01 F TRAJ48*01 F 
PSC50B GTCGGGTGTTACGTCA TRAV3*01 F TRAJ34*01 F 
PSC50B TCTCATATCACCCTCA TRAV2*01 F TRAJ40*01 F 
PSC50B TTCTCAAGTAGCTCCG TRAV6*02 (F) TRAJ10*01 F 
PSC50B TTTGTCAGTCGAACAG TRAV4*01 F TRAJ4*01 F 
PSC70D AACTGGTAGGAGCGTT TRAV29/DV5*01 F TRAJ20*01 F 
PSC70D AGCCTAAAGAGTACCG TRAV23/DV6*01 F TRAJ20*01 F 
PSC70D AGCTCTCTCGAGAGCA TRAV8-2*01 F TRAJ12*01 F 
PSC70D AGCTTGAGTCGCGGTT TRAV12-1*01 F TRAJ18*01 F 
PSC70D AGCTTGAGTCGCGGTT TRAV8-6*02 F TRAJ56*01 F 
PSC70D CAAGGCCCACCGATAT TRAV13-1*01 F TRAJ11*01 F 
PSC70D CCTACACAGAGGACGG TRAV22*01 F TRAJ34*01 F 
PSC70D CGTCACTAGGTAAACT TRAV13-2*01 F TRAJ53*01 F 
PSC70D CGTGTCTCATATACGC TRAV20*02 F TRAJ37*01 F 
PSC70D CGTGTCTCATATACGC TRAV30*01 F TRAJ40*01 F 
PSC70D GGATGTTAGGCGACAT TRAV4*01 F TRAJ39*01 F 
PSC70D TACTTGTGTGCCTGGT TRAV6*02 (F) TRAJ36*01 F 
PSC70D TGTGTTTCACTCTGTC TRAV17*01 F TRAJ52*01 F 
PSC70D TTCTACAGTACCCAAT TRAV21*01 F TRAJ53*01 F 
PSC70D TTCTCCTCAGACAAAT TRAV20*02 F TRAJ45*01 F 
PSC70D TTCTCCTCAGACAAAT TRAV26-2*01 F TRAJ44*01 F 
PSC94 ATAGACCGTTCCCGAG TRAV17*01 F TRAJ58*01 ORF 
PSC94 CGTTCTGTCAGCTCTC TRAV27*01 F TRAJ52*01 F 
PSC94 CTAGAGTAGGCTAGAC TRAV38-2/DV8*01 F TRAJ43*01 F 
PSC94 CTCCTAGAGTACGCGA TRAV12-3*01 F TRAJ53*01 F 
PSC94 GTAGTCATCTGGTGTA TRAV2*01 F TRAJ11*01 F 
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subjects were identified as being I2, and measured time from diagnosis of colitis to the first 

incidence of right-sided dysplasia. We found that I2 status amongst PSC patients, but not IBD 

patients, was associated with a greater risk over time for the development of right-sided 

dysplasia (Figure 12). I2 status was not associated with a greater risk of developing dysplasia 

outside of the right colon (Figure 13), emphasizing that dysplasia risk is only increased in the 

region for which I2 inflammation is observed. This poises I2 status as a predictor of dysplasia 

risk in PSC and could potentially use clinically to assess risk of dysplasia amongst PSC patients. 

 

PSC inflammation is associated with an expansion of CRC-associated bacterial taxa 

 To further explore the possibility of antigen drive, we performed 16S sequencing on the 

DNA extracted from the tissue biopsies. We chose to explore the possibility of an antigen of 

bacterial origin due to previous work showing alterations in the PSC microbiome and the clinical 

trials showing preliminary beneficial effects of antibiotics on liver function and colitis. 16S 

sequencing demonstrated no difference in total bacterial load or Shannon diversity index (SDI) 

between IBD and PSC (Figure 14 A,B), nor across transcriptional clusters (Figure 14 C,D). We 

probed for bacterial taxa enriched in PSC-I2 versus PSC-U and IBD-I2 versus IBD-U, with the 

idea that these comparisons would identify taxa that are enriched in PSC inflammation and IBD 

inflammation specifically. We identified a handful of taxa to be specifically enriched in PSC 

inflammation as compared to IBD inflammation (Figure 14 E). Notably, three out of five of these 

taxa were previously implicated in the development of CRC157,158. Any one, or combination of, 

these taxa could represent a source of antigen driving the expansion of IgG  

plasma cells or DP CD4 T-cells. Though further exploration is necessary to determine whether 

this is true, we are equipped with representative Ig and TCRs to formally test this hypothesis. 
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Figure 12: Status as I2 is associated with a greater risk and shorter time to dysplasia in 
PSC but not IBD. 

  
Kaplan-Meier-estimated curves for risk of right-sided dysplasia over time, with subjects 
stratified as either I2 at any timepoint or not based on transcriptional profiling. Subjects are 
subset by diagnosis: IBD (right) or PSC (left). 
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Figure 13: Status as I2 in the right colon is not associated with risk for non-right-sided 
dysplasia. 

 
Kaplan-Meier-estimated curves for risk of non-right-sided dysplasia over time, with subjects 
stratified as either I2 at any timepoint or not based on transcriptional profiling. Subjects are 
subset by diagnosis: IBD (right) or PSC (left). 
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Figure 14: CRC-associated bacteria are enriched in PSC inflammation. 

 
a, Log2 copies of 16S DNA per ng of total input DNA across diagnosis groups. b, Shannon 
diversity index of samples across diagnosis groups. c, Log2 copies of 16S DNA per ng total 
input DNA across clusters. d, Shannon diversity index of samples across diagnosis groups. e, 
Log2 fold change of absolute abundance of bacteria taxa in PSC I2 vs U (y-axis) and IBD I2 vs 
U (x-axis). Each point represents a bacterial taxeme. Taxa significantly different (non-adjusted p-
value <0.5) in PSC I2 vs U highlighted in purple, in IBD I2 vs U highlighted in orange, and taxa 
significantly different in both comparisons in red. Taxa with a >2 log2 fold change in abundance 
in PSC I2 versus U are annotated by name and taxonomic level(f = family, g = genus, s = 
species). (a-d) Significance determined by Wilcoxon test (“*” for p<0.05, “**” for p<0.01, “ns” 
for not significant (p>0.05)). 
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Results Summary and Conclusion 

 The major aim of our study was to uncover immunological factors that explain the 

difference in presentation of colitis and increased risk of CRC in PSC. By directly comparing the 

environments in which dysplasia occurred, we determined that PSC dysplasia is highly 

associated with inflammation as determined histologically and transcriptionally. The milieu of 

IBD dysplasia, on the other hand, is indistinguishable from sporadic dysplasia, despite all the 

evidence suggesting that they arise by different mechanisms. Though our transcriptional analysis 

was limited to right-sided dysplasia, the histologically scored inflammation of non-right sided 

dysplasia followed the same trends as in the right colon, suggesting that these results are 

applicable to dysplasia arising anywhere in the colon. Given these data, we conclude that PSC 

dysplasia, but not IBD or sporadic dysplasia, is dependent on active inflammation. 

 We observed the PSC dysplasia-associated inflammatory signature in a subset of PSC 

patients with no history of dysplasia. This inflammation is therefore not a response to dysplasia, 

and likely represent a driving force or risk factor for the development of dysplasia in PSC. We 

demonstrated that PSC patients who at any point had this inflammatory signature were at higher 

risk for dysplasia than PSC patients without this signature. This signature could be a clinical 

indicator of PSC patients at greatest risk for dysplasia and could be implemented to improve 

screening and management of CRC risk in this already vulnerable population. As this 

inflammatory signature is only associated with risk for dysplasia in the segment of the colon in 

which it occurs, clinicians could also use the presence of this inflammation as an indicator of the 

segment of colon in which dysplasia is most likely to develop. This added information could 

allow for more careful CRC screenings, as well as a better utilization of time and resources. 
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 The dysplasia-associated inflammation in PSC is distinct from IBD inflammation in 

several ways. Overall, the transcriptional signature of PSC inflammation is enriched for T-cell 

activation, response to pathogen, and other immune signatures. These enrichments are observed 

despite actively inflamed PSC patients having a comparable level of inflammation to actively 

inflamed IBD patients. We observed both an influx of recently arrived IgG plasma cells and an 

increase in IL-17A+ Foxp3+ CD4 T-cells in PSC inflammation. The largest plasma cell clones in 

inflamed PSC patients had highly mutated and highly diverse CDR3, consistent with signs of 

antigen drive. IL-17A+ Foxp3+ CD4 T-cells in inflamed PSC patients were enriched for an 

amino acid motif within their CDR3, suggesting selection and antigen drive in these cells as 

well. To our knowledge, this is the first formal evidence of what has been long hypothesized to 

be the case in PSC: that inflammation is antigen driven. 
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DISCUSSION 

 

Biological and clinical implications in the understanding and management of PSC 

 Despite known differences in presentation of inflammation and CRC outcomes, little to 

know evidence existed on the nature of PSC inflammation in comparison to IBD inflammation. 

In this thesis we detailed, for the first time, differences in the natures of the inflammations and 

showed that these differences were directly related to clinical outcomes. First, we demonstrated 

that PSC dysplasia is always found in the context of active inflammation, whereas IBD dysplasia 

is not. This suggests that IBD and PSC inflammation are relevant in different ways to the 

development of dysplasia. In the initiation and promotion theory of cancer development, cancer 

develops as a result of cells that accumulate genomic alterations that are then preferentially 

expanded in response to a proliferation signal. In this model genomic alterations are the 

irreversible initiation event, and the proliferation signal acts as the promotion event. IBD, which 

is not often found at the time of dysplasia, cannot therefore promote cancer, as it would have to 

be providing active signal for the mutated cells to preferentially divide. Since duration and 

severity of colitis are factors that predict dysplasia in IBD, perhaps IBD inflammation is more 

relevant as an inducer of mutations than as a proliferation signal. PSC on the other hand, is 

always found at the instance of dysplasia. Therefore, it is likely that PSC inflammation can act as 

a promoter of cancer. Perhaps it is in fact a very strong promoter of cancer. We cannot exclude 

the possibility that PSC inflammation can induce genomic alterations, and thus is relevant as an 

initiator of cancer, however its role as a promoter of cancer might at least partially explain why 

PSC patients are at a greater risk for the development of cancer than IBD. Additionally, it would 

be interesting to further investigate why it is that PSC dysplasia is always inflamed whereas IBD 
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inflammation is not. Could this be due to a dependence of PSC dysplasia on inflammation due to 

the nature of the genomic alternations? Or could it be that PSC inflammation is such a strong 

promoter of cancer that it can very easily induce dysplasia with fewer genomic alterations? 

We also demonstrated that the nature of PSC inflammation is unique and distinct from 

IBD inflammation and is characterized by an increased frequency of IgG plasma cells and IL-

17A+ Foxp3+ CD4 T-cells. This is one of the first, if not the first, study that formally identified 

unique cellular features increased in PSC inflammation as compared to IBD inflammation 

specifically. We were also able to implicate this unique inflammation with the risk for dysplasia, 

suggesting that these cell types might be relevant to the development of dysplasia. In the model 

of pathogenesis for CeD, CD4 T-cells control a Th1 immune response resulting in villous 

atrophy. We see the IL-17+ Foxp3+ CD4 T-cells as a potential source of cytokines driving the 

development of dysplasia. IL-17A has previously been implicated in epithelial cell proliferation 

in conjunction with other cytokines43. IL-17A+ Foxp3+ could therefore secrete another cytokine 

or set of cytokines that have yet to be identified which are also inducing dysplasia. As the IL-

17A+ Foxp3+ CD4 T-cells demonstrate a pathogenic-like signature, we believe them to be 

directly related to the development of dysplasia and inflammation, though the exact mechanisms 

must still be worked out. The influx of IgG plasma cells might also play an important role in the 

pathogenesis of inflammation and dysplasia. In CeD, it is thought that B-cells potentiate the T-

cell response by presenting antigen to T-cells on HLA class II, thus activating the T-cells to 

further cause inflammation. This could also be the case in PSC, where we see both a unique B-

cell phenotype found in conjunction with the T-cell phenotype. 

Both the plasma cells and CD4 T-cells show signs of antigen drive. T-cell antigen drive is 

found in the form of an enriched amino acid motif within the CDR3. B-cell antigen drive was 
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found in the form of a heavily mutated, highly diverse CDR3 within the plasma cells of I2 

subjects. This is the first evidence that has ever been provided that PSC is in fact antigen driven, 

as previously hypothesized. If PSC is in fact antigen driven, the implications for the prevention 

of the disease are massive. If the antigen can be eliminated from the gastrointestinal system of 

these patients, then we can dramatically reduce the burden of inflammation and dysplasia in 

these patients. However, this antigen could be from many sources including bacteria, viruses, 

fungus, diet, or self. We hypothesize that there could be a single or small number of antigens 

from a bacterial source that drive B- and T-cell expansions, and that these expansions, or the 

antigen itself, drive dysplasia. There is mounting evidence that bacterial-derived molecules can 

induce DNA damage159, serving as an initiator of tumorigenesis. Perhaps the source of the 

antigen, or the antigen itself is such a carcinogen. Removal of the antigen from the intestinal 

environment should eliminate or at least greatly reduce the increased risk for CRC in PSC 

patients. If the antigen is of bacterial origin, this might represent a unique situation in which 

CRC is prevent by antibiotic. If not bacterial, identification of the antigen would still facilitate 

the design or application of preventative therapies.  

We propose an antigen driven model of immune-mediated dysplasia that is in line with 

all the findings in this thesis (Figure 15). This is the first comprehensive mode of PSC that fully 

encapsulates the broad hypothesized mechanisms of dysplasia. Though there are many questions 

left to be answered, we hope that this model provides some important concepts and inspires 

future directions that will lead to a full understanding of the mechanisms of dysplasia in PSC. 

 Even without finding an antigen, this work contributed to our understanding of PSC 

inflammation. These findings are clinically relevant, as we have demonstrated that I2 

inflammation is associated with active dysplasia and a greater risk for dysplasia in PSC. We  
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FIGURE 15: Model of hypothesized mechanism of dysplasia in PSC. 

 

Hypothesized mechanisms of colonic dysplasia in PSC: A pathogenic bacteria colonizes the 
epithelium of genetically susceptible PSC patients. Dendritic cells present bacterially derived 
peptides to T-cells on restricted HLAs. Those T-cells are converted to IL-17A-secreting Foxp3 
T-cells that then provide T-cell help to naïve B-cells recognizing the same antigens. B-cells 
potentiate the T-cell response by providing antigen to the already clonally expanded IL-17A+ 
Foxp3+ CD4 T-cells. These CD4 T-cells produce IL-17A along with other cytokines that provide 
a proliferation signal to epithelial cells. IgG plasma cells secrete antibody that targets the same 
bacterial antigens presented by dendritic cells. 
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demonstrated that histologically scored inflammation is not always concordant with 

transcriptionally determined inflammation. We must therefore reevaluate how inflammation is 

assessed in PSC patients, as neutrophil compartmentalization does not capture the full essence of 

PSC inflammation. We would suggest assessing the presence of IgG plasma cells as well as DP 

cells as additional markers of inflammation and risk factors for dysplasia. Or the presence of I2 

inflammation itself could be a clinical predictor of which patients are likely to develop dysplasia. 

More practically, I2 inflammation could be reduced to a handful of signature genes for which 

expression could be measured by quantitative polymerase chain reaction (qPCR) from tissue 

biopsies. Those patients with a significant score for I2 inflammation by qPCR could then be 

monitored more closely for signs of dysplasia. Additionally, assessing I2 inflammation across the 

colon could indicate where each PSC patients is likely to develop dysplasia. 

 

Inflammation and cancer 

 Since PSC colitis confers a several-fold greater risk of CRC than IBD colitis, not all 

inflammations are equivalently capable of inducing cancer. Somehow PSC inflammation is more 

potent than IBD inflammation, either in frequency, severity, or nature. Our evidence suggests 

that the severity of inflammation does not differ between IBD and PSC, but rather that the nature 

of the inflammation is different. PSC inflammation is therefore likely more carcinogenic by 

nature. This could have to do with the composition or quantity of cytokine or other secreted 

factors associated with PSC inflammation.  

 Inflammation can be relevant to the induction or promotion of tumors, which begs the 

question as to which of these events PSC inflammation contributes. We observed that PSC 

dysplasia, but not IBD dysplasia, was characterized by active inflammation. Additionally, PSC 
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dysplasia patients were more inflamed than PSC patients without dysplasia. Based on this data, 

we hypothesized that PSC dysplasia is dependent on active inflammation, whereas IBD dysplasia 

is not. We further hypothesize that IBD dysplasia does not depend on active inflammation 

because it is characterized by a greater number or potency of mutations than PSC dysplasia. In 

contrast, we hypothesize that PSC inflammation is a more potent inducer of proliferation, thus 

dysplasia would require fewer baseline mutations to proliferate. We theorize that there exists a 

spectrum of potency of mutations and inflammation, and that the summation of their effects 

(after passing a certain threshold) result in tumors. In our theory, lowly mutated cells can become 

tumors in the context of excessive inflammation, whereas highly mutated cells would require 

little to no external signal to proliferate uncontrollably. We believe that IBD dysplasia exists on 

the potent mutations/weak inflammation end of the spectrum, and PSC dysplasia is on the weak 

mutations/potent inflammation end (Figure 16).  

 We wanted to test this more formally, by looking at the mutational landscape of dysplasia 

in IBD and PSC. If our hypothesis is correct, there should be fewer mutations in PSC dysplastic 

lesions than IBD dysplastic lesions. We had access to DNA from three sets of matched IBD and 

PSC dysplasia. These samples were matched by age, sex, race, duration of disease, and the stage, 

type, and location of the dysplasia. We performed whole exome sequencing on these samples 

and quantified the total number of missense mutations in each sample. In line with our 

hypothesis, we observed that PSC dysplasia had fewer missense mutations than the paired IBD 

dysplasia (Figure 17). We wish to expand this dataset to a greater number of matched samples to 

draw stronger conclusions about the mutational burden in PSC. Previous work demonstrates that 

IBD dysplasia has similar mutations as sporadic dysplasia. However, no formal study has 

compared either of these dysplasia to PSC. As our preliminary data suggests, there might be  
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Figure 16: Potency of mutations and inflammation in IBD and PSC dysplasia development. 

 
The x-axis represents the theoretical potency of inflammation in inducing proliferation of 
mutated cells. The y-axis represents the theoretical potency of genomic alterations in pro-
cancerous cells. The dashed line represents an arbitrary threshold for the development of 
dysplasia. We believe PSC patients to have more potent inflammation and less mutations, while 
IBD patients have less potent inflammation but more potent mutations. 
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Figure 17: PSC dysplasia has fewer missense mutations than IBD dysplasia. 

 
Total number of missense mutations from dysplastic lesion DNA from IBD and PSC patients. 
Gray lines represent matched pairs. Samples were matched by age, sex, race, duration of disease, 
and the stage, type, and location of the dysplasia. 
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fewer mutations in PSC. Additionally, it is possible that the nature of the mutations themselves 

are different and confer differential proliferative capacity in vivo. 

 This concept has broader implications on the role of inflammation in carcinogenesis. It 

raises the question as to whether certain inflammations are better inducers of cancer while others 

are better propagators. What factors would make an inflammation potent in each regard, and 

could we identify common factors across inflammation? Is there a point after which sufficient 

mutations cause proliferation completely independently of inflammation? And importantly, how 

can we control these inflammatory factors to prevent the initiation and proliferation of cancer? 

 

Future directions 

 Our results provide the first formal evidence that PSC inflammation is antigen driven, 

and that this inflammation, distinct from IBD colitis, is strongly associated with dysplasia. This 

opens the possibility of many future studies which can address additional details about PSC 

inflammation and dysplasia, address prospective questions, and independently validate our 

results. We outline below the future directions that we believe are most exciting and important:  

 

Identification of driving antigen 

 The influx of highly mutated and diverse IgG plasma cells and increase in motif-

containing, activated, pathogenic-like DP CD4 T-cells strongly suggests antigen drive to PSC 

inflammation. It would be highly valuable to identify the driving antigen, as this is a prime target 

for therapeutic intervention to prevent inflammation and dysplasia. Our 16S data identified 

several bacteria uniquely associated with PSC inflammation which are possibly the source of 

driving antigen. We do not eliminate the possibility that other bacterial taxa are involved in 
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pathogenesis, so a broader approach to the role of bacteria in pathogenesis, while paying special 

attention to the previously identified taxa, is necessary. Prospectively, we would like to preserve 

tissue biopsies under special conditions that maintain bacteria and mucus layers so that we can 

perform bacterial immunohistochemistry and fluorescence in situ hybridization (FISH). These 

assays would allow us to analyze the compartmental distribution and composition of bacteria 

within the tissue. We could determine whether I2 PSC patients have any bacteria adhering to the 

epithelium or invading into the tissue, as these are potentially the bacteria inducing 

inflammation. 

 We would also like to collect fresh mucosal scrapings or lumenal contents from PSC 

patients to identify endogenously IgG-coated bacterial populations. Identification of these 

populations by flow and then enrichment via FACS or magnetic bead-based methods would 

allow for subsequent DNA sequencing of these bacteria. The taxa found in the IgG-coated 

fraction in PSC, but not the IgA-coated fraction, or IgG-coated fraction in IBD represent 

additional potential sources of antigen drive. We of course expect that at least a subset of taxa 

identified by 16S sequencing to be coated by IgG. 

 The full-length Ig and TCR sequences identified by our single cell sequences are 

additional useful tools for identifying potential antigens. From the paired heavy and light chain 

sequences we can generate an unlimited amount of monoclonal antibody (mAb) from the 

expanded IgG clones of PSC I2 patients. We can test these mAbs for reactivity to ex vivo or 

cultured bacterial cell lysates by enzyme-linked immunosorbent assay (ELISA). Then, specific 

proteins of interest can be isolated using immunoprecipitation. We can also clone the “LA”-

containing DP TCRs into reporter T-cell lines to test whether lysates or antigens that are bound 

by the mAbs also activate these TCRs. Though we have evidence that the source of antigen is 
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potentially bacterial, we cannot eliminate the possibility of a viral, dietary, or self-antigen. 

Fortunately, these mAbs and reporter T-cell can be also used to test a broader array of antigens. 

 

Further characterization of DP CD4 T-cells 

 Our single cell sequencing of DP cells determined that these cells are activated and have 

a pro-pathogenic signature, potentially implicating them in inflammation and dysplasia 

pathogenesis. Due to limitations in single cell sequencing, we have not been able to fully 

characterize these cells. Bulk sorting and sequencing of these cells would provide a much better 

idea of their functional properties. We are currently unable to bulk sequence these cells because 

IL-17A and Foxp3 are intracellular markers that require fixation and permeabilization of the cell 

to visualize by flow cytometry. Fixation degrades RNA, preventing high-quality RNAseq. 

Further flow cytometric characterization of these cells is necessary to identify a suitable surface 

protein that can serve as a proxy to distinguish these cells from IL-17A and Foxp3 SP cells. 

LAG3, a gene associated with TCR activation, codes for a surface protein that could potentially 

serve as such a proxy. Assessing the overlap between protein expression of Lag3 and IL-17a+ 

Foxp3+ is a simple experiment that can be done by flow cytometry. Additionally, we can test 

additional candidate surface markers based on the literature and a deeper probing of the single 

cell transcriptional data.  

 

Mechanisms of dysplasia and the dependence on active inflammation 

 We have not provided any evidence beyond association that DP T-cells or IgG plasma 

cells play a role in the development of dysplasia. We are inspired by the work in CeD, which 

clearly point to T-cells as mediators of tissue destruction, and potentially B-cells as potentiators 
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of tissue destruction. Given the similarities between CeD and PSC with respect to HLA 

association and antigen drive, we hypothesize that lymphocytes may be involved in the 

development of dysplasia in PSC. If we can successfully sequence bulk DP cells, we would 

specifically investigate expression of different cytokines to identify mediators of a pro-

proliferative or pro-tumorigenic signal. IL-17A itself has already been implicated in epithelial 

cell proliferation. There are likely other factors involved in the development of dysplasia, 

however, given that there is no difference in total IL-17A+ cells across transcriptional clusters 

within PSC. In fact, there is a greater frequency of IL-17A+ Foxp3- cells in PSC U than PSC I2 

(Figure 8H). We would therefore test whether IL-17A in conjunction with other cytokines could 

produce epithelial cell proliferation or dysplastic morphology. Intestinal organoid cultures could 

be treated with various cytokines found to be increased in DP cells, and then assessed for 

proliferation markers such as Ki-67 and p53.  

 We are particularly interested in further investigating the hypothesis that PSC dysplasia 

depends on active inflammation unlike IBD dysplasia. As we hypothesize that this has to do with 

the relative potency of the accumulate mutations and inflammatory milieu, we would need to 

directly prove the relevance of both factors. First, we would like to expand our whole exome 

sequencing analysis to a much larger of matched PSC and IBD dysplasia samples. With only 

three sets of samples, it is impossible to draw any conclusions about mutational abundance or 

about differences in genes mutated. In expanding this dataset, we can draw stronger conclusions 

about the mutational burden in PSC with respect to IBD, and potentially also identify driver 

mutations unique to PSC.  

We could also compare the proliferative ability of organoids derived from dysplastic 

lesions. We could test various inflammatory conditions to determine whether IBD and PSC 
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epithelial cells have intrinsic differences in their ability to respond to cytokine or other 

proliferation signals. We could test in vitro the potency of the PSC and IBD inflammation by 

treating control organoids with supernatants from short-term biopsy cultures and measuring 

proliferative response. This assay in particular would be useful in determining which cytokines 

are mechanistically relevant to dysplasia in PSC.  

 

Relationship between intestinal and liver pathologies. 

 How the liver and intestinal pathologies in PSC relate to each other is unknown. The liver 

of PSC patients also succumbs to inflammation and cancer, so the obvious question is whether 

the nature of the liver inflammation is similar to intestinal inflammation. Liver biopsies are 

invasive, and not routinely taken for research purposes, making it difficult to assess 

inflammation in the same way that we did for the colon. Immunohistochemistry and FISH on 

tissue slides cut from archived standard of care biopsies would allow for the quantification of 

IgG plasma cells and DP CD4 T-cells. However, correlation of these results with colon 

transcriptional cluster would not be possible as these are not likely subjects we have enrolled in 

our study. Additionally, Ig and TCR analysis would pose a challenge without being able to 

sequence freshly isolated cells. Nonetheless, investigation of these cell types in the liver is 

warranted. 

 

Approaches to the study of complex human diseases 

 Human tissue-based studies are challenging as they do not offer the same set of optimized 

conditions as in animal models. Many animal models allow for complete control of genetic and 

environment factors, can introduce experimental interventions ad libidum, and have a near 
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limitless supply of diseased and control study subjects. Human studies on the other hand, are 

mostly constrained to descriptive observations, are vulnerable to the immense heterogeneity of 

genetic and environmental influences and are limited in the possible readouts due to the rarity of 

a disease or amount of tissue available for study. While these factors hinder what can be 

achieved in human tissue-based research, this field still brings one critical advantage over animal 

models: that all observations, if done correctly, are true and directly relevant to the disease which 

is being studied.  

Animal models often rely on several assumptions about the pathogenesis of the human 

diseases that they model or can only mimic the symptoms of the disease. For monogenic diseases 

or diseases for which the pathogenesis is very well understood, animal models are powerful tools 

in the investigation of details of pathogenesis and in the search of potential therapies. However, 

these models are less effective for the study of complex disease for which the pathogenesis is 

unknown. Using these models may not even reveal any true details about the disease itself and 

studying them will only provide more information about the mechanisms within that model. One 

proposed mouse model of PSC is the Mdr2 knockout mouse, which develops spontaneous 

cholestatic liver injury similar to PSC160. However, this model does not also have colitis, so other 

groups have proposed treating Mdr2 knockout mice with dextran sulfate sodium (DSS) to induce 

colitis, in order to have both the intestinal and hepatic features of PSC161. While this model might 

replicate some of the pathologies, it is very likely that PSC colitis is not caused by DSS, and no 

genetic studies have ever found associations between PSC and MDR2. Therefore, continued, 

thorough investigation using human tissue is essential if there is ever to be an accurate, 

comprehensive mouse model of PSC.  
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 The study of complex human diseases is difficult due to the technical difficulty in 

acquiring the necessary samples, as well as the immense heterogeneity that exists within 

populations with the disease of interest. However, thoughtful design and careful execution can 

maximize the likelihood for success of a study, despite the technical and biological obstacles. In 

fact, the natural heterogeneity that exists within a population being studies is an opportunity to 

investigate how multiple factors influence disease progression and can lead to key details about 

the pathogenesis of a disease. As most complex human diseases are caused by the intricate 

interaction of numerous host and environmental factors, embracing the complexity, and 

leveraging the heterogeneity is critical. PSC is one such complex disease. In our study of PSC, 

we have tried numerous approaches and techniques to varying degrees of success. We have 

learned a lot about strategies that were effective and spent a lot of effort and time on strategies 

that were ultimately unsuccessful. We describe below our experience with different approaches 

to studying PSC with the hopes that these can be more generally applied to other studies of 

complex diseases. 

 

Practical considerations and study design 

 From a practical standpoint, accessibility to samples and patient data are essential for any 

study on human disease: there is no possible project without data. However, even when access to 

patient data and samples is possible, there are certain environments that enable successful 

projects. As an academic medical center, UCM facilitates close interactions between the clinical 

and research faculty. We have been fortunate to have access to a near limitless supply of 

intestinal tissue, which allows us to perform and optimize all our experimental read-outs. 

Additionally, as a quaternary care center for gastrointestinal diseases, we are fortunate to acquire 
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tissue samples from a large cohort of patients with PSC from across the region, though PSC is 

very rare in the general population. 

 The design of human studies is key and begins with the selection of the disease to study. 

Heterogenous diseases, where symptoms and outcomes are highly variable, are difficult to study 

as there could be multiple mechanisms of disease. SLE, for example, is thought by some to be a 

collection of many different diseases, each with potentially different mechanisms of 

pathogenesis. Without correctly sub-setting these subjects by the relevant variables, it is unlikely 

that experimental readouts within comparison groups converge in any meaningful way. 

Uncontrolled extraneous factors could mask and effects of the comparison groups. UC and CD 

are genetically heterogenous, with a lot of variability in disease presentation, which may 

contribute to why no definitive cause of these diseases has been identified. PSC on the other 

hand is strongly associated with HLA by GWAS, suggesting that PSC patients are genetically 

similar within their HLA, and that one or a small set of HLAs are directly relevant to disease. In 

this way, genetic factors, especially with respect to immune function, are better controlled. 

Perhaps if researchers were to subset IBD and other IMID patients by HLA, there might be 

clearer immunological readouts.  

Another key design feature of our study that led us to our findings was restricting our 

analysis to a specific segment of the colon. We restricted our analysis to the right colon because 

inflammation and dysplasia were most often observed in the right colon. In doing so, we 

controlled for regional variability in physiology, immune function, and bacterial composition 

across the colon. Additionally, in selecting the right side specifically, we maximized our chances 

of observing active inflammation and dysplasia in our population.  
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The selection of appropriate controls is also critical in study design. We paid special 

attention to only enroll IBD patients with a history of right-sided disease, as essentially all PSC 

patients have right-sided colitis. This study, along with others, highlight the importance of 

regional inflammation in the development of CRC. Had we not selected IBD controls with a 

history of right-sided inflammation, we may have inadvertently compared PSC patients to tissue 

that was essentially entirely healthy, and without the potential to develop colitis-associated 

dysplasia. We observed differences in inflammation and dysplasia across comparably inflamed 

populations, allowing us to draw specific conclusions about PSC inflammation, as opposed to 

inflammation in general. 

 

Leveraging of clinical data and integration with biological readouts 

 The clinical relevance and importance of a translation study depends on how we leverage 

the clinical data and integrate it with the biological readouts. Our analysis was centered around 

the development of dysplasia, so collection of data such as dates of first dysplasia, location of 

dysplasia, histologically and endoscopically scored inflammation at the dysplastic lesion was 

critical. Important details to collect are not always obvious at the beginning of the study, and it is 

important to revisit patient data and re-analyze biological readouts periodically. For example, the 

link between active inflammation and dysplasia was not obvious to us at the onset of the study. 

We originally noticed that I2 PSC patients were getting colectomies at a higher rate than the non-

I2 PSC patients, and only through careful examination of the patient records did we notice that 

the indication for colectomy was dysplasia. Even after uncovering the relationship between 

active inflammation and dysplasia, we initially had not sub-setted PSC patients based on the 

location of the dysplasia. Only in revisiting the charts once again, and carefully recording the 
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location in which dysplasia developed were we able to separate out PSC patients with right-sided 

and non-right-sided dysplasia. This distinction turned out to be key because only right-sided 

dysplasia patients are enriched for I2, and I2 is only a risk factor for right-sided dysplasia.  

  It is tempting to rely on pre-determined clinical factors when performing comparisons. 

We could have based our entire analysis based off histologically and endoscopically scored 

inflammation, for example. While doing so could have been useful in progressing our work, it is 

built on certain assumptions that may not be relevant to pathogenesis. At UCM, inflammation is 

determined by the presence of neutrophils in different compartments of the colonic mucosa. This 

method of course is clinically sound in the assessment of colitis activity but does not capture the 

entire nature of the inflammation. As we have shown, PSC inflammation is characterized by a 

high proportion of IgG plasma cells and IL-17A+ Foxp3+ CD4 T-cells, none of which are 

assessed in the clinical scoring of disease activity. Instead, by scoring inflammation 

transcriptionally and assigning groups based on their transcriptional profile, we were more 

unbiased in our comparisons, which ultimately led to our discovery of these relevant cell types. 

Histologically and endoscopically, there is no difference in the levels of inflammation between 

PSC patients with and without dysplasia. Had we depended only on those clinical scores, we 

would not have been able to conclude anything about the importance of inflammation in PSC 

dysplasia. On the other hand, the transcriptionally determined inflammation was significantly 

increased in PSC dysplasia as compared to those without dysplasia, and the distribution of 

subjects across clusters was also different by dysplasia status.  

These results are seemingly incongruous though not incompatible, as they measure 

different parts of inflammation. As inflammation is complex in its composition and we were not 

exactly sure what to look for, it was important for us to use the most unbiased measure of 
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inflammation available to us instead of wholly relying on the clinical standards. This allowed us 

to come to the correct conclusions and raises questions regarding how inflammation is evaluated 

clinically. Perhaps a new system is necessary for the appropriate scoring of PSC inflammation. 

Or, perhaps clinicians and pathologists should consider a more unbiased and universal 

transcriptional system to evaluate inflammation- one that has a greater likely hood of capturing 

the relevant immunological components. 

 

Selection of appropriate transcriptional read-outs 

 Only a limited amount of tissue can be collected from each colonoscopy, so careful 

allocation of the tissue for the appropriate assays can maximize the value of these precious 

samples. The selection of the best assays is not obvious, and we learned the effectiveness of 

different techniques through trial and error. In general, we found transcriptional analyses to be 

the most powerful because they allow for the most unbiased analysis of the sample. Whole tissue 

RNAseq was especially effective, because it served as a survey of the cell composition and 

activity of each tissue sample. Tissue RNAseq provided the information we needed to focus our 

investigation on the most relevant factors. One tissue biopsy provides more than enough RNA to 

perform RNAseq, and the DNA that is extracted at the same time can be used for genotyping, 

WES, and 16S sequencing. RNA and DNA extraction is therefore a very efficient use of a tissue 

sample. However, RNAseq results are not immediate, require the batching of many samples 

together, and can be very costly. Our dependence on RNAseq to determine the transcriptional 

cluster of each sample created a bottleneck in our analysis, requiring that we wait extended 

periods of time before being able to analyze large batches of our samples. Nonetheless, tissue 
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RNAseq was extremely effective at the onset of the study because it directed us to the correct 

hypotheses. 

 Bulk RNAseq was effective for surveying the tissue, however we found it ineffective 

when looking at adaptive cells. During our investigation, we attempted to analyze CD4 T-cells in 

two ways: RNAseq on bulk sorted CD4 T-cells and single cell RNAseq of the same population. 

We found that bulk sequencing did not provide fine enough resolution to identify changes in the 

composition of the CD4 T-cells. Single cell sequencing, on the other hand, allowed us to identify 

subsets of CD4 cells based on expression of cytokines and transcription factors. Single cell 

sequencing also allows the pairing of transcriptome with full-length TCR sequences. This is what 

allowed us to identify the “LA” motif enrichment in the DP cells and would not have been 

possible with bulk RNAseq.  

 

Generalized approach to studying complex diseases 

 Were we to begin another investigation of a complex human disease, we would proceed 

according to the following general steps: 

1. Thoroughly read available clinical and translational literature available on the disease. 

2. Extensively consult clinicians and pathologists on their approaches to managing and 

diagnosis the disease and get a thorough understanding of the information that they 

collect. 

3.  Set up a framework of patient clinical data by probing medical records. Validate known 

findings in this local cohort, and explore other potential clinical factors associated with 

outcomes. 
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4.  Perform a high-quality tissue RNAseq, controlling for factors such as method of 

sampling, location of sampling, and extent of disease. Allow for variability in potentially 

biologically relevant factors such as severity of disease, medications, age, and sex. Set up 

the appropriate control samples.  

5. Analyze the transcriptome without pre-determined comparison groups. Observe the 

variability in transcriptional signatures, then try to explain the variance by integrating the 

appropriate clinical data. 

6. Generate hypotheses and test them with multi-parameter assays such as 

immunohistochemistry, flow cytometry, and single cell RNAseq which allow for the 

testing of specific hypotheses while also collecting additional information that might be 

relevant. 

7. Upon narrowing down particular cell types of interest, perform in-depth sequencing of 

this cell type to then generate information about the function of these cells in disease 

pathogenesis. 
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