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ABSTRACT 

 
Rationale: The inflammatory bowel diseases (IBD), Crohn’s Disease (CD) and Ulcerative Colitis 

(UC) are chronic relapsing gastrointestinal (GI) inflammatory diseases that are driven by a 

breakdown of the intestinal epithelial barrier which permits an aberrant intestinal inflammatory 

response against microbial antigens. We have previously identified 1) the inhibitory receptor, 

paired immunoglobulin-like receptor (PIR-B) and 2) the lipid transfer protein, steroidogenic acute 

regulatory (StAR) protein-related lipid transfer (START) domain-containing protein 7, STARD7, 

to play critical roles in innate inflammatory signals and integrity of epithelial barrier respectively. 

The aim of this dissertation is to define the involvement of PIR-B in CD4+ T-cell functionality and 

STARD7 in integrity of intestinal epithelial barrier and the role of these functions in susceptibility 

to colitis.  

 

Results: We demonstrate that Pirb-/-Il10-/- mice were protected from development of Il10-/- 

spontaneous colitis phenotype and αCD3-mediated intestinal enteropathy. The reduced disease 

phenotype was associated with fewer CD4+ Th17 cells in the mesenteric lymph nodes and 

diminished systemic IL-17a levels. Employing a CD4+ CD45RBhi T-cell transfer model of colitis 

we show that Rag-/- which received Pirb-/- naïve CD4+ T-cells were protected from T-cell mediated 

colitis. In vitro polarization of naïve CD4+ T-cells revealed an intrinsic deficiency of Pirb-/- Th17 

cell survival and cell cycle progression due to hyperactivation of mTORC1 signaling.  In silico 

analyses established upregulation of Th17 and tissue resident memory (TRM) transcriptional 

signatures in PIR-B+ murine CD4+ T cells and LILRB3+ human CD4+ T cells. Severe CD patients 
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marked with high LILRB3 expression were strongly associated with mucosal injury and a 

proinflammatory Th17-signature.  

Additional In silico analyses identified significantly reduced expression of Stard7 in UC patients 

which was strongly associated with impaired metabolic function and detrimental inflammatory 

outcomes. STARD7 knockdown in intestinal epithelial cells resulted in compromised 

mitochondrial architecture which severely impaired oxidative phosphorylation. Notably, loss of 

STARD7 directly impacted the formation of cristae and expression of respiratory Complex I 

mitochondrial energy generation which compromised intestinal epithelial barrier function. 

Activation of the energy sensor AMPK reconstituted the mitochondrial morphology, upregulated 

expression of tight junction proteins, and enhanced integrity of the barrier in STARD7 deficient 

epithelial cells. In vivo we demonstrate that Stard7TgIl10-/- mice were more susceptible to the 

development of DSS-induced and the Il10-/- spontaneous colitis phenotypes due to exaggerated 

activation of macrophage and CD4+ T cell compartments. 

 

Conclusions: These data support the concept that 1) PIR-B regulates CD4+ Th17 differentiation 

and development of mucosal T cell memory responses and that 2) STARD7 is a crucial regulator 

for mitochondrial function and maintenance of the intestinal epithelial barrier. Collectively, this 

dissertation provides new insight into functions for inhibitory receptors and lipid transport proteins 

in regulating inflammatory responses and maintenance of intestinal homeostasis and identifies that 

loss of either molecule can impact susceptibility to IBD. 
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CHAPTER 1 - Introduction 

 
Inflammatory bowel disease (IBD) is a progressive chronic relapsing disease 

characterized by inflammation of the mucosa within the gastrointestinal tract (GI). Intestinal 

microbiota, along with environmental and genetic factors, have been shown to impact IBD 

susceptibility, with disease ultimately resulting from a dysregulated immune response that occurs 

due to the breakdown of the intestinal epithelial barrier1. IBD encompasses two clinically defined 

diseases: Crohn’s Disease (CD) and Ulcerative Colitis (UC). 

The incidence of IBD is on the rise globally; however, the largest gains have been seen in 

industrialized regions2. In Europe, over 2.5 million individuals have been diagnosed with IBD, 

with a prevalence of CD estimated to be 213 cases per 100,000 and prevalence of UC estimated 

to be 294 per 100,0003. Congruently, in the United States, IBD currently impacts over 3 million 

Americans, with a prevalence of CD believed to be 274 cases per 100,000 and prevalence of UC 

estimated to be 286 per 100,0004. These cases of IBD are only expected to increase as the world 

continues to become more industrialized; current trends suggests that by 2030, IBD will impact 

over 4 million individuals in North America4. IBD patients have a disproportionally high 

financial burden with an estimated lifetime cost of $377 to $498 billion5 in the USA; estimated 

lifetime costs for individual CD and UC patients is believed to range from $132,396 to 

$707,7116.  The distribution of IBD between males and females is comparable within developed 

countries, with most new patients being diagnosed before 35 years of age7. Genetics alone cannot 

explain disease susceptibility; monozygotic twins display disease concordance of 50-75% for CD 
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but only 10-20% for UC. This highlights that IBD pathogenesis, both for CD and UC, is directly 

tied to social and environmental factors such as diet, access to health care, environment, and 

microbial exposure during early age8.  

CD and UC have unique clinical manifestations. CD is characterized with discontinuous 

areas of inflammation which usually involves the terminal ileum and colon but can occur 

anywhere within the GI tract9. Furthermore, the inflammation in CD can be transmural leading to  

complications such as the presence of strictures, fistulas, granulomas, and abscesses within the 

bowel wall10.  In contrast UC is characterized with continuous mucosal inflammation that is 

exclusively confined to the colon11. Additionally, the inflammation in UC is usually restricted to 

the mucosa and submucosa, which results in superficial damage to the intestinal wall12. CD and 

UC also have divergent associations with various risk factors for disease development. Smoking, 

for example, has been shown to increase CD development by two-fold13. However, in UC, 

smoking has been shown to have protective effects; most UC patients are non-smokers14. 

Appendectomies have also been implicated in increasing risk for CD development but have been 

found to protect against UC development, especially in children15,16. This divergence is believed 

to be related to the role the appendix plays in controlling immune responses against the intestinal 

microflora17. While CD and UC are defined by these discrete characteristics, both diseases are 

characterized by symptoms which include periods of abdominal pain, weight loss, and bloody 

stool18.  IBD is a complex disease and treatment of these symptoms requires an understanding of 

the immunological mechanisms that drive disease pathogenesis. 
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Immunopathology of IBD 

 

Dysregulated immunological responses are critical for driving IBD pathogenesis. 

Multiple genome-wide association studies (GWAS) have identified over 200 single nucleotide 

polymorphisms (SNPs) associated with IBD, and a large number of these polymorphisms have 

been identified in cytokine receptors, immune signal transducers, chemokine, and chemokine 

receptor genes that control and mediate immune cell responses19. The risk variants associated 

with IBD are in genes that regulate immune cell function and compromise mucosal immunity, 

ultimately disrupting intestinal homeostasis. The intestinal epithelium serves as a mechanical 

barrier which segregates the mucosal immune system from foreign content that is present in the 

lumen of the intestine. Importantly, the epithelium expresses pattern recognition receptors (PRR) 

that can detect bacterial components and promote epithelial cells to secrete antimicrobial 

peptides; disruption in the signaling of these receptors has been linked to IBD. For example, 

mutations within the NOD2 locus have a strong association with IBD pathogenesis; NOD2 is an 

intracellular microbial sensor that is expressed on epithelial and innate immune cells and 

regulates inflammatory responses20.  

In IBD, genetic mutations and environmental factors will ultimately impair mucosal 

homeostasis and result in the breakdown of the epithelial barrier which allows for exaggerated 

translocation of microbial products into the lamina propria. This will lead to the activation of 

innate immune cells which contribute to the initiation of IBD pathogenesis. One of the early 

responders are neutrophils that mediate intestinal inflammation through the release of multiple 

inflammatory mediators, including TNF-α, IL-6, IL-1β, and GM-CSF21. Neutrophils will also 

promote the recruitment of monocytes into the intestine which will differentiate into 
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inflammatory macrophages that secrete cytokines, including TNF-α, IL-6, IL-1β, IL-12, and IL-

2322. Alongside these innate immune cells, dendritic cells (DC) are present in the lamina propria 

which coordinate innate and adaptive immune responses. In addition to producing 

proinflammatory cytokines, DCs are professional antigen presenting cells (APC), which can 

capture the microbes that have entered the lamina propria and process them into a peptide which 

is presented on Major Histocompatibility Complex (MHC) class II molecules. Once these 

microbial antigens have been loaded onto MHC-II complexes, APCs will present antigen to 

CD4+ T cells to initiate the adaptive arm of the intestinal inflammatory response. 

 

CD4+ T cells in the Pathogenesis of Inflammatory Bowel Disease 

 

CD4+ T cells are an essential component of the adaptive immune system; they are 

referred to as helper T cells due to their capacity to produce a wide milieu of cytokines and 

chemokines which aid cytotoxic CD8+ T cells and support B cell-mediated antibody production. 

A crucial aspect of CD4+ T cells is that each cell expresses a unique T cell receptor (TCR) that 

must recognize its cognate antigen peptide loaded on a MHC-II molecule. TCR engagement with 

the peptide-MHC-II complex alone is not sufficient to properly activate CD4+ T cells. APCs 

express a wide variety of additional costimulatory or inhibitory receptors or ligands that interact 

with their respective counterparts expressed on the surface of CD4+ T cells and ultimately 

determine cell fate. Cytokines, which are secreted by both APCs and T cells, provide a critical 

third signal that will influence CD4+ T cell activation and modulate their differentiation. A few 

of the key cytokines that are involved in the development of helper CD4+ T cells include: IL-12 

which results in Th1 differentiation, IL-4 which results in Th2 differentiation, IL-4/ TGF-β 
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which results in Th9 differentiation, IL-6/ IL-23/ TGF-β and IL-1β which result in Th17 

differentiation, IL-6/ TNF-α which results in Th22 differentiation, and IL-2/ TGF-β which will 

lead to regulatory T cell (Treg) differentiation23,24. Cytokine signaling allows for positive 

feedback regulation, where cytokines which are produced by differentiated T cells will also aid 

in the polarization of other T cells. For example, Th1 cells will secrete IFN-γ which will act upon 

naïve CD4+ T cells and skew them toward Th1 differentiation. As indicated above, T cell 

differentiation is heavily influenced if there are more than one cytokine present in the 

environment. One unique example of this is the cytokine TGF-β, which can induce T cell 

differentiation into Th17 or Treg cells25.  If IL-6 signaling occurs concurrently with TGF-β 

signaling, this will skew toward Th17 differentiation; but if TGF-β signaling occurs in the 

presence of IL-2, this will promote Treg differentiation 26. Similarly, IL-23 in the presence of IL-

6 and TGF-β will promote the production of Th17 cells27. Intriguingly, cytokine signaling has 

been directly linked to IBD pathogenesis; polymorphisms in IL-12 and IL-23 have been found to 

confer risk to both UC and CD20,28.  

Cytokine signaling ultimately results in the activation of transcription factors which are 

essential for T cell differentiation29. For helper CD4+ T cell subsets, regulation occurs through 

the combination of two different transcription factors. The initial transcription factor which 

regulates differentiation is the signal transducer and activator of transcription (STAT) proteins. 

 
Figure 1-1 Overview of Helper T cell Subsets. 
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Cytokine signaling results in the activation of janus kinases which phosphorylate STAT proteins 

and promote their dimerization and activation. These STAT dimers translocate to the nucleus 

where they upregulate the expression of secondary transcription factors, which are essential for 

CD4+ T cell differentiation29. The transcription factor pairings that regulate T cell differentiation 

are STAT4/TBET, STAT6/GATA3, IRF4/PU-1, STAT3/RORγt, STAT3/AHR, and 

STAT5/FOXP3 for Th1, Th2, Th9, Th17, Th22, and Treg differentiation, respectively30-35 

(Figure 1).  

Today, it is well understood that a hallmark feature of IBD pathogenesis is the 

unrestrained immune response mediated by CD4+ T cells, which is a key driver of the chronic 

inflammatory responses that exacerbates disease. Specifically, Th1 and Th17 cells have been 

implicated in CD while Th2 cells are believed to drive disease pathogenesis in UC36-38.  

Recently, Th9 cells have been implicated in UC pathogenesis; this subset secretes IL-9 which is 

believed to impact epithelial barrier integrity39. Furthermore, clinical and experimental studies 

have identified a critical role for IL-17a+ CD4+ T cells in the pathogenesis of IBD. Work 

utilizing the CD4+ CD45RBhigh T cell transfer model of colitis revealed that IL-17–producing 

CD4+ T cells exacerbated the colitic response 40. Consistently, analyses of draining LN and 

colonic lamina propria from Il10-/- mice with spontaneous colitis revealed that exaggerated IL-

17a is produced from CD4+ T cells. UC patients have also been characterized by significantly 

reduced levels of Th22 cells within inflamed colonic tissue compared to healthy contols41. Th22 

cells are regulated by the transcription factor AhR and produce potent amounts of IL-22, which 

has been shown to promote anti-inflammatory functions by enhancing antimicrobial defense in 

epithelial cells42. Current work has revealed that APCs will secrete an IL-22 binding protein (IL-

22BP) which impairs IL-22 signaling and suggests that downregulating IL-22BP can enhance IL-
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22 activity and limit colitis development43. CD and UC patients are often found to have reduced 

Tregs in the intestine relative to healthy control patients44. Mutations in Il10 locus or the receptor 

IL10RA, which result in the failure of Tregs cells to suppress proinflammatory macrophages, has 

been associated with pediatric very early onset intestinal inflammation45,46.  

Recent work has identified a role for discrete memory T cell populations that reside 

within the GI and contribute to pathogenic IL-17a responses in IBD. Specifically, clinical studies 

have identified increased frequency of CD4+ tissue resident memory (TRM) T cells with a 

proinflammatory Th17 phenotype in biopsy samples from active CD and UC patients compared 

with healthy control patients47-50. In line with this, elevated levels of CD69+CD103+ CD4+ TRM 

T cells have been associated with clinical flares48. TRMs are notable for their lack of 

recirculation in the bloodstream. Because of this hallmark property, TRMs can be characterized 

by cell surface expression of CD69 and CD103. CD69 establishes tissue residency by 

counteracting the S1PR1 signaling which leads to egress into the blood51. CD103 interacts with 

E-cadherin, which is expressed on intestinal epithelial cells and retains the T cells within the 

tissue52. There are other subsets of memory CD4+ T cells besides TRMs; central memory T cells 

(TCM) are a subset of memory T cells that reside in the secondary lymphoid organs, and effector 

memory T cells (TEM) are another subset of memory cells that circulate in blood and can reside 

in previously inflamed peripheral tissue53. These two memory T cell populations can be 

distinguished from each other based on their expression of various cell surface markers. TCMs 

express CD44, CCR7, and CD62L while TEMs also express CD44 but have lost expression of 

CCR7 and are heterogeneous for CD62L expression54,55. Memory CD4+ T cells are long-lived 

cells generated from effector CD4+ T cells that have mounted a successful immune response and 

survived the apoptotic contraction of the CD4+ T cell compartment. Importantly, memory cells 



 8 

can survive in the absence of antigen in a quiescent state; however, upon re-exposure to 

microbial antigens, memory CD4+ T cells can rapidly proliferate and generate effector T cells 

which can produce robust levels of proinflammatory cytokine 53,56. The generation of memory 

CD4+ T cells is heavily dependent on the balance of activating and inhibiting signals. Notably, 

input from inhibitory receptors, such as CTLA-4 and LAG-3, control the development of 

memory CD4+ T cells and modulate memory CD4+ T cell responses through negative regulation 

of the TCR signaling57,58.  

The dysregulated intestinal immune response consists of a wide variety of immune cells 

interacting in a complicated axis. However, the CD4+ T cell compartment is a highly 

heterogenous population of cells that has been implicated in contributing to different stages of 

IBD pathogenesis and thus offers a plethora of viable targets for developing therapeutics.  

 

Current and Emerging Therapeutics for Treating IBD 

 

 To address quality of life improvements and to help manage disease complications, 

several therapeutic advances have been made as we have gained a better understanding of 

disease pathogenesis. For UC patients, anti-inflammatory drugs such as 5-aminosalicylates and 

corticosteroids have been used to induce disease remission59,60. Mechanistically, these drugs 

target proinflammatory pathways, such as NF-κβ signaling, which reduce the production of 

pathogenic cytokines. Immunosuppressive drugs have also been proven to be beneficial for both 

CD and UC patients. Drugs such as tacrolimus have been shown to block NFAT activation and 

control cytokine production from T cells61. Innate and adaptive immune responses have also 

been targeted by drugs such as methotrexate and azathioprine, which induce apoptosis in 
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pathogenic cells by inhibiting activating signaling pathways62,63. These classic therapeutics help 

control detrimental inflammatory processes but do not cure IBD; this has led to the development 

of biologics which have allowed for a more targeted approach to treat IBD patients.  

αTNF agents have revolutionized our approaches for inducing remission and treating 

pathological complications in IBD64. These biologics are often used in combination with 

immunosuppressive agents, and this approach has been effective at limiting severe disease 

development and has even been found to prevent the formation of fistulas65. Despite the 

evolution of advanced medical therapy including biologics, the risk of surgery at 5 years is ~20% 

for UC and surgery rates are ~30-40% in CD, indicating a need for development of new 

therapeutic approaches for the treatment of disease66. The therapeutic approaches described 

above have broadly targeted the dysregulated immune cells or have targeted proinflammatory 

mediators produced by a wide variety of immune cells. However, emerging therapeutics have 

had a paradigm shift in that they have attempted to narrow the targets they suppress, including 

targeting lymphocyte recruitment to the intestine. CD4+ T cells residing in the lymph nodes (LN) 

are activated by dendritic cells (DCs) loaded with cognate antigen. These primed CD4+ T cells 

will then enter the bloodstream and are recruited to the intestine based on the expression of 

specific integrin and chemokine receptors on the cell surface. The integrin α4β7 is expressed on 

the surface of CD4+ T cells and binds to the MAdCAM-1 expressed on intestinal endothelial 

cells, which allows for T cells to egress from the bloodstream67. Biologics targeting α4β7 have 

proven to be successful for treating both CD and UC in clinical trials and have been approved for 

therapy; additional monoclonal antibodies targeting MAdCAM-1 are currently in clinical trials 

for treating IBD patients68,69.  
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Other approaches have successfully targeted the retention of T cells in the intestine. 

Specifically, T cells express αEβ7 (CD103) which interacts with E-cadherin expressed on 

intestinal epithelial cells70. Blocking αEβ7 significantly reduced the number of T cells which were 

retained in the gut71. Mucosal T cells that reside in the small and large intestine are also known 

to express CD69, which counteracts the effects mediated by S1PR1 and prevents tissue egress 

into the bloodstream72. A recent clinical trial treated UC patients with an S1PR1 agonist; the 

therapeutic retained immune cells within the lymphoid organs and ultimately reduced levels of  

intestinal inflammation73. Overall therapeutics targeting lymphocyte egress, recruitment, and 

retention have been successful for remission in IBD patients. Importantly these biologics have 

proven to be successful in patients who fail to respond to other treatments, including αTNF 

agents, and provide a viable new route for treating IBD74. 

The success of targeting TNF-α has led to the exploration of whether other 

proinflammatory cytokines can be targeted to impair the dysregulated intestinal inflammation 

associated with IBD. Unfortunately, early clinical trials have proven that singularly focusing on 

specific cytokines can lead to limited improvement75,76. Clinical trials conducted with the IL-13 

neutralizing antibody in UC patients revealed no significant clinical improvement75. Similarly, 

clinical trials with αIFN-γ biologic demonstrated limited improvement in disease activity in CD 

patients77. Targeting IL-17a proved to be a bigger concern, as CD patients who received the IL-

17a biologic demonstrated exaggerated adverse outcomes relative to patients who received 

placebo78.  

While targeting these proinflammatory mediators that are directly secreted by pathogenic 

CD4+ T cell populations has been met with limited success, there have been viable therapeutics 

that target the activation or signal transduction of these T cells. For example, IL-6 is secreted by 
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myeloid cells and DCs and can act upon CD4+ T cells to activate and differentiate them into a 

pathogenic Th17 subset79. Clinical remission in CD patients has been observed with a biologic 

that targets the soluble form of the IL-6R and can block IL-6 signaling. Additionally, this 

treatment was found to be effective in severe CD patients who were resistant to αTNF 

therapy80,81. Therapeutic success has also been observed with biologics that target the IL-12 and 

IL-23 cytokines; IL-12 and IL-23 are heterodimers that both contain the p40 subunit and are 

cytokines involved with the differentiation of Th1 and Th17 cells respectively. α-p40 blockers 

have already been approved for treating CD patients, and antibodies that specially block IL-23 

signaling by targeting the p19 subunit are currently under investigation82,83.  The therapies 

discussed thus far have used a narrow approach to limit the cytokines that the drugs target; 

however, other investigators have utilized a broad therapeutic strategy that blocks the signal 

transduction of several cytokines84. In UC, for example, blocking Jak1, Jak2, Jak3, and Tyk2 

signaling has been shown to successfully limit intestinal inflammation84. In line with this, 

specifically targeting Jak1 signaling was found to improve clinical outcomes in CD patients85. 

Cumulatively, the success and failures of these clinical trials emphasize how important it is to 

continue targeting these inflammatory pathways, which are mediated by various cytokines, and 

how essential it is to expand our approaches to focus on novel signal transduction pathways, 

which can impact excessive mucosal inflammation.   

The pathogenic inflammatory response in IBD is driven by a wide variety of immune cell 

subsets. However, the most successful modern therapeutics have homed in on specifically 

regulating the CD4+ T cell compartment, whether it be targeting the recruitment of these T cells 

from the lymphoid organs, bloodstream, and the intestine or targeting the proinflammatory 

mediators produced by these adaptive immune cells. We know that differentiated CD4+ T cells 
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accumulate in the intestine over time in IBD patients, and furthermore, we know that increased 

retention of these T cells is associated with the clinical flare ups which are observed in IBD86. 

These therapeutic advancements have just begun to show the new avenues for treatment of IBD, 

and further understanding of how these pathogenic T cells are regulated is desperately needed for 

the development of future therapeutics.  

 

Inhibitory Receptors 

 

 The human genome contains over 300 genes that encode for immune inhibitory 

receptors87. These inhibitory receptors are characterized by an intracellular cytoplasmic domain 

which contains immunoreceptor tyrosine-based inhibitory motifs (V/L/I/SxYxxV/L/I ; ITIM). 

The ITIM domain acts as a docking site for intracellular phosphatases that dephosphorylate 

various activating phosphorylation events that are mediated by kinases88,89. ITIM domains 

interact with either tyrosine phosphatases (SHP-1, SHP-2) or phosphatidylinositol phosphatases 

(SHIP-1, SHIP-2) to localize and guide these phosphatases to their respective kinases to 

counteract activating receptors that contain immunoreceptor tyrosine-based activating motifs 

(Yxx(L/I)x6-8Yxx(L/I); ITAM). ITAM domains are located on the hallmark receptors of the 

adaptive immune system such as T cell and B cell antigen receptors (TCR, BCR) as well as on 

Fc receptors (FcR), which are found on innate immune cells90; these immune cells also express 

ITIM-bearing receptors which inhibit activation signaling by dephosphorylating a variety of 

proteins involved in TCR, BCR, and co-stimulatory signaling cascades91. Thus, inhibitory 

receptors serve as a rheostat that can modulate the activation signal that is given to an immune 

cell to impact the strength of an inflammatory response.  
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Overview of Murine Paired Immunoglobulin-Like Receptors  

  

 Paired receptors refer to two receptors that possess highly homologous extracellular 

domains and often interact with similar ligands but possess opposing ITAM-domain containing 

activating and ITIM-domain containing inhibitory motifs that confer different types of signal 

transduction92. The activating and inhibitory members of paired receptors are characterized by 

high sequence identity93. Intriguingly, the expression pattern of these paired receptors is highly 

variable, leading to unique repertoires of these proteins being present across different cellular 

compartments. Thus, paired receptors are believed to be crucial regulators of the immune system 

that temper activating or inhibitory signaling to regulate effector function94.  

 

 

 Paired immunoglobulin-like receptors (PIR) are a family of genes that were identified in 

BALB/c mice95. The PIR family encompasses a set of receptors: the activating receptor, known 

as paired immunoglobulin-like receptor type A (PIR-A), and the inhibitory receptor, which is 

referred to as paired immunoglobulin-like receptor type B (PIR-B). Genomic studies found that 

Figure 1-2 Structure of PIR-B. 
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Pir genes are located on the terminal region of chromosome 7 in mice, with six genes encoding 

for Pira isoforms and a single gene for Pirb96. The Pirb locus contains a total of 15 exons, where 

exons 1-8 encode the extracellular domain, exons 9-10 encode the transmembrane region, and 

exons 11-15 encode an extended intracellular cytoplasmic domain97. PIR-B is a 120 kDa type I 

transmembrane glycoprotein which contains six extracellular immunoglobulin-like domains, 

followed by a hydrophobic region and a cytoplasmic domain that possesses four ITIM domains, 

which can interact and signal via SH2 domain-containing phosphatases (Fig. 2). In contrast, the 

Pira locus contains 10 exons where exons 1-8 encode the extracellular domain and exons 9-10 

encode the transmembrane region alongside a short cytoplasmic domain97. Structurally PIR-A is 

an 85 kDa receptor which is characterized with six immunoglobulin-like domains in the 

extracellular domain followed by a transmembrane domain and a short intracellular domain that 

possesses no signaling capacity. PIR-A possesses an arginine residue within the transmembrane 

region that permits binding with the common FcγR98. The FcγR contains an ITAM domain that 

performs the signal transduction for PIR-A99. PIR-A and PIR-B are expressed on a wide variety 

of hematopoietic cells including macrophages, monocytes, DCs, mast cells, neutrophils, 

basophils, and eosinophils100-103. While PIR-A and PIR-B were originally believed to be 

expressed in similar levels in a pairwise fashion, recent studies identified dominant PIR-B 

expression on plasmacytoid dendritic cells (pDC), B cells, and neurons104-106. Interestingly PIR-

A and PIR-B seem to be highly modular, with expression levels of these paired receptors 

becoming highly upregulated during activation and differentiation107. 

The extracellular domain of PIR-A and PIR-B is highly homologous, with a shared 

sequence identity of over 90%, and indicates that the activating and inhibitory receptors share the 

same ligand. Initial studies identified that PIR-B interacted with MHC-I molecules; PIR-B 
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activation was diminished by nearly 50% in B2m-/- mice; β2- microglobulin is a critical 

component of MHC-I molecules108. This interaction was confirmed using surface plasmon 

resonance analysis, where a recombinant protein of the extracellular domain of PIR-B was 

shown to bind to various murine MHC-I alleles; specifically it was shown that PIR-B interacted 

with H-2Ld, H-2Dd, H-2Kb, H-2Kk, and H-2Kd with binding affinities ranging from Kd = 190–

560 nM109. Furthermore, this group used a H-2Ld tetramer and confirmed the MHC-I molecule 

colocalized with PIR-B on the surface of splenic B cells. Additionally, they demonstrated the 

tetramer was binding to PIR-A on Pirb-/- macrophages with confocal microscopy109.  

While early studies revealed that these receptors interact with MHC molecules, recent 

studies have demonstrated an expanded library of ligands which are capable of binding with the 

extracellular domains of PIR-A and PIR-B. For example, Staphylococcus aureus (S. aureus) was 

shown to bind to the extracellular domain of both PIR-B and PIR-A; PIR-B was shown to 

recognize lipoteichoic acid (LTA), a negatively charged cell wall component of gram-positive 

bacteria110. Interestingly, S. aureus interacted with a unique epitope on PIR-A and PIR-B as an 

α-PIR monoclonal antibody that blocked the PIR-bacteria interaction did not impact PIR-MHC 

interaction109. Notably, there is a level of bacterial specificity with respect to binding PIR-A and 

PIR-B, as other gram positive bacteria such as Listeria monocytogenes did not interact with the 

PIR’s110. Furthermore, gram negative bacteria including Helicobacter pylori and Escherichia coli 

(E. coli) but not Pseudomonas aeruginosa interacted with PIR-B110. Interestingly Pirb-/- mice 

have enhanced susceptibility to Salmonella enterica (S. enterica) infection and in vitro studies 

with Pirb-/- macrophages found these cells were unable to control intracellular bacterial growth. 

It remains unclear whether S. enterica directly binds to PIR-B to invade macrophages111.  
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Recent studies have demonstrated that PIR-B is also expressed on neurons 106,112.  PIR-B 

was shown to interact with unique ligands in the central nervous system (CNS) including nogo, 

myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (MAG)113. 

PIR-B functions alongside the nogo receptor by interacting with myelin-associated inhibitors and 

impairing axonal regeneration114. Notably, PIR-B binding affinity for nogo protein is higher than 

for MHC-I molecules (Kd = 0.57 µM vs Kd = 4 µM), and nogo binds to the same domains on the 

extracellular region of PIR-B as MHC-I molecules114. Thus, unlike the bacterial ligands, these 

CNS derived ligands may represent a unique competitive mechanism for signal transduction in 

PIR-B. PIR-B was shown to be capable of binding to other CNS ligands, β-amyloid115. Soluble 

β-amyloid oligomers have been implicated in Alzheimer’s disease (AD) by mediating synaptic 

defects and PIR-B deficiency rescued synaptic plasticity in murine models of AD115.  

 

Overview of Human Leukocyte Immunoglobulin-Like Receptors 

 

Probing of a human splenocyte cDNA library with the murine PIR probe led to the 

discovery of human orthologs of PIR, human Ig-like transcripts (ILT)/leukocyte 

immunoglobulin-like receptor (LILR). In contrast to mice, the human genome encodes for five 

inhibitory receptors and six activating receptors, all of which are located on the human 

chromosome 19q13.4116. The inhibitory receptors are referred to as LILRBs (LILRB1-LILRB5), 

and like their murine counterpart, PIR-B, their cytoplasmic region contains ITIM domains. The 

extracellular domains for all LILRBs are characterized by four immunoglobulin-like domains 

with the exception of LILRB4 and LILRB5, which contain two immunoglobulin-like domains116. 

LILRBs have been shown to be expressed on myeloid and lymphoid cells, with LILRB1 and 
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LILRB5 being highly expressed on T cells117-119. Likewise, the activating receptors are referred 

to as LILRAs (LILRA1-6) and associate with FcγR and signal via ITAM domains in the Fc 

receptor117. The human receptors differ from their murine counterparts in the ectodomains; most 

LILRAs are characterized by four immunoglobulin-like domains within the extracellular domain 

with the exception of LILRA1 and LILRA5 which contain two immunoglobulin-like domains116. 

LILRAs have also been shown to be expressed on a wide variety of myeloid and lymphoid cells; 

LILRA3 is highly upregulated on pDCs119. The expanded number of these stimulatory and 

inhibitory receptors, which contain unique extracellular domains, suggests a more robust system 

is required in humans to fine tune immune responses and allows for unique regulatory 

mechanisms.  

Consistent to the mouse orthologues, human LILRA and LILRB have been shown to 

have multiple ligands, including MHC-I molecules. In humans LILRB1 and LILRB2 have been 

shown to bind to MHC-I alleles. X-ray crystallography revealed that the immunoglobulin-like 

domain of LILRB1 and LILRB2 specifically binds the β2-microglobulin domain of the MHC 

molecules. Notably, this interaction is independent of the antigenic peptide that is loaded in the 

MHC-I molecules and provides a wider range of flexibility to activate these inhibitory 

molecules120,121. LILRB3 has also been described as a novel inhibitory MHC class I receptor 

expressed by NK, myeloid and dendritic cells122. LILRB1 and LILRB3 can interact with MHC-I 

molecules in cis and trans fashion123-125. Inhibitory receptors in humans can also interact with 

non-classical MHC-I proteins. LILRB2 was found to interact with the CD1d receptor and 

deterred the loading of lipid antigens into the binding groove of CD1d, ultimately preventing the 

activation of CD1d restricted NKT cells126. LILRBs can bind to innate immune antigens; 

specifically, LILRB1 binds to E. coli and LILRB3 binds to S. aureus110. Structural studies 
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confirmed that LILRB1 can also recognize variant surface antigens on cells that have been 

infected with Plasmodium parasites127,128. Furthermore, LILRB2 was shown to be capable of 

binding to the CNS ligand, β-amyloid, with an estimated kd of 206 nM115.  

The identification of a diverse range of ligands ranging from MHC-I molecules to 

bacterial ligands and CNS ligands highlights the complex nature of PIR-B and LILRB negative 

signaling in the modulation of immune responses. PIR-B and LILRB3 regulatory effects have 

already been linked to wide-ranging biological processes, including osteoclastogenesis, 

pulmonary fibrosis, myeloid cell regulation, and CD8+ T cell proliferation129-131. Furthermore, 

the demonstration that these inhibitory receptors can act in either cis or trans fashion and the idea 

that these ligands can either compete for or bind to separate domains in the extracellular region 

of the receptor compounds the regulatory mechanisms that influence the inhibitory signal 

transduction mediated by these receptors. Altogether, these discoveries emphasize the 

importance of developing our understanding of how these inhibitory receptors function in 

different compartments of the immune system. 

 

The Impact of PIRs in Transplantation 

 

Transplantation is a crucial, potentially lifesaving medical procedure that can assist 

patients with failing tissues and organs. Unfortunately, moving an organ from a donor to a 

recipient often results in an immune mediated rejection of the transplant. Naïve T cells are 

trained in the thymus to recognize a variety of foreign antigen peptides that have been loaded 

onto a specific MHC allele132. However, there is a high degree of diversity in human MHC 

molecules, and thus MHC matching between donor and recipient patients in transplantation 
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procedures is extremely challenging133. This often leads to an allogenic transplantation where 

there is an MHC mismatch between the donor’s tissue and recipient’s immune compartment, 

ultimately leading to a severe immune response against the donor tissue, which can result in 

complete rejection of the graft.  

Immunological targets are believed to be a viable therapeutic approach for controlling the 

activation of alloreactive T cells, which mediate detrimental transplant rejection. This has led to 

studies that questioned whether PIR-A and PIR-B interactions with MHC molecules could alter 

transplantation outcomes. Intravenous administration of splenocytes isolated from a BALB/c 

mouse to sub lethally irradiated C57BL/6 mouse induced graft versus host disease (GVHD) 

where 50% of the mice died by 20 days after transplantation109. In contrast, Pirb-/- C57BL/6 mice 

administered splenocytes from a BALB/c mouse exhibited enhanced susceptibility to GVHD 

where all of the mice died by 20 days after transplantation109. Furthermore, the Pirb-/- mice had 

increased numbers of donor IFN-γ+ CD4+ and CD8+ T cells which were localized to the 

recipient’s spleen. Congruent with the exaggerated T cell population, DCs in the Pirb-/- mice 

were found to be hyperactivated with enhanced expression of CD40, CD80, CD86, MHC-I, and 

PIR-A109. Recent work built on these findings by identifying a role for PIR molecules in 

contributing to immunological memory responses, which led to the rejection of allograft-

transplanted tissue134. Specifically, PIR-A expression on macrophages was found to be 

responsible for mediating trained immunity responses to allogenic MHC-I molecules134. Notably, 

the macrophage memory-like response to allogenic tissues were abrogated in host mice treated 

with a fusion protein that specifically blocked PIR-A signaling, ultimately preventing acute 

allograft rejection134. Altogether these studies implicate PIRs as crucial regulators for cell 
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activation, and given their ability to broadly recognize MHC molecules, suggests they can be key 

targets for regulating allogenic immune responses. 

 

The Impact of PIR-B in Innate Immune-Mediated Colitis 

 

The inflammatory bowel diseases (IBD) are chronic relapsing inflammatory disorders. 

While CD and UC are recognized to be CD4+ T cell dependent diseases, recent advances in our 

understanding of the role of commensal bacteria and pattern recognition receptors (e.g toll-like 

receptor 4 (TLR-4) and caspase recruitment domain 15 (CARD15) polymorphisms) in IBD 

pathogenesis indicate a key role for innate immunity in colonic inflammation135. Consistent with 

this, activated macrophages are a prominent constituent of the inflammatory infiltrate in CD and 

UC136. Macrophage depletion protects against onset of colitis in the Il10-/- spontaneous model of 

colitis137. Furthermore, M-CSF deficient (op/op) mice, which are not able to develop mature 

macrophages, or wild type (WT) mice administered neutralizing anti-CSF-1 antibody, 

demonstrate decreased susceptibility to dextran sulfate sodium (DSS)-induced colitis138,139. 

Given that PIR-B expression is highly upregulated on activated macrophages140, 

investigators evaluated the role of PIR-B in regulating macrophages and their contribution to the 

development of innate immune mediated colitis141. Pirb-/- mice were found to be more 

susceptible to DSS-induced colitis relative to WT mice. Notably, the increased susceptibility to 

disease was associated with increased secretion of the IL-6 and IL-1β, suggesting that PIR-B 

deficiency was generating hyper-inflammatory macrophages141. Consistent with this, peritoneal 

inflammatory macrophages from Pirb-/- mice produced enhanced levels of TNF-α, IL-6, and IL-

1β in response to E. coli stimulation141. Mechanistically, E. coli stimulation of Pirb-/- 
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inflammatory macrophages resulted in enhanced phosphorylation of ERK-1/2 and p38. It also 

altered regulation of downstream transcription factors, increased FosB activation, and impaired 

c-Jun expression. Cumulatively, these studies identified that PIR-B-SHP-1/2 axis negatively 

regulates both MAPK and NFκβ signaling pathways in activated macrophages (Fig. 3)141. 

Adoptive transfer of Pirb-/- bone marrow derived macrophages into WT mice led to 

earlier onset of DSS-induced colitis, and this was associated with exaggerated production of IL-6 

and GM-CSF141. Thus, this body of work identified PIR-B as a unique target for suppressing 

macrophage function and a receptor that could potentially be utilized to abrogate detrimental 

inflammatory responses in IBD. In Chapter 2 of this dissertation, we will expand on these 

findings by determining if PIR-B regulates the CD4+ T cell compartment and if PIR-B is 

required for the onset and sustainment of T cell dependent colitis.  

 

Figure 1-3 Overview of PIR-B Signaling. 
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Overview of Steroidogenic Acute Regulatory Proteins 

 

Steroidogenic acute regulatory (StAR) proteins belong to the StAR protein-related lipid 

transfer (START) domain superfamily; these proteins possess a START domain that consists of 

210 amino acid residues that bind to specific lipids and are known to be critical regulators of 

lipid transport across various cell types142. These START domains have been identified in 15 

different proteins, STARD1-STARD15. The ligands for the majority of these STARD proteins 

are currently unknown. STARD2 is known to bind to phosphatidylcholine (PC) while STARD10 

and STARD11 bind to ceramide, and these proteins have been shown to be important for 

transport of these newly synthesized lipids between different organelles within a cell143,144. 

Lipids are a critical component of the plasma membrane and cellular organelles; the synthesis of 

lipids, however, is limited to the endoplasmic reticulum, golgi complex, and mitochondria145. 

Therefore, these lipid-binding proteins are thought to play a vital role in lipid membrane 

trafficking to facilitate organelle formation and function. Thus, our understanding of the 

members of the START family of proteins is important for building on our knowledge of how 

proteins engage in lipid binding and mediate lipid exchange across different cellular membranes 

to maintain cell homeostasis and survival. 

 

The Role of STARD7 in Intracellular Lipid Trafficking 

 

Stard7 mRNA was originally identified to be highly expressed in the choriocarcinoma 

cell line JEG-3146. The Stard7 gene is located on chromosome 2 and shown to possess 8 exons. 

Stard7 encodes a 370 amino acid precursor protein, STARD7-I, which has an approximate 
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molecular weight of 43.1 kDa and contains an N-terminal mitochondrial targeting sequence 

(MTS)146,147. Importantly, the MTS can be cleaved to generate a truncated form, STARD7-II 

which is a 295 amino acid protein with a molecular weight of 34.7 kDa. STARD7-I is processed 

in the mitochondria to give rise to the mature protein, STARD7-II, which resides in the 

cytoplasm. Recent mechanistic studies demonstrated that STARD7-I traffics across translocase 

of the outer membrane (TOM) complexes expressed on the outer mitochondrial membrane and is 

proteolytically processed in two consecutive steps within the mitochondrial inner membrane. 

Matrix-localized mitochondrial processing peptidase (MPP) initially cleave the MTS of 

STARD7-I and is further processed by presenilin-associated rhomboid-like (PARL) protease in 

the transmembrane domain which ultimately generates the mature form of STARD7148. 

Interestingly this work also found that only 40% of STARD7-II reaches the cytosol; 60% of 

mature STARD7 resides within the mitochondrial intermembrane space where it presumably 

facilitates PC transfer between the outer and inner mitochondrial membrane148.  

Additional studies utilizing radiolabeled lipid vesicles and fluorescence resonance energy 

transfer assays found that both STARD7-I and STARD7-II preferentially bind to 

phosphatidylcholine (PC) with limited lipid binding to phosphatidylserine, 

phosphatidylethanolamine, and sphingomyelin147. Confocal microscopy revealed that STARD7 

shunts PC from the ER and facilitates integration of this lipid into the mitochondria of HEPA-1 

cells147. Previous studies have demonstrated that loss of STARD7 induces significant alterations 

in mitochondrial morphology that is marked by loss of mitochondrial PC content and loss of 

respiratory function149. Specifically, STARD7 knockdown HEPA-1 cells displayed disorganized 

cristae structure, and activity of the mitochondrial respiration was compromised, resulting in 

diminished ATP generation and cell proliferation149. Altogether, these bodies of work establish 
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STARD7 as a regulator of energy dynamics in hepatic cells and suggests a role for STARD7 in 

inflammatory diseases that are associated with altered metabolism and mitochondrial 

dysfunction.  

 

The Impact of STARD7 in Epithelial Cell Homeostasis and Inflammatory Disease 

 

Utilizing Stard7Tg (Stard7+/-) mice, investigators have demonstrated that intraperitoneal 

sensitization and intratracheal challenges with ovalbumin (OVA) induced an exaggerated airway 

inflammatory response in Stard7Tg mice relative to WT mice; notably, the increased disease 

phenotype was associated with significantly increased IL-13+ CD4+ T cells and eosinophils in the 

lungs of the Stard7Tg mice150. Mechanistic analyses revealed that STARD7 deficiency was 

associated with increased permeability of the lung epithelial barrier150. Consistent with this, the 

authors observed that older Stard7Tg mice developed spontaneous dermatitis; loss of Stard7 

resulted in defects in the basal cell layer of the epidermis which was leading to an exaggerated 

Th2 immune response150. Cumulatively, this body of work identifies STARD7 as a critical 

regulator of epithelial barrier function in the lung and skin and sets the foundation for 

investigating how STARD7 may play a protective role in mucosal tissues by maintaining the 

compartmentalization of pathogenic immune cells from the local antigens that can activate them. 

Previous studies have established that STARD7 plays a critical role in mitochondria PC 

trafficking, mitochondria homeostasis, and epithelial barrier function. Additional work has also 

reported an important role for epithelial barrier dysfunction and exacerbation of the IBD 

phenotype. In Chapter 3 this dissertation will determine whether STARD7 influences the 
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integrity of the intestinal epithelial barrier and if it can impact the development of acute and 

chronic colitis.  

 

Dissertation Objectives 

This dissertation aims to identify the mechanisms behind how immune responses are 

controlled in the intestine and how changes in the regulators of these networks can lead to 

detrimental disease outcomes. In Chapter 2 this dissertation will identify an important role for 

PIR-B in the regulation of CD4+ Th17 effector cells and colitis development and provide insight 

into divergent functions for inhibitory receptors in regulating innate and adaptive inflammatory 

responses. In Chapter 3, this dissertation will reveal how STARD7 is essential for maintaining 

the integrity of the intestinal epithelial barrier and preventing the development of detrimental 

inflammatory responses that mediate colitis. 

 

Gaps in Knowledge (Chapter 2): 

1. Can PIR-B impact the development of colitis by regulating the CD4+ T cell 

compartment? 

2. Is PIR-B expressed on CD4+ T cells, and can it intrinsically regulate pathogenic effector 

functions mediated by this compartment? 

3. What are the molecular processes by which PIR-B impacts CD4+ T cell signaling 

pathways, and is it restricted to different helper T cell subsets? 

Central Hypothesis: PIR-B regulates CD4+ Th17 development and is required for the CD4+ Th17 

pathogenic immune responses and induction of T-cell dependent colitis.  
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The specific aims of this hypothesis are: 

1. Define the requirement of PIR-B on the CD4+ Th17-dependent colitis. 

2. Determine the role of PIR-B in CD4+ Th17 differentiation and function.  

Gaps in Knowledge (Chapter 3): 

4. Can STARD7 alter the development of colitis by regulating the intestinal epithelial 

compartment? 

5. Is STARD7 essential for mitochondrial homeostasis within intestinal epithelial cells and 

can it modulate barrier function? 

6. Where does STARD7 localize within intestinal epithelial cells, and does it influence 

mitochondrial respiration?  

Central Hypothesis: STARD7 is essential for mitochondrial respiration and promotes intestinal 

epithelial barrier function to maintain mucosal immune responses. 

The specific aims of this hypothesis are: 

3. Define the role of STARD7 in the development of the colitic phenotype. 

4. Determine if STARD7 is required for mitochondrial homeostasis and 

maintenance of epithelial barrier function.
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CHAPTER 2 - PIR-B Regulates CD4+ IL-17a+ T Cell Survival and Restricts T-cell 
Dependent Intestinal Inflammatory Responses.  

This chapter has been published: 

Uddin J, Tomar S, Sharma A, Waggoner L, Ganesan V, Marella S, Yang Y, Noah T, Vanoni S, 
Patterson A, et al. PIR-B Regulates CD4+ IL17a+ T-Cell Survival and Restricts T-Cell-Dependent 
Intestinal Inflammatory Responses. Cellular and Molecular Gastroenterology and Hepatology. 
2021;12(4):1479-502. 
 

Synopsis 

The inhibitory receptor paired immunoglobulin-like receptor B regulates CD4+ Th17-dependent 

chronic intestinal inflammatory responses by tempering mTORC1 signaling and enhancing CD4+ 

IL-17a+ T cell survival and regulates the outgrowth and maintenance of tissue resident memory 

CD4+ IL-17a+ T cells. 

Abstract 

Background & Aims: CD4+ T cells are regulated by activating and inhibitory cues and 

dysregulation of these proper regulatory inputs predisposes to aberrant inflammation and 

exacerbation of disease. We investigated the role of the inhibitory receptor, paired 

immunoglobulin-like receptor B (PIR-B) in the regulation of the CD4+ T-cell inflammatory 

response and exacerbation of the colitic phenotype. 

 

Methods: We employed Il10-/- spontaneous and CD4+CD45RBhi T cell transfer models of colitis 

with PIR-B (Pirb-/-) deficient mice. Flow cytometry, western blot, RNA-seq analysis was 

performed on wild type and Pirb-/- CD4+ T cells. In silico analyses were performed on RNA-seq 
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dataset of ileal biopsy samples from pediatric CD and non-IBD patients and sorted human memory 

CD4+ T cells. 

  

Results: We identified PIR-B expression on memory CD4+ IL-17a+ cells. We show that PIR-B 

regulates CD4+ Th17-dependent chronic intestinal inflammatory responses and development of 

colitis. Mechanistically, we reveal that the PIR-B-SHP-1/2 axis tempers mTORC1 signaling and 

mTORC1-dependent Caspase-3/7 apoptosis resulting in CD4+ IL-17a+ cell survival. In silico 

analyses reveal enrichment of transcriptional signatures for Th17 cells (RORC, RORA, IL-17A) 

and tissue resident memory (TRM) (HOBIT, IL7R and BLIMP1) networks in PIR-B+ murine CD4+ 

T cells and human CD4+ T cells that express the human homologue, LILRB3. High levels of 

LILRB3 expression were strongly associated with mucosal injury and a proinflammatory Th17-

signature, and this signature was restricted to a treatment-naïve severe pediatric CD population.  

 

Conclusions: Our findings demonstrate an intrinsic role for PIR-B/LILRB3 in the regulation of 

CD4+ IL-17a+ T cell pathogenic memory responses. 

 

Keywords: paired immunoglobulin receptor, CD4+ T cells, interleukin-17 and inflammatory 

bowel disease 
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Introduction 

Inflammatory bowel diseases (IBD), encompassing Crohn’s disease (CD) and ulcerative colitis 

(UC), are progressive chronic relapsing-remitting diseases, which result from an exaggerated 

inflammatory response to intestinal microbes in a genetically susceptible individual 151. 

Activation of innate immune receptors, such as Toll-like receptors (TLRs) and NLRs by 

pathogenic bacteria and viruses (dysbiosis), injury or xenobiotic elements 152,153 leads to 

activation of intestinal macrophages and dendritic cells (DC) and in turn drives proinflammatory 

cytokine (IL-6, IL-12 and IL-23) production. These cytokines stimulate the development of 

effector CD4+ -Th1 and -Th2 cells, and -Th17 cells 154-156, activation of Innate lymphoid cells 

(ILC1, ILC2, NCR+ILC3 and NCR-ILC3 cells) which leads to a IL-17A/IFNγ/TNFα-dominant 

proinflammatory response and the histopathological manifestations of disease 47,48,157-166.  

 

Paired immunoglobulin-like receptor B (PIR-B) is a immunoreceptor tyrosine-based inhibitory 

motif (ITIM)167,168 containing Type-I transmembrane glycoprotein predominantly expressed on 

myeloid cells, B cells and granulocytes 169-171. Activation of PIR-B via MHC Class I molecules 

in cis and trans fashion 172 and cell wall components of certain gram negative and gram positive 

bacteria 170,173,174 induces PIR-B ITIM domain engagement and activation of the intracellular 

phosphatases SHP-1 and SHP-2. Subsequently, SHP-1 dephosphorylates p65 and ERK1/2 

resulting in the inhibition of downstream NFκB- and MAPK-signaling pathways 91 and 

inhibition of B cell receptor, TLR, and chemokine receptor signaling 96. We have previously 

reported that PIR-B restrains innate-immune-induced proinflammatory cytokine (IL-1β, IL-6 and 

TNF-α) production by macrophages and limits acute intestinal -inflammation and -epithelial cell 

injury 175. 
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Utilizing PIR-B (Pirb-/-) deficient mice and employing the Il10-/- spontaneous, αCD3-mediated, 

and CD4+CD45RBhi T cell transfer models of colitis, we demonstrate that loss of PIR-B 

expression protected mice from development of CD4+ T-cell dependent colitis. Notably, disease 

protection was associated with significantly reduced frequency of tissue resident memory (TRM) 

CD4+IL-17a+ T cells. Adoptive transfer experiments revealed that PIR-B expression on CD4+ T 

cells conferred a competitive advantage for T cell survival and TRM CD4+ T cell development. 

In vitro studies demonstrate that Pirb-/- naïve CD4+ T cells have decreased capacity to 

differentiate into Th17 cells, impaired cell cycle entry into G1- and S-phases, and enhanced cell 

death. Mechanistic analysis reveal that PIR-B acts as rheostat, controlling mTORC1 signaling in 

CD4+ T cells and limiting CD4+ IL-17A+ T cell outgrowth. LILRB3 expression was strongly 

associated with mucosal injury and a proinflammatory Th17-signature in a treatment-naïve 

endoscopically severe pediatric CD population. Flow cytometry and RNA-seq analysis revealed 

enhanced PIR-B and LILRB3 expression on a subset of memory CD4+ Th17 cells in mice and 

humans, respectively. Collectively, these data suggest an intrinsic role for PIR-B in the 

regulation of the outgrowth and maintenance of TRM CD4+ IL-17a+ T cells and development of 

T-cell dependent colitis.  
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Results 

Decreased susceptibility of Pirb-/- mice to Il10-/- spontaneous colitis 

To define the role of PIR-B in T-cell mediated colitis we backcrossed Pirb-/- mice (C57BL6) 

with Il10-/- mice (C57BL6), and monitored for the development of the spontaneous colitis 

phenotype. PirbWTIl10-/- (Il10-/-) mice demonstrated colitic symptoms including rectal prolapse, 

anal bleeding, diarrhea, and dehydration by 8 weeks of age and disease progressed until 15 

weeks of age (Fig. 1a). These symptoms were associated with failure to thrive and a ~20% 

mortality rate (Fig. 1b, c). Flow cytometry analysis demonstrated increased frequency of CD4+ 

IFNγ+ T cells and CD4+ IL-17a+ T cells in the mesenteric lymph nodes (mLN) of the colitic Il10-

/- mice (Fig. 1a-f). Histological analysis of the colon from Il10-/- mice showed significant 

evidence of epithelial erosions, crypt abscesses and transmural inflammation (Fig. 1g, h). By 

contrast, Pirb-/-Il10-/- mice had significantly reduced symptoms (Fig. 1a), with increased weight 

gain and survival rates comparable to healthy control Il10+/- mice (Fig. 1b, c). Notably, the 

frequency of CD4+ IFNγ+ T cells and CD4+ IL-17a+ T cells populations in the mLN of Pirb-/-Il10-

/- mice was significantly reduced compared to colitic Il10-/- mice (Fig. 1d-f). Congruent with the 

reduced disease phenotype, the colons of Pirb-/-Il10-/- mice demonstrated reduced 

histopathological disease phenotype possessing normal colonic epithelial architecture with 

reduced cellular infiltrate (Fig. 1g, h). Utilizing the PIR 6C1 antibody which recognizes both 

PIR-A and PIR-B 107, we identified PIR-B expression on colonic lamina propria (LP) LP CD4+ T 

cells from of PirbWTIl10-/- mice (Fig. 1i). Additional qRT-PCR analyses revealed PIR-B mRNA 

expression in naïve splenic CD4+ T cells (Fig. 1j). Collectively, these data demonstrate that PIR-

B is expressed on CD4+ T cells and mice deficient in PIR-B are protected from Il10-/- 

spontaneous colitis.  
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PIR-B is required for CD4+ T-cell dependent enteropathy 

To directly assess the consequence of PIR-B deficiency on CD4+ T-cell activation and T-cell 

dependent intestinal injury; we employed the αCD3-mediated model of intestinal enteropathy 

(Fig. 2a) 176,177. Transient activation of T cells in Il10-/- mice by peritoneal injection of αCD3 

resulted in the development of clinical signs of diarrhea, piloerection, decreased mobility and 

exaggerated weight loss (Fig. 2b, c) that was associated with a potent mLN CD4+ IFNγ+ T cells 

and CD4+ IL-17a+ T cell response (Fig. 2d). Examination of colonic sections revealed substantial 

epithelial injury including epithelial apoptosis, villus atrophy and an inflammatory infiltrate (Fig. 

2e, f). In contrast, Pirb-/-Il10-/- mice demonstrated limited evidence of αCD3-mediated disease 

showing reduced clinical scores, weight loss and this was associated with reduced numbers of 

mLN CD4+ IFNγ+ T cells and CD4+ IL-17a+ T cells, and colonic injury (Fig. 2b-f). Systemic 

levels of TNFα and IFNγ were comparable between Il10-/- and Pirb-/-Il10-/- mice; however, IL-

17a was significantly reduced in Pirb-/-Il10-/- mice compared to Il10-/- mice (Fig. 2g). These 

studies suggest that PIR-B negatively regulates exacerbation of T-cell dependent enteropathy and 

may have direct regulatory effects on the CD4+ Th17 compartment.  

 

To test whether PIR-B intrinsically regulates CD4+ T cells, we utilized the CD4+CD45RBhi T cell 

transfer model of colitis 178,179. Rag-/- mice that received naïve WT CD4+ T cells (400,000 cells) 

developed symptoms of colitis two weeks after T-cell transfer and these mice showed substantial 

weight loss by day 30 (Fig. 3a-c). Development of colitis was associated with the presence of 

CD4+ IFN-γ+ T cells and CD4+ IL-17a+ T cells in the mLN (Fig. 3d), colonic inflammation with 

severe crypt destruction (Fig. 3e, f) and systemic TNFα, IFNγ, and IL-17a cytokines (Fig. 3g). 
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By contrast, Rag-/- mice that received naive Pirb-/- CD4+ T cells developed a reduced colitic 

phenotype as evident by clinical score, weight loss, and colon histopathology (Fig. 3b, c, e and 

f). Consistent with this, the frequency of CD4+ IFNγ+ T cells and CD4+ IL-17a+ T cells was 

significantly reduced in Rag-/- mice which received Pirb-/- CD4+ T cells (Fig. 3d). Importantly, 

Pirb deficiency in the CD4+ T cell compartment resulted in the downregulation of systemic 

levels of IL-17a but not TNFα and IFNγ (Fig. 3g). Together, these data confirm that PIR-B 

intrinsically regulates IL-17a+ inflammatory responses in vivo and indicate that PIR-B is required 

for archetypal CD4+ IL-17a+ T cell response.  

 

PIR-B intrinsically regulates Th17 cell survival in vitro 

To gain mechanistic insight into PIR-B regulation of CD4+ T cell function, we assessed 

proliferation and differentiation capacity of WT and Pirb-/- naïve CD4+ T cells. Polyclonal 

activation of WT and Pirb-/- CD4+ T cells under Th1 polarizing conditions induced equivalent 

frequencies of CD4+ IFNγ+ T cells (Fig. 4a). Consistent with this, we observed comparable 

number and cellular proliferative capacity in WT and Pirb-/- CD4+ Th1 cells (Fig. 4c). Under 

Th17 polarizing conditions we observed a significant reduction in the frequency and number of 

CD4+ IL-17a+ T cells generated from Pirb-/- CD4+ T cells compared to WT CD4+ T cells (Fig. 

4b). The reduced frequency in Pirb-/- CD4+ IL-17a+ T cells was not a consequence of reduced 

proliferative capacity as we observed a similar number of cellular divisions (Fig. 4c). However, 

quantification of the number of cells at each division revealed a reduced frequency of Pirb-/- 

CD4+ T cells at each cell division compared to WT CD4+ T cells (Fig. 4c) suggesting that PIR-B 

regulates CD4+ IL-17a+ T cell survival. Consistent with this, we observed increased cell death 

occurring via apoptosis, as evidenced by significantly increased Caspase 3/7 activation in Pirb-/- 
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CD4+ T cells compared to WT CD4+ T cells (Fig. 4d-i). Importantly, this was specific to Th17 

polarizing conditions as no significant differences in cell death or Caspase 3/7 activation was 

observed in Pirb-/- CD4+ T cells compared to WT CD4+ T cells under Th1 polarizing conditions 

(Fig. 4d, e, g and h). To determine whether the effects of PIRB were in part associated with 

CD4+ T cell development, we performed RNAseq on unstimulated WT and Pirb-/- CD4+ naïve T 

cells. We identified a total of 12,343 genes expressed (RPKM > 5) by WT and Pirb-/- CD4+ naïve 

T cells (Table 1; Fig. 5a). 11,463 genes (92.9% of totally expressed genes) were equally 

expressed (RPKM > 5; fold change > 1.0 and < 1.5) between WT and Pirb-/- CD4+ naïve T cells 

and 880 differentially expressed genes (DEG) (19 genes upregulated, 861 genes down regulated) 

(Table 1; Fig. 5). Gene network and pathway analyses revealed no significant enrichment of T 

cell, cytokine and apoptosis, T cell receptor, apoptosis and cell cycle pathways or differences in 

core Th17 or mTOR signaling genes (Table 1; Fig. 5a-f). Consistent with this, we observed no 

differences in live dead staining, Annexin V expression or Caspase 3/7 activation between WT 

and Pirb-/- naïve CD4+ T cells prior to stimulation indicating that the observed induction of cell 

death and apoptosis was associated with CD4+ T-cell activation (Fig. 6). We next investigated 

the impact of PIR-B on early CD4+ T cell activation and cell cycle entry under Th1 and Th17 

polarizing conditions (Fig. 4j - o). We observed significantly fewer Pirb-/- CD4+ T cells entering 

the G1 and S phase of cell cycle by comparison to WT CD4+ T cells under Th17-polarizing 

conditions (Fig.4j, l, m and o); importantly the cell cycle G1 and S phase impairment of PIR-B 

deficient cells was restricted to Th17 and not Th1 differentiation (Fig. 4j-o). Cumulatively, these 

results indicate that PIR-B acts as a T cell intrinsic factor regulating the outgrowth of Th17 cells 

by modulating cell survival and cell cycle.  
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PIR-B suppresses mTORC1 signaling in CD4+ T cells and modulates Th17 differentiation 

mTORC1 signaling regulates CD4+ T cell fate decisions 180, and in particular CD4+ Th17 cell 

differentiation 181. Indeed, stimulation of WT and Pirb-/- naïve CD4+ T cells under Th17 

conditions leads to rapid activation and phosphorylation of the downstream protein of mTORC1 

signaling, S6 kinase (Fig. 7a). Notably, we observed hyper phosphorylation of S6 kinase in Pirb-

/- CD4+ T cells compared with WT CD4+ T cells (Fig. 7a, b). Consistent with this, we observed 

increased levels of the mTOR activator, the GTP-bound form of the small GTPase Ras 

homologue enriched in brain (Rheb) in Pirb-/- CD4+ T cells compared with WT CD4+ T cells 

(Fig. 7c). The TSC1-TSC2 heterodimeric protein complex 182 stimulates TSC2 GAP activity 

towards Rheb converting Rheb-GTP (active form) to Rheb-GDP 182,183 (inactive form), which in 

turn limits mTORC1 activity 184. TSC2-GAP activity on Rheb is regulated by extracellular 

signals through the phosphorylation of TSC1 and TSC2 by AKT, AMPK, GSK3, ERK, SGK, or 

RSK 182,184-187. Notably, stimulation of Pirb-/- naïve CD4+ T cells under Th17 polarizing 

conditions lead to significantly increased phosphorylation of MAPK, ERK compared with WT 

naïve CD4+ T cells (Fig. 7d). Consistent with this, we observed significantly increased p-TSC2 

in Pirb-/- naïve CD4+ T cells compared with WT naïve CD4+ T cells (Fig. 7e). To determine 

whether hyperactivated mTORC1 signaling may contribute to the heightened apoptosis and cell 

death in Pirb-/- naïve CD4+ T cells, we assessed Pirb-/- naïve CD4+ T cell proliferation under 

Th17 polarizing conditions in the presence of the mTORC1 inhibitor, rapamycin (Fig. 7f, g). 

Consistent with previous observations 188,189, Th17 differentiation of naïve WT CD4+ T cells in 

the presence of increasing high concentrations of rapamycin that ablates mTOR activity led to a 

concentration-dependent reduction in the outgrowth of WT IL-17a+ CD4+ T cells (Fig. 8). Given 

the observation that abolition of mTORC1 activity with high concentration of rapamycin 
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inhibited both WT and Pirb-/- CD4+ T IL-17+ cell outgrowth under Th17 polarizing conditions, 

we next examined whether partial inhibition of mTORC1 signaling could diminish mTOR 

activity and enhance Pirb-/- CD4+ T IL-17+ cell frequency and reconstitute the WT phenotype. To 

do this we performed Th17 differentiation of naïve WT and Pirb-/- CD4+ T cells in the presence 

of 50pM rapamycin which promotes partial inhibition mTOR activity. Indeed, Th17 

differentiation of naïve Pirb-/- CD4+ T cells in the presence of 50pM rapamycin significantly 

increased the frequency of Pirb-/- IL-17a+ CD4+ T cells compared with that observed in the 

absence of rapamycin (Fig. 7f, g). Notably, the frequency of Pirb-/- IL-17a+ CD4+ T cells in the 

presence of 50pM rapamycin was comparable to that observed in WT CD4+ T cells in the 

presence of vehicle (Fig. 7g). These studies suggest that tempering of mTORC1 activity in Pirb-/- 

naïve CD4+ T cells can enhance CD4+ Th17 differentiation and outgrowth and reconstitute the 

WT phenotype.  

 

PIR-B’s regulatory function is predominantly mediated via SHP-1/2 inhibition of kinase activity 

91,175. Given our demonstration of heightened kinase activity, ERK and p-TSC2 in Pirb-/- naïve 

CD4+ T cell under Th17 polarizing conditions we examined the requirement of SHP-1/2 function 

in WT and Pirb-/- naïve CD4+ T cell proliferation under Th17 polarizing conditions (Fig. 7h, i). 

Th17 differentiation in the presence of SHP-1/2 inhibitor led to a reduction in the number of WT 

and Pirb-/- IL-17a+CD4+ T cells (Fig. 7h, i). Notably, at 25 µM SHP-1/2 inhibitor the number of 

WT CD4+ IL-17a+ cells were comparable to the number Pirb-/- CD4+ IL-17a+ cells generated in 

the absence of the inhibitor (Fig. 7i). Collectively, these studies suggest a role for SHP-1/2 and 

mTORC1 signaling in PIR-B-mediated regulation of CD4+ IL-17a+ cell maintenance.  
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PIR-B expression is upregulated on memory CD4+ Th17 cells 

Flow cytometry analyses identified significant expression of PIR-B on the surface of CD3+ CD4+ 

CD44high CD62L+ memory splenic CD4+ T cells and limited expression on CD3+ CD4+ CD44low 

CD62L- naïve T cells from WT C57BL6 mice (Fig. 9a). Notably, PIR-B+ splenic memory CD3+ 

CD4+ CD44high CD62L+ CD4+ cells were predominantly IL-17a+ (Fig. 9b). Given the recent 

demonstration that tissue resident memory (TRM) CD4+ T cells are drivers of chronic 

inflammation in models of colitis 48; we next examined PIR-B expression on colonic TRM CD4+ 

T cells from Il10-/- and Pirb-/-Il10-/- colitic mice. Indeed, PIR-B was expressed on a subset of 

CD3+CD4+CD44+CD69+ LP T-cells in the colon of Il10-/- and Pirb-/-Il10-/- mice (Fig. 9c). 

Furthermore, frequencies of TRM CD4+ T cells (CD3+CD4+CD44+ CD103+CD69+) were 

enriched in Il10-/- mice and Rag-/- mice which received WT CD4+ T cells compared to Pirb-/-Il10-/- 

mice and Rag-/- mice which received Pirb-/- CD4+ T cells respectively (Fig. 9c, d). Analyses with 

WT and Pirb-/- IL-17a GFP mice revealed PIR-B was expressed on a subset of 

CD3+CD4+CD44+IL-17a+ lamina propria mononuclear cells (LPMCs) and that the frequency of 

CD3+CD4+CD44+IL-17a+ LPMCs in Pirb-/- IL-17a GFP mice was reduced compared with WT 

IL-17a GFP mice (Fig. 9e). These observations were validated in silico (GSE130446)190 by the 

demonstration that TRM CD4+ T IL-17a+ cells identified by expression of HOBIT, FCGR2B, 

BLIMP1, RORC, RORCA, IL23R, IL17A expressed high levels of PIR-B relative to naïve or 

memory CD4+ T cells from the draining lymph nodes of mice (Fig. 9f). To determine if PIR-B 

expression intrinsically impacted CD4+ T cell survival and TRM formation; we performed 

competitive adoptive transfer experiments where equal numbers of congenically labeled WT 

(CD45.2+) and Pirb-/- (CD45.1+CD45.2+) CD4+ T cells were co-transferred into the same Rag-/- 

recipient. Tracking the donor T cell populations in the peripheral blood revealed greater number 
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of CD45.2+ WT CD4+ T cells than CD45.1+CD45.2+ Pirb-/- CD4+ T cells (Fig. 9g, h). 

Furthermore, we observed significantly more CD45.2+ WT CD4+ T cells than CD45.1+CD45.2+ 

Pirb-/- CD4+ T cells in the secondary lymphoid organs and intestinal tissue in the same recipient 

mice (Fig. 9i). Intriguingly, we observed a significant increase in the number of colonic TRM 

CD4+ T cells (CD3+ CD4+ CD44+ CD103+) derived from the CD45.2+ WT CD4+ T cell donor 

population (Fig. 9j, k). Collectively, our data shows that PIR-B is expressed on a subset of TRM 

CD4+ Th17 cells and confers a competitive advantage for T cell survival and TRM formation. 

 

LILRB3 expression is associated with pathogenic IBD and memory Th17 responses 

To identify if there was expression of the human homologue of PIR-B (LILRB3) in human CD4+ 

IL-17A+ cells, and a relationship between LILRB3+ CD4+ IL-17A+ function and the IBD 

phenotype we next examined a RNA-seq dataset of ileal biopsy samples from a cohort of 259 

pediatric individuals consisting of treatment naive CD and non-IBD patients (GSE57945)191. 

Principle component analysis of gene expression data between non-IBD (n = 42), pediatric ileal-

involvement CD (iCD) (n = 162) and colonic-only involvement CD (cCD) (n = 55) patients 

revealed a distinct iCD transcriptome signature (Fig. 10a). Pathway enrichment analyses of 

DEGs revealed groups of related genes within the iCD gene signature associated with chemical 

carcinogenesis, IL-17 signaling pathway, cytokine-cytokine receptor interaction (Table 2). 

LILRB3 mRNA expression was significantly upregulated in cCD and iCD compared with Non-

IBD controls (Fig. 10b). Stratification of the CD cohort based upon endoscopic severity, Ctl 

(non-IBD), cCD no microscopic / macroscopic inflammation and no deep ulcer (DU); cCD with 

macroscopic inflammation and no DU, Undetermined cCD, iCD with macroscopic inflammation 

with no DU and iCD macroscopic inflammation with DU 191,192 and principle component 
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analysis of gene expression between non-IBD and the CD clinical subgroups with LILRB3 

expression (quartiles Q1, 0.59 – 1.44; Q2, 1.48 – 2.72; Q3, 2.73 – 5.47 and Q4, 5.56 – 73.39; 

RPKM values) revealed a distinct segregation of the LILRB3 signature within the iCD-DU 

group compared with other CD disease subgroups (Fig. 10c, Table 3). 40 / 65 patients in Q4 

LILRB3hi group were iCD-DU (Fig. 10d). Evaluation of the differentially expressed genes 

(ranked by p-value, n = 25 most upregulated and downregulated genes) between Q4 LILRB3hi 

iCD-DU patients and LILRB3low non-IBD patients identified significant enrichment of genes 

involved in cytokine-cytokine receptor interaction, IL-17a signaling and TNF signaling pathway 

(Fig. 10e, f, Table 4) suggesting an interaction between LILRB3 and Th17 responses in CD. 

Consistent with this, LILRB3 mRNA expression within the iCD-DU group positively correlated 

with IL1B, IL17A, IL21, TNF, IL6 and S100A9 in iCD-DU group; indicating that LILRB3 was 

related to mucosal inflammation and correlated with disease severity193,194 (Table 5). To 

determine whether there was a direct association between LILRB3 and memory CD4+Th17 cells 

in humans, we examined a RNA-seq dataset on sorted human memory CD4+ T cells 

(GSE140244)190. Strikingly, we revealed a subset of memory CD4+ T cells with high expression 

of LILRB3, and these LILRB3+ memory CD4+ T cells expressed heightened levels of genes that 

encode Th17 (Rorc, Rora) and TRM (Hobit, Blimp1, KLRG1) transcription factors (Fig. 10g). 

Assessment of biological function by analyzing the differentially expressed genes (ranked by p-

value, n = 200) between LILRB3+ memory CD4+ T cells and LILRB3- memory CD4+ T cells 

revealed that LILRB3+ memory CD4+ T cells were involved in Th17 inflammatory responses 

(Fig. 10h, i). To determine which signaling pathways were impacted in IBD development and the 

memory CD4+ T cell response, we performed gene set enrichment analysis on the most 

dysregulated genes from the GSE57945 and GSE140244 datasets. Analyses revealed positive 
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enrichment in hallmark gene sets for IL-6 STAT3 signaling, apoptosis, and mTORC1 signaling 

in LILRB3hi CD patients and LILRB3+ memory CD4+ T cells relative to LILRB3low non-IBD 

patients and LILRB3- memory CD4+ T cells, respectively (Fig. 10j). Cumulatively, our in silico 

results reveals that LILRB3 is highly expressed on a subset of memory CD4+Th17 cells in 

humans and links LILRB3+ memory CD4+ T cells with pathogenic Th17 inflammatory responses 

in IBD.  

 

Discussion 

Herein, we have demonstrated that PIR-B is a negative regulator of CD4+ T cells and loss of 

function inhibits the differentiation and outgrowth of TRM CD4+ Th17 cells, leading to the 

protection from CD4+ T-cell-dependent colitis. Mechanistically, we show that PIR-B is 

expressed by naïve and TRM CD4+ T-cells and that PIR-B intrinsically regulates CD4+ IL-17a+ 

T cell survival. PIR-B modulates ERK and TSC 1/2 heterodimeric protein complex activity 

restraining mTORC1 signaling and mTORC1-mediated CD4+ T cell apoptosis. Finally, we 

revealed PIR-B expression is upregulated in TRM CD4+ IL-17a+ cells and that the human 

ortholog, LILRB3, is associated with a severe pediatric CD phenotype (iCD-DU) and memory 

CD4+ IL-17A+ T cell responses in humans. Collectively, these studies reveal an intrinsic role for 

LILRB receptors in the regulation of the adaptive CD4+ T-cell inflammatory response and 

exacerbation of the TRM CD4+ IL-17a+ T cell driven CD phenotype. 

 

By employing multiple models of T-cell dependent colitis we show that PIR-B deficiency leads 

to a loss of CD4+ IL-17a+ cells, reduced systemic IL-17a and protects mice from colitis. 

Corroborative evidence from clinical and experimental studies support an important role for 
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CD4+ IL-17a+ cells in the induction and exacerbation of IBD38 195 162,163. IL-17a can be produced 

by multiple T cell populations including CD4+ αβ T-cells, γδ T cells, natural killer T cells, and 

non-T cell populations including innate lymphoid cells 196-199. Studies employing the CD4+ 

CD45RBhigh T-cell transfer model of colitis, supports a dominant role for IL-17-producing CD4+ 

T cells in the augmentation of the colitic response 40. Analyses of draining LN and colonic LP 

from Il10-/- mice with spontaneous colitis revealed that the IL-17a signal is predominantly 

derived from CD3+ CD4+ T cells. Further, our demonstration that transfer of WT and not Pirb-/- 

CD4+ T cells to immunodeficient mice led to the generation of CD4+ IL-17a+ cells and colitis 

confirms that PIR-B expression in CD4+ T cells is important for the CD4+ T-cell driven colitic 

response. Previous studies have reported that germ free Il10-/- mice do not spontaneously develop 

colitis 200 indicating that the Il10-/- spontaneous of model of colitis is dependent on the intestinal 

microbiota. We cannot rule out a possible role for the microbiome in the protected colitic 

phenotype observed in Pirb-/-Il10-/- mice. However, experiments using WT and Pirb-/- CD4+ T 

cell transfer model of colitis and competitive transfer experiments in cohoused recipient Rag-/- 

mice revealed that loss of PIR-B expression specifically in the CD4+ T compartment resulted in 

significant protection from colitis development and suppressed the survival of the donor naive 

CD4+ T cells. Collectively, these experiments indicate that the phenotypic differences in the 

colitic phenotype are likely due to PIR-B’s intrinsic regulation of the CD4+ T cell compartment 

and not attributed to the microbiome. 

 

We revealed high PIR-B expression on CD3+ CD4+ CD44high CD62L+ memory CD4+ IL-17a+ 

cells. Genetic deletion of Pirb led to a marked reduction in the frequency of colonic LP 

CD3+CD4+CD44+IL-17a+ TRM T cells and protection from CD4+ IL-17a+ T-cell driven colitis. 
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Consistent with this, examination of an independent RNA-seq dataset demonstrated PIR-B 

expression in sorted TRM CD4+ IL-17a+ cells 190. Collectively, these studies suggest that PIR-B 

regulates TRM CD4+ IL-17a+ T cells. We and others have identified increased frequency of 

CD4+ TRM T cells with a proinflammatory Th17 phenotype in biopsy samples from active CD 

and UC patients compared with healthy control patients 47-50. Furthermore, elevated levels of 

CD69+CD103+ CD4+ TRM T cells have been associated with clinical flares 48. Previous reports 

identified a link between CD4+ TRM IL-17A+ T cells and CD by utilizing biopsy specimens 

from CD patients undergoing surgery for severe, chronically active, or complicated disease 47.  

 

The contribution of IL-17a to the IBD phenotype is complex 201. IL-17a signaling has been 

shown to have beneficial effects on the integrity of the intestinal epithelial barrier and protect 

against the IBD phenotype 202. Furthermore, biologics targeting the IL-17a cytokine led to 

worsening of intestinal inflammation in a subset of CD patients 76,203. In contrast, targeting of the 

cytokines IL-6 and IL-23 or their receptors which are essential for the differentiation of 

pathogenic Th17 cells led to positive outcomes in treating IBD patients 81,204,205. An emerging 

explanation to reconcile these divergent findings is that IL-17a is produced by multiple cell 

populations including CD4+ Th17 cells and ILC3s. ILC3-derived IL-17a in combination with IL-

22 is thought to promote intestinal epithelial barrier function and protect against colitis, whereas 

CD4+ T cell derived IL-17a with cytokines such as TNFα and IFNγ are proinflammatory and 

drive intestinal inflammation and colitis 206. Our analyses of RNA-seq datasets from pediatric 

CD patients at diagnosis revealed the highest expression of LILRB3 to be predominantly 

restricted to the endoscopic severe subgroup (iCD-DU) and that LILRB3 mRNA expression in 

iCD-DU individuals positively correlated with mucosal inflammation and disease severity. 
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Analyses of high LILRB3 expression individuals identified significant enrichment of genes 

involved in the IL-17A signaling pathway in clinical distinct group iCD-DU. These studies 

support the notion that PIRB+ TRM CD4+ T cells may play a critical role in Th17 inflammatory 

response and the onset of severe mucosal injury observed in iCD-DU phenotype. Cumulatively 

these studies suggest that specific targeting of CD4+ Th17 cells would have a greater beneficial 

clinical outcome for IBD patients than broadly targeting the IL-17a signaling pathway. We 

provide multiple lines of evidence that PIR-B is expressed on CD4+ Th17 cells. Mining of the 

Immgen dataset (GSE109125) reveal no expression of PIR-B on ILC3 cells suggesting that 

targeting on the PIR-B/LILRB3 pathway may permit selective targeting of CD4+ Th17 versus 

ILC3 cells 207. 

 

In vitro studies revealed a link between PIR-B deficiency, increased CD4+ T cell apoptosis and 

hyperactivation of mTORC1 signaling. Our demonstration that rapamycin led to reconstitution of 

the WT phenotype in Pirb-/- CD4+ IL-17a+ T cells suggests that PIR-B negatively regulates CD4+ 

IL-17a+ T cell apoptosis via suppression of mTORC1 signaling. mTORC1 regulates CD4+ T cell 

exit from quiescence and determination of CD4+ T cell fate 208, in particularly CD4+ Th17 

differentiation 189. mTORC1 functions as a CD4+ T cell-intrinsic rheostat, with continual 

mTORC1 activity required to sustain CD4+ Th17 differentiation, however oscillation of 

mTORC1 activity to a hypo- or hyper-activation status perturbs that differentiation process and 

triggers cell apoptosis and death. Consistent with this, diminished mTORC1 activation and 

signaling, such as that observed by genetic deletion of mTOR or S6 kinase results a failure of 

naïve CD4+ T cells to differentiate into Th17 cells 209,210 211. Conversely, exaggerated mTORC1 
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signaling as observed by deletion of TSC1 and loss of the TSC1-TSC2 heterodimeric protein 

inhibitory complex also results in impaired CD4+ T cell survival212.  

 

The formation and stabilization of the TSC1-TSC2 heterodimeric protein inhibitory complex 

stimulates TSC2 GAP activity and conversion of Rheb-GTP (active form) to Rheb-GDP183 

(inactive form) switching mTOR into a catalytically inactive state and diminishing mTORC1 

activity. The establishment and maintenance of the TSC1-TSC2 protein complex is tightly 

regulated by serine / threonine kinase activity. Phosphorylation of serine and threonine residues 

in TSC2 by kinases such as Akt and Erk destabilizes the TSC1-TSC2 protein complex leading to 

TSC1-TSC2 dissociation and loss of TSC2-dependent activity. As a consequence, mTOR 

switches into a catalytically active state and induction of mTORC1 activity182,184-187. We revealed 

heightened p-ERK and p-TSC2 and increased mTORC1 signaling in Pirb-/- naïve CD4+ T cells 

under Th17 polarizing conditions. Furthermore, restraining of mTORC1 activity using 

rapamycin lead to increase in Pirb-/- CD4+ Th17 cell survival and the WT phenotype.  

 

The PIR-B/LILRB ITIM domains are known to bind and activate intracellular phosphatases, 

including SHP-1 and SHP-2, which inhibit activating-type receptor-mediated signaling 175,213. 

We speculate that activation of PIR-B promotes the recruitment and binding of SHP-1/2 

phosphatases to the PIR-B ITIM domain. Activation of SHP-1/2 leads to dephosphorylation of p-

ERK and loss of ERK-dependent regulation of the mTORC1 inhibitory complex (TSC1-TSC2), 

triggering hyperactivation of mTORC1 signaling in CD4+ T cells. Herein, we show significantly 

increased p-ERK and p-TSC2 in Pirb-/- naïve CD4+ T cells under Th17 polarizing conditions. 

Previous studies have reported that SHP-2 suppresses CD4+ T cell activation by mediating 
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inhibitory receptors signals including those from CTLA-4 and PD-1 214,215. Overexpression of 

catalytically inactive SHP-2 in T cells promoted T cell differentiation 216, and inhibition of SHP-

2 signaling in mice- and human- CD4+ T cells decreased IL-17a/IL-17f production 217. We 

predict that PIRB may act in a similar fashion to other T cell inhibitory receptors such as CTLA-

4 and PD-1 to temper CD4+ T cell activation and Th17 differentiation.  

 

Our work revealed that PIR-B expression on CD4+ T cells is highly modular. Specifically, we 

observed limited expression of PIR-B on naïve CD4+ T cells and robust expression of PIR-B on 

a subset of memory CD4+ Th17 cells. Memory T cells can quickly undergo clonal expansion to 

mediate proinflammatory responses; these cells are marked by unique epigenetic, transcriptional 

and protein expression levels that allow for these hallmark memory responses. We speculate that 

PIR-B provides an additional regulatory mechanism that can control the effector responses which 

are mediated by memory T cells and importantly ensure this immune compartment can only 

contribute to the proinflammatory response once the proper signaling threshold is reached. This 

is consistent with recent work that identified inhibitory receptor signaling was required for the 

generation and sustainment of memory T cell precursors.218 Intriguingly, our work identified that 

PIR-B is only expressed on a fraction of naïve CD4+ T cells. Current literature about memory 

responses suggests that naïve T cells which will give rise to memory T cells are imprinted early 

on during T cell development, thus these memory T cell precursors can themselves be identified 

by discrete transcriptional and protein expression profiles219. Presumably, the PIR-B expression 

we observed in the naïve CD4+ T cell pool might be indicative of precursor cells which will give 

rise to the memory CD4+ Th17 cells which reside in the colon. Furthermore, we speculate that 
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PIR-B expression on memory precursor and differentiated memory CD4+ T cells is required to 

modulate activating cues that feed into mTORC1 signaling and ultimately promote cell survival.  

 

In conclusion, we show that PIR-B is expressed on TRM CD4+ Th17 cells and controls CD4+ 

Th17–inflammatory responses, and that loss of PIR-B activity leads to inhibition of CD4+ Th17 

regulated inflammation and colitis. The demonstration of PIR-B expression on memory CD4+ 

Th17 cells and a requirement for this pathway in CD4+ Th17-mediated colitic development has 

promising implications for targeted therapy in IBD. Biologics focused on inhibitory receptors 

have been shown to be efficacious for treatment of T-cell-mediated diseases including cancer 

and autoimmunity. Our data supports the notion that targeting PIR-B could regulate pathogenic 

CD4+ Th17 cells and provide a new therapeutic approach for treatment of TRM CD4+ Th17-

driven diseases such as IBD.  
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Methods 

Mice. Male and female, 5 to 10 week Il10-/- mice (C57BL/6) and IL-17a GFP mice (C57BL/6) 

were obtained from Jackson Laboratories (USA). Male and female, 5 to 10 week Pirb-/- mice 

(C57BL/6) were kindly provided by Dr. Hiromi Kubagawa 102. Male and female, 5 to 10 week 

Rag-/- mice (C57BL/6) were kindly provided by Dr. Grace Chen. To generate the Pirb-/-Il10-/- 

mice (C57BL/6), Pirb-/- mice (C57BL/6) were intercrossed with Il10-/- mice (C57BL/6). 

C57BL/6 strain purity was confirmed (> 99%) by DartMouse congenic analyses.  To generate 

Pirb-/- IL-17a GFP mice (C57BL/6), Pirb-/- mice (C57BL/6) were intercrossed with IL-17a GFP 

mice (C57BL/6). All mice strains were co-housed in the same room. 

 

Experimental colitis models. For the Il10-/- spontaneous model of colitis; co-housed Il10-/-, 

Il10+/- and Pirb-/-Il10-/- mice were monitored for colitis development from 7 weeks of age. 

Euthanasia and postmortem analyses were performed at 15 weeks of age. For the αCD3-

mediated model of intestinal enteropathy, 7 to 10 week old co-housed mice were treated twice 

intraperitoneally with 15 µg αCD3 (145-2C11, Thermo fisher) 48 hours apart. Euthanasia and 

postmortem analyses were performed 4 hours after the second injection. For the CD4+CD45RBhi 

T-cell transfer model colitis, splenic naïve CD4+ T cells from WT and Pirb-/- donors were 

enriched by red blood cell lysis and magnetic bead depletion (Biolegend). A total of 400,000 

naïve CD4+ T cells were transferred intraperitoneally into co-housed Rag-/- mice. Euthanasia and 

postmortem analyses were performed 32 days after injection of cells. The colitic mice were 

weighed twice every week to measure body weight and lymph nodes, spleen, small intestine, and 

colonic tissue were collected for analysis at the end of the experiment. Weight changes were 

calculated as a percentage of weight at the start of the experiment (Day 0). Clinical disease was 
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scored based on prior descriptions 220. In brief mice were graded on a scale of 0 to 5 by 

assessment of symptoms including bump on nose, pilar erecti, rectal prolapse, anal bleeding, 

decreased activity, diarrhea, hunched back, excreted perianal mucus, shrunken eyes, and 

dehydration. For all animal experiments, mice that lost ≥ 20% of its body weight (relative to 

weight at the start of the experiment) were euthanized in accordance with IACUC protocols. 

 

Competitive CD4+ T cell Transfer. We crossed Pirb-/- (CD45.2+) with WT mice that express the 

congenic CD45.1 allele to generate congenically labeled Pirb-/- (CD45.1+CD45.2+) mice. Splenic 

naïve CD4+ T cells from WT (CD45.2+) and Pirb-/- (CD45.1+CD45.2+) donors were enriched by 

red blood cell lysis and magnetic bead depletion (Biolegend). A total of 800,000 naïve CD4+ T 

cells (400,000 WT (CD45.2+) and 400,000 Pirb-/- (CD45.1+CD45.2+)) were transferred 

intraperitoneally into co-housed Rag-/- mice. Blood was collected every 7 days after injection of 

cells and flow cytometry and intracellular cytokine staining was performed as described below. 

Euthanasia and postmortem analyses were performed 32 days after injection of cells and flow 

cytometry and intracellular cytokine staining was performed as described below. 

 

Histology. Harvested tissues were washed with PBS, swiss rolled and fixed overnight in 4% 

paraformaldehyde. Paraffin embedded tissue were stained with hematoxylin and eosin and 

analyzed by bright field microscopy. Histological scoring was performed on ascending, 

transverse and descending colon and rectum segments as previously described 221. 

 

In vivo cytokine capture assay. Systemic TNF-α, IFN-γ, and IL-17a levels were quantified in 

the serum of mice 222. Briefly, 10 µg of biotinylated detection antibodies against TNFa (clone 
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TN3), IFNy (clone R4-6A2) and IL-17a (eBio17B7) were injected intravenously into mice and 

twenty-four hours later serum collected. Luminescent ELISA’s were performed using plates 

coated with a secondary capture antibody as previously described.  

 

In vitro CD4+ T cell culture. Naïve CD4+ T cells were isolated from spleens using the naïve 

CD4+ T cell isolation kit (Biolegend) and were stimulated with plate bound αCD3 (1 µg/mL) and 

soluble αCD28 (2 µg/mL) alone or in the presence of polarizing cytokines and antibodies. For 

Th1 polarizing conditions cell were cultured in the presence of IL-12 (10 ng/mL) cytokine and 

neutralizing antibody αIL-4 (1 µg/mL). For Th17 polarizing conditions cell were cultured in the 

presence of IL-6 (20 ng/mL), IL-23 (20 ng/mL), and TGFβ1 (2 ng/mL) cytokines and 

neutralizing antibodies αIFN-γ (10 µg/mL) and αIL-4 (1 µg/mL). Cells were cultured in 

supplemented RPMI media containing 10% FBS, 2% penicillin/streptomycin, and 50 µM 2-

mercaptethanol. To assess proliferation, naïve CD4+ T cells were labeled with 5 µM CTV in 

0.2% FBS for 20 minutes. For chemical inhibitor experiments, either rapamycin (Sigma Aldrich) 

(50 pM) or SHP-1/2 inhibitor (NSC-87877, Millipore Sigma) (25 µM) were added at the 

beginning of the experiment. 

 

Flow cytometry and intracellular cytokine staining. Single cell suspensions of spleen, 

mesenteric lymph nodes, and colon lamina propria cells were surface stained ex vivo with 

fluorescent antibodies to T cell markers (CD3, CD4, CD62L, CD44, CD69, CD103, CD45.1, 

CD45.2) and for PIRA/B (6C1). For cytokine staining, cells were ex vivo stimulated at 37°C for 

4 hours with PMA (50 ng/mL), Ionomycin (1 mg/mL), and Brefeldin A. Cells were then 

processed and stained using an intracellular cytokine staining kit (BD Biosciences) according to 
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manufacturer’s instructions with IFN-γ and IL-17a. For apoptosis staining, the dead cell 

apoptosis kit and live/dead viability assay (Thermo fisher) was followed according to 

manufacturer’s instructions. For activated Caspase 3/7 staining, the Caspase 3/7 kit (Thermo 

fisher) was followed according to manufacturer’s instructions. To assess cell cycling and entry 

into G1, Pyronin Y (Sigma Aldrich) staining was performed as previously described223. To 

assess cell cycling and entry into S phase, the Edu flow cytometry kit (Sigma) was followed 

according to manufacturer’s instructions. All flow cytometry samples were acquired on an 

Novocyte (ACEA Biosciences) and data were analyzed using FlowJo (Tree Star, San Carlos, 

CA) and Prism (GraphPad Software). Absolute cell numbers were calculated using Precision 

Count Beads (Biolegend) according to the manufacturer’s instructions. 

 

Lamina propria mononuclear cell isolation. Colons were cut longitudinally and incubated in 

HBSS with 5 mM EDTA at 37°C for 30 minutes before vortexing to remove epithelial cells. The 

remaining tissues were minced and digested with 2.4 mg/ml collagenase A (Roche), and 0.2 

mg/mL DNase I (Roche) at 37°C for 45 minutes. After removal of tissue debris, cells suspended 

in 44% Percoll were loaded above 67% Percoll before centrifugation. Colonic lamina propria 

cells were collected from the interface between 44% and 67% Percoll. 

 

Western Blot and Immunoprecipitation. CD4+ T cells were lysed in protein lysis buffer (10% 

glycerol, 20 mM Tris HCl [pH 7], 137 mM NaCl, 2 mM EDTA, and 1% NP-40) supplemented 

with proteinase inhibitor cocktail (Thermo fisher) and PhoSTOP phosphatase inhibitors (Roche). 

Protein lysates were cleared of insoluble material through centrifugation, and the resulting 

protein lysates were subjected to SDS-PAGE. Proteins were wet transferred to 0.2 mm 
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nitrocellulose membranes (Thermo fisher), which were blocked using 3% BSA in 1% TBST 

buffer for 1 hour at room temperature. Membranes were incubated overnight using the following 

primary antibodies: α-β-actin, α-S6 kinase, α-pS6 kinase, α-TSC2, α-pTSC2, α-ERK1/2, and α-

pERK1/2. Primary antibodies were used at a 1:1,000 dilutions in blocking buffer. Membranes 

were washed in TBST and incubated with the secondary antibody, goat α-rabbit-HRP, at a 

1:2,000 dilution in blocking buffer. Rheb-GTP was immunoprecipitated using the Rheb 

activation assay kit (NewEast Biosciences). Immunoprecipitation was performed according to 

manufacturer’s description. Protein bands were visualized following exposure of the membranes 

to ECL substrate solution (Thermo fisher) and quantified by densitometry analysis using Image 

Studio (Licor) software. 

 

Quantitative Real-time PCR. RNA was isolated from sorted naïve CD4+ T cells using the 

Quick RNA microprep kit (Zymo Research). cDNA was generating by reverse transcription 

using SuperScript II (Invitrogen) ad Oligo-dT (Invitrogen) according to manufactures 

instructions. qPCR was performed for Pirb and murine Gapdh using specific primers designed in 

Snapgene (Insightful Science) software. Samples were normalized to housekeeping expression of 

Gapdh using the 2-ΔCt method.  

 

RNA-seq Analysis  

RNA was isolated from sorted naïve CD4+ T cells using the Quick RNA microprep kit (Zymo 

Research). RNA was submitted to the University of Michigan Advanced Genomics Core for 

library preparation and sequencing (Illumina). Raw reads were aligned to the reference mm9 

mouse genome (GRCm38) using Hisat-build pipeline. Relative gene expression was quantified 
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using featureCounts function from the subread-2.0.0 package. Pseudogenes, RIKEN cDNA 

sequences, and immunoglobulin variable genes were removed from downstream analysis of 

expressed genes.  Downstream analysis was performed in R (R Core Team, Vienna, Austria) 

where the read counts were analyzed in IDEP 9.1 and DESeq was used to identify the 

differentially expressed genes (DEGs)224. DEGs were identified with an adjusted p value <= 0.05 

and at least ≥ ± 1.5-fold reads per kb of transcript, per million mapped reads (RPKM) and heat 

map was generated using Python (Python Software Foundation, Wilmington, Del) on the 

normalized scale. KEGG pathway analysis was used to identify important pathways altered by 

differentially regulated genes. Statistical analysis was performed using SPSS 17.0. The 

Frequencies procedure was used for the LILRB3 quartile analysis. χ2 test was used to assess the 

association of CD categories with 4 LILRB3 quartiles. The association of LILRB3 with Th17 

pathways associated genes IL1B, IL17A, IL21, TNF, IL6 and S100A9 was evaluated by 

Pearson’s correlation as quantitative variables.  

Additional RNA-seq data analyses were obtained from the NCBI GEO database, with accession 

numbers GSE130446, GSE57945, and GSE140244. With the RISK Study (GSE57945); we 

examined a RNA-seq dataset of ileal biopsy samples from a cohort of 259 pediatric individuals 

consisting of treatment naive CD and non-IBD patients. Principle component analysis of 

differentially expressed genes between non-IBD (n = 42), pediatric ileal-involvement CD (iCD, n 

= 162) and colonic-only involvement CD (cCD, n = 55) patients revealed a distinct CD 

transcriptome signature (results not shown). We next stratified the CD cohort based upon 

endoscopic severity, NL, cCD no microscopic / macroscopic inflammation and no deep ulcer 

(DU); cCD with macroscopic inflammation and no DU; iCD with macroscopic inflammation 

with no DU and iCD macroscopic inflammation with DU191,192. LILRB3 quartiles were 
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established based on RPKM values; quartiles Q1 (0-25%), 0.59 – 1.44; Q2 (26-50%), 1.48 – 

2.72; Q3 (51-75%), 2.73 – 5.47 and Q4 (76-100%), 5.56 – 73.39). Differential expression was 

defined with a significant change in expression by limma225. Heatmaps of gene expression were 

generated using Morpheus (https://software.broadinstitute.org/morpheus/) and Phantasus226. 

Gene ontology analysis was performed using Enrichr and Gene Set Enrichment Analysis 

(GSEA). 

 

Statistics 

Statistical parameters are defined in the figure legends. Data are presented as mean ± SEM. Data 

was considered significant at p <0.05. Comparisons between 2 groups were made using a t test. 

Comparisons between more than 2 group were made using 2-way ANOVA and where 

appropriate were followed with a Dunnett’s Multiple Comparison Test or Sidak’s Multiple 

Comparison Test. Statistical analysis was performed in Prism (GraphPad Software).  

 

Study Approval 

All animal studies were approved by the IACUC of the University of Michigan, Ann Arbor, MI 

and performed in accordance with University guidelines. 
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Figure 2-1 Loss of Pirb Suppresses the Development of Spontaneous Colitis in Il10-/- Mice. 
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(A) Clinical score, (B) % Body weight change (relative to weight at start of experiment), and (C) 
Percent survival rate of Il10+/-(red), Il10-/-(blue), Pirb-/-Il10-/-(green) mice corresponding to age 
(Il10+/- n= 18, Il10-/- n= 11, Pirb-/-Il10-/- n= 22). (D) Flow cytometry analysis of CD4+IFN-γ+ and 
CD4+IL-17a+ T cells in the mLN of mice at 15 weeks of age. Percentage (%) of (E) CD4+IFN-γ+ 
or (F) CD4+IL-17a+ T cells in the mLN of mice at 15 weeks of age (Il10+/- n= 15, Il10-/- n= 7, 
Pirb-/-Il10-/- n= 22). (G) Representative image of colon histology (H&E staining) from Il10-/- and 
Pirb-/-Il10-/- mice. Top row 4x magnification (Scale bar represents 200 µm), bottom row 20x 
magnification (Scale bar represents 50 µm). (H) Colon histological scoring from Il10+/-, Il10-/-, 
Pirb-/-Il10-/- mice at 15 weeks of age (Il10+/- n= 4, Il10-/- n= 10, Pirb-/-Il10-/- n= 22). (I) 
Representative flow cytometry histogram of the expression of PIRA/B on CD3+CD4+ T cells 
isolated from colonic lamina propria of Il10-/- mice. (J) Pirb mRNA expression in splenic naïve 
CD4+ T cells from WT and Pirb-/- mice (WT n= 3, Pirb-/- n= 3). Data are presented as mean ± 
SEM. Statistical analysis was performed using two-way analysis of variance (p < 0.05) followed 
by Dunnett’s Multiple Comparison Test (A, B) or unpaired t test (E, F, H). *p <0.05, **p <0.01, 
***p <0.001. Data shown in (A), (B), (C), (E), (F), (H) encompasses three independent 
experiments.  
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Figure 2-2 Pirb Deficient CD4+ T cells Fail to Induce Acute Intestinal Enteropathy. 
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(A) Schematic representation of αCD3 treatment protocol. (B) Clinical score, (C) % Body weight 
change (relative to weight before initial αCD3 injection) of Il10-/- and Pirb-/-Il10-/- mice 
following αCD3 injection (Il10-/-n= 14, Pirb-/-Il10-/-n= 14). (D) Cell counts (#) of CD4+IFN-γ+ 
and CD4+IL-17a+ T cells in the mLN of mice (Il10-/-n= 7, Pirb-/-Il10-/-n= 13). (E) Representative 
image of colon histology (H&E staining) from Il10-/- and Pirb-/-Il10-/- mice. Top row 4x 
magnification (Scale bar represents 200 µm), bottom row 20x magnification (Scale bar 
represents 200 µm). (F) Colon histological scoring from Il10-/-and Pirb-/-Il10-/- mice (Il10-/-n= 8, 
Pirb-/-Il10-/-n= 13). (G) Systemic levels of TNF-α IFN-γ, and IL-17a in serum of Il10-/- and Pirb-/-

Il10-/- mice at 52 hours following aCD3 injection, Cytokine levels were detected by IVCCA 
(Il10-/-n= 7, Pirb-/-Il10-/-n= 7, Il10+/- n= 3). Cytokine levels were detected by IVCCA. Data are 
presented as mean ± SEM. Statistical analysis was performed using two-way analysis of variance 
(p < 0.05) followed by Sidak’s Multiple Comparison Test (B), (C) or unpaired t test (D), (F), 
(G). *p <0.05, **p <0.01, ***p <0.001. Data shown encompasses three independent 
experiments. 
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Figure 2-3 Pirb Deficient CD4+ T cells Fail to Induce Chronic Colitis. 
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(A) Schematic representation of T cell transfer protocol. Rag-/- mice received either 400,000 
CD4+ CD45RBhi WT (blue) or Pirb-/- (red) T cells. (B) Clinical score, (C) % Body weight change 
(relative to weight at start of experiment) of Rag-/- mice following T cell injection (WT n= 13, 
Pirb-/- n= 14). (D) Cell counts (#) of CD4+IFN-γ+ and CD4+IL-17a+ T cells in the mLN of mice 
(WT n= 7, Pirb-/- n= 5). (E) Representative image of colon histology (H&E staining) from Rag-/- 

mice. Top row 4x magnification (Scale bar represents 200 µm), bottom row 20x magnification 
(Scale bar represents 50 µm). (F) Colon histological scoring from Rag-/- mice (WT n= 10, Pirb-/- 
n= 10). (G) Systemic levels of TNF-α, IFN-γ, and IL-17a in serum of Rag-/- mice at 5 weeks after 
T cell transfer (WT n= 7, Pirb-/- n= 7). Cytokine levels were detected by IVCCA. Data are 
presented as mean ± SEM. Statistical analysis was performed using two-way analysis of variance 
(p < 0.05) followed by Sidak’s Multiple Comparison Test (B), (C) or unpaired t test (D), (F), 
(G). *p <0.05, **p <0.01, ***p <0.001. Data shown encompasses three independent 
experiments.  
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Figure 2-4 Pirb-/- CD4+ T cells have impaired survival and differentiation under Th17 polarizing 
conditions. 
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Gating strategy and cell counts (#) of WT and Pirb-/- CD4+ T cells cultured under (A) Th1 
polarizing and (B) Th17 polarizing conditions for 72 hours (WT n= 10, Pirb-/- n= 10). (C) 
Representative plots of Cell Trace Violet staining on Th1 polarized (top) and Th17 polarized 
(bottom) CD4+ T cells (left). Percentages of cells within each division (right) (WT n= 3, Pirb-/- 
n= 3). (D) Representative plots of the Annexin V expression and Viability in CD4+ T cells 
activated under Th1 (top) and Th17 (bottom) conditions. Counts of dead (Annexin+ or Viability 
Dye+) CD4+ T cells cultured under (E) Th1 conditions or (F) Th17 conditions (WT n= 5, Pirb-/- 
n= 8). (G) Representative plots of the expression of active Caspase 3/7 in CD4+ T cells activated 
under Th1 (top) and Th17 (bottom) conditions for 4 hours. Frequency of activated Caspase 3/7+ 
CD4+ T cells cultured under (H) Th1 polarizing conditions or (I) Th17 polarizing conditions for 
4 hours (WT n= 9, Pirb-/- n= 9). (J) Representative plots showing G1 cell cycle entry via the 
expression of Pyronin Y in CD4+ T cells under Th1 (top) and Th17 (bottom) polarizing 
conditions for 12 hours. Frequency of CD4+ T cells which have entered G1 (Pyronin Y+) under 
(K) Th1 conditions or (L) Th17 conditions for 12 hours (WT n= 8, Pirb-/- n= 8). (M) 
Representative plots showing the incorporation of Edu in CD4+ T cells under Th1 (top) and Th17 
(bottom) conditions for 28 hours. Frequency of CD4+ T cells which have entered S phase (Edu+) 
under (N) Th1 conditions or (O) Th17 conditions for 28 hours (WT n= 8, Pirb-/- n= 6). Data are 
presented as mean ± SEM. Statistical analysis was performed using unpaired t test. *p <0.05, **p 
<0.01, ***p <0.001. Data shown in (A), (B), (E), (F), (H), (I), (K), (L), (N), and (O) 
encompasses three independent experiments. Data shown in (C) are from one experiment 
representative of three independent experiments.   
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Figure 2-5 RNA-seq analysis of unstimulated WT and Pirb-/- Naïve CD4+ T cells. 
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(A) Venn diagram indicating equal (blue, RPKM ≥ 5, Fold Change ≥ 1 and ≤ 1.5, n=11463) and 
differential (orange, RPKM ≥ 5, padj ≤ 0.05 & abs_FC≥ 1.5, n = 880) gene expression between 
WT naïve CD4+ T cells and Pirb-/- CD4+ naive T cells. (B) Volcano plot of RNA-seq data 
analysis. Red indicates significantly enriched genes (| logFC | > 1; p < 0.05) (C) Heat map of 
differentially expressed genes comparing WT naïve CD4+ T cells and Pirb-/- CD4+ naive T cells. 
(D) Bar graphs of pathway analysis of differentially expressed genes in WT naïve CD4+ T cells 
relative to Pirb-/- CD4+ naive T cells; assessed via KEGG 2019, ranked by p-value. Heat map 
demonstrating relative expression of (E) mTORC1 core signaling and (F) Th17 transcriptome 
signature genes between WT naïve CD4+ T cells and Pirb-/- CD4+ naive T cells. Raw reads from 
WT (n = 2) and Pirb-/- CD4+ T cells (n = 3) were aligned to the reference mm9 mouse genome 
(GRCm38) using Hisat-build pipeline. Relative gene expression was quantified using 
featureCounts function from the subread-2.0.0 package. Gene list was filtered for pseudogenes, 
RIKEN cDNA sequences, and immunoglobulin variable genes and downstream analysis of 
expressed genes was performed IDEP 9.1. Raw data and description of common expressed genes 
and DEGs are described in Table 1. 
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Figure 2-6 WT and Pirb-/- Naïve CD4+ T cells have limited Caspase 3/7 activation prior to 
stimulation. 

 

Representative flow cytometry plots of the expression of active Caspase 3/7 in unstimulated WT 
(left) and Pirb-/- (right) naive CD4+ T cells. Representative data of 3 independent experiments.  
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Figure 2-7 Pirb regulates CD4+ IL-17a+ cells via negative regulation of mTORC1 signaling. 
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(A) Western blot analyses of phosphorylation of S6 kinase in purified CD4+ T cells cultured 
under Th17 polarizing conditions for 5 minutes. (B) Densitometry analyses of phosphorylation 
of S6 kinase in purified CD4+ T cells cultured under Th17 polarizing conditions for 5 min (WT 
n= 3, Pirb-/- n= 3). (C) WT and Pirb-/- CD4+ T cell lysates were immunoprecipitated with Rheb-
GTP antibody. Western blot was performed for Rheb. (D) Western blot analyses of 
phosphorylation of ERK in purified CD4+ T cells cultured under Th17 polarizing conditions for 
5 minutes (Left). Densitometry analyses of phosphorylation of ERK in purified CD4+ T cells 
cultured under Th17 polarizing conditions for 5 min (Right) (WT n= 3, Pirb-/- n= 3). (E) Western 
blot analyses of phosphorylation of TSC2 in purified CD4+ T cells cultured under Th17 
polarizing conditions for 5 minutes (Left). Densitometry analyses of phosphorylation of TSC2 in 
purified CD4+ T cells cultured under Th17 polarizing conditions for 5 min (Right) (WT n= 3, 
Pirb-/- n= 3). WT and Pirb-/- CD4+ T cells were cultured in the presence of rapamycin (50 pM). 
(F) Representative flow cytometry plots of Cell Trace Violet staining on Th17 polarized cells 
and quantification of (G) IL-17a+CD4+ T cells (WT n= 3, Pirb-/- n= 3). WT and Pirb-/- CD4+ T 
cells were cultured in the presence of SHP-1/2 inhibitor (25 µM). (H) Representative flow 
cytometry plots of Cell Trace Violet staining on Th17 polarized cells and quantification of (I) IL-
17a+CD4+ T cells (WT n= 3, Pirb-/- n= 3). Data are presented as mean ± SEM. Statistical analysis 
was performed using two-way analysis of variance (p < 0.05) followed by Sidak’s Multiple 
Comparison Test (G), (I) or unpaired t test (B), (D), (E). *p <0.05, **p <0.01, ***p <0.001. Data 
shown in (B), (D), (E) encompasses three independent experiments. Data shown in (A), (C), (F-
I) are from one experiment representative of three independent experiments.   
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Figure 2-8 Th17 Polarization is Impaired at High Doses of Rapamycin in WT and Pirb-/- Naïve 
CD4+ T cells. 

 

WT and Pirb-/- CD4+ T cells were cultured in the presence of different concentrations of 
rapamycin (0 nM, 50 nM,100 nM, 200 nM). (A) Representative flow cytometry plots of Cell 
Trace Violet staining on Th17 polarized cells and quantification of (B) IL-17a+CD4+ T cells (n= 
3). Data are presented as mean ± SEM. Statistical analysis was performed using unpaired t test. 
*p <0.05. Data shown in (A), (B) are from one experiment representative of three independent 
experiments.   
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Figure 2-9 Pirb is expressed on a subset of memory CD4+ IL-17a+ cells. 
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Flow cytometry strategy for gating on CD3+CD4+ naive and memory T cells. Splenocytes from 
(A) WT (top row), Pirb-/- (bottom row), and (B) IL-17a GFP reporter mice were analyzed for 
PIRA/B expression on T cell subsets. Plots were pregated on CD3+CD4+ T cells. (C) Flow 
cytometry of the expression of PIRA/B and CD69 on CD3+CD4+CD44+ T cells isolated from 
colonic lamina propria of Il10-/- and Pirb-/-Il10-/- at 10 weeks of age (left). Quantification of 
colonic lamina propria CD3+CD4+CD44+CD69+CD103+ T cells (right) (Il10-/-n= 9, Pirb-/-Il10-/-

n= 9). (D) Quantification of colonic lamina propria CD3+CD4+CD44+CD69+CD103+ T cells 
from Rag-/- mice which received either 400,000 CD4+ CD45RBhi WT or Pirb-/- T cells (WT n= 4, 
Pirb-/- n= 7). (E) Flow cytometry of the expression of PIRA/B and IL-17a on CD3+CD4+CD44+ 

T cells isolated from colonic lamina propria of WT IL-17a GFP and Pirb-/- IL-17a GFP reporter 
mice at 10 weeks of age (left). Quantification of CD3+CD4+CD44+IL-17a+ T cells (right) (WT n= 
5, Pirb-/- n= 5). (F) Heat map of differentially expressed genes based on RNA-seq data 
(GSE130446) of selected subset of genes known to be involved in resident memory T cells and 
Th17 cells comparing between exTh17 resident memory T cells, Th17 resident memory T cells, 
lymph node naïve CD4+ T cells, and lymph node memory CD4+ T cells. (G) Representative plots 
of donor WT (CD45.2+) and Pirb-/- (CD45.1+CD45.2+) CD4+ T cells circulating in the peripheral 
blood of a Rag-/- recipient mouse. (H) Percentage of donor WT (CD45.2+) and Pirb-/- 
(CD45.1+CD45.2+) CD4+ T cells circulating in the peripheral blood in Rag-/- recipient mice at 
different time points (WT n = 10, Pirb-/- n = 10). (I) Percentage of donor WT (CD45.2+) and Pirb-

/- (CD45.1+CD45.2+) CD4+ T cells which accumulated in different tissues in Rag-/- recipient mice 
(WT n = 9, Pirb-/- n = 9). (J) Representative plots of colonic CD3+CD4+CD44+ CD103+ T cells 
which have been derived from donor WT (CD45.2+) and Pirb-/- (CD45.1+CD45.2+) CD4+ T cells 
injected in a Rag-/- recipient mouse. (K) Percentage (%, left) and cell counts (#, right) of colonic 
CD3+CD4+CD44+ CD103+ T cells which have been derived from donor WT (CD45.2+) and Pirb-

/- (CD45.1+CD45.2+) CD4+ T cells injected in a Rag-/- recipient mouse (WT n= 9, Pirb-/- n= 9). 
Data are presented as mean ± SEM. Statistical analysis was performed using two-way analysis of 
variance (p < 0.05) followed by Sidak’s Multiple Comparison Test (H), (I), (K) or unpaired t test 
(C), (D), (E). *p <0.05, **p <0.01, ***p <0.001. Data shown encompasses three independent 
experiments.  
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Figure 2-10 LILRB3 expression is upregulated in IBD patients and Memory CD4+ T cells 
characterized by a Th17 signature. 
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(A) Principal component analysis (PCA) of differentially expressed genes between non-IBD 
(NL, n = 42), pediatric ileal-involvement CD (iCD, n = 162) and colonic-only involvement CD 
(cCD, n = 55) patients (GSE57945) (B) Box plots showing LILRB3 expression (RPKM) CD or 
non-IBD tissue biopsies. (C) 3D PCA plot of CD cohort stratified by endoscopic severity. (D) 
Stratification of the CD cohort based upon endoscopic severity and LILRB3 expression 
(quartiles, RPKM). (E) Heat map of differentially expressed genes based on RNA-seq data 
(GSE57945) comparing Crohn’s Disease patients and healthy control individuals. (F) Pathway 
analysis of differentially expressed genes in Crohn’s Disease patients relative to healthy 
individuals; assessed via KEGG 2019, ranked by p-value. (G) Heat map of differentially 
expressed genes based on RNA-seq data (GSE140244) of selected subset of genes known to be 
involved in resident memory T cells and Th17 cells comparing between LILRB3+ CD4+ memory 
T cells and LILRB3-CD4+ memory T cells. (H) Heat map of differentially expressed genes based 
on RNA-seq data (GSE140244) comparing LILRB3+ CD4+ memory T cells and LILRB3-CD4+ 
memory T cells collected from 10 donors. (I) Bar graphs of pathway analysis of differentially 
expressed genes in LILRB3+ CD4+ memory T cells relative to LILRB3-CD4+ memory T cells; 
assessed via Gene Ontology Biological Pathways, ranked by p-value. (J) GSEA for the indicated 
Hallmark genes comparing a ranked list of differentially expressed genes between Crohn’s 
Disease patients and healthy control individuals (GSE57945) (top row) and comparing between 
LILRB3+ CD4+ memory T cells and LILRB3-CD4+ memory T cells (GSE140244) (bottom row). 
Statistical analysis was performed using student’s t test. ***p <0.001. 
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Table 2.1 RNAseq analyses and identification of gene expression of naïve unstimulated WT and 
Pirb-/- CD4+ T cells. 

Large dataset Excel file available here: 

https://www.dropbox.com/s/3pmoqpzt41sk45w/Supplementary_Table_1.xlsx?dl=0 

 

A) Total expressed genes (n = 12 343) in naïve unstimulated WT and Pirb-/- CD4+ T cells. (B) 
Common expressed genes (n = 11463; RPKM ≥ 5, Fold Change ≥ 1 and ≤ 1.5) and (C) 
differentially expressed genes (n = 880; (RPKM ≥ 5, padj ≤ 0.05 and abs_FC ≥ 1.5) between 
naïve unstimulated WT and Pirb-/- CD4+ T cells. Raw reads from WT (n = 2) and Pirb-/- CD4+ T 
cells (n = 3) were aligned to the reference mm9 mouse genome (GRCm38) using Hisat-build 
pipeline. Relative gene expression was quantified using featureCounts function from the 
subread-2.0.0 package. Gene list was filtered for pseudogenes, RIKEN cDNA sequences, and 
immunoglobulin variable genes and downstream analysis of expressed genes was performed 
IDEP 9.1.   
 
 

  

https://www.dropbox.com/s/3pmoqpzt41sk45w/Supplementary_Table_1.xlsx?dl=0
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Table 2.2 Pathway Enrichment Analysis in iCD Patients Relative to Non-IBD Patients. 

 

Pathway enrichment analyses of iCD gene signature. 

Direction adj.Pval Pathways 

Down Regulated 2.00E-04 Drug metabolism 

Down Regulated 2.00E-04 Chemical carcinogenesis 

Down Regulated 2.00E-04 Metabolism of xenobiotics by cytochrome P450 

Down Regulated 2.00E-04 Retinol metabolism 

Down Regulated 2.00E-04 Fat digestion and absorption 

Down Regulated 2.00E-04 Steroid hormone biosynthesis 

Down Regulated 2.00E-04 Pentose and glucuronate interconversions 

Down Regulated 2.00E-04 Mineral absorption 

Down Regulated 2.00E-04 Drug metabolism 

Up Regulated 2.00E-04 IL-17 signaling pathway 

Up Regulated 2.00E-04 Rheumatoid arthritis 

Up Regulated 2.00E-04 Cytokine-cytokine receptor interaction 

Up Regulated 2.00E-04 Leishmaniasis 

Up Regulated 2.00E-04 Pertussis 

Up Regulated 2.00E-04 TNF signaling pathway 

Up Regulated 2.00E-04 Staphylococcus aureus infection 

Up Regulated 2.00E-04 Osteoclast differentiation 
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Pathway enrichment analyses of iCD gene signature. 

Direction adj.Pval Pathways 

Up Regulated 2.00E-04 Toll-like receptor signaling pathway 

Up Regulated 2.00E-04 NOD-like receptor signaling pathway 

Up Regulated 2.00E-04 Tuberculosis 

Up Regulated 2.00E-04 Malaria 

Up Regulated 2.00E-04 Legionellosis 

Up Regulated 2.00E-04 Influenza A 

Up Regulated 2.00E-04 Autoimmune thyroid disease 

Up Regulated 2.00E-04 Phagosome 

Up Regulated 2.00E-04 Salmonella infection 

Up Regulated 2.00E-04 AGE-RAGE signaling pathway in diabetic complications 

Up Regulated 2.00E-04 Chemokine signaling pathway 

Up Regulated 2.00E-04 Amoebiasis 

Up Regulated 2.00E-04 Measles 

 

KEGG pathway analysis was used to identify important pathways altered by differentially 
regulated genes. 
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Table 2.3 Colonic-Only Involvement CD Patients (cCD) and Ileal Involvement CD Patients 
(iCD) Stratified by Endoscopic Severity and LILRB3 Expression. 

 

LILRB3 expression signature in pediatric CD cohort based upon endoscopic severity 
Disease Category LILRB3_Q1 LILRB3_Q2 LILRB3_Q2 LILRB3_Q4 P-value 

Macroscopic Inflammation and 
Deep Ulcer (iCD) 

1 (1.3%) 12 (16%) 22 (29.3%) 40 (53.3%)  
 
 
 
 
 

2.09 x 10-22 

Mcroscopic Inflammation and No 
Deep Ulcer (iCD) 

16 (18.8%) 24 (28.2%) 31 (36.5%) 14 (16.4%) 

No Inflammation and No Deep 
Ulcer (cCD) 

10 (41.7%) 9 (37.5%) 2 (8.3%) 3 (12.5%) 

Undetermined and No Deep Ulcer 
(cCD) 

0 (0%) 0 1 (33.3%) 2 (66.7%) 

Microscopic Inflammation and 
Deep Ulcer (iCD) 

0 1 (100%) 0 0 

Non-IBD 34 (81%) 7 (16.7%) 0 1 (2.4%) 
LILRB3 expression (quartiles defined Q1, 0.59 – 1.44; Q2, 1.48 – 2.72; Q3, 2.73 – 5.47 and Q4, 5.56 – 73.39; 
RPKM values) 
value (%) represents the number of patients (% of total of disease category) 

 

 

LILRB3 quartiles were established based on RPKM values; quartiles Q1 (0-25%), 0.59 – 1.44; 
Q2 (26-50%), 1.48 – 2.72; Q3 (51-75%), 2.73 – 5.47 and Q4 (76-100%), 5.56 – 73.39). 
Statistical analysis was performed using SPSS 17.0. The Frequencies procedure was used for the 
LILRB3 quartile analysis. χ2 test was used to assess the association of CD categories with 4 
LILRB3 quartiles. 
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Table 2.4 Pathway Enrichment Analysis in Q4 LILRB3hi iCD Patients with Macroscopic 
Inflammation with Deep Ulcer Relative to LILRB3low Non-IBD Patients. 

Pathway enrichment analyses of DEGs in Q4 LILRB3hi iCD-DU patients. 
Direction adj.Pval Pathways 
Down regulated 5.00E-21 Metabolic pathways 
Down regulated 4.73E-16 Drug metabolism 
Down regulated 1.02E-15 Chemical carcinogenesis 
Down regulated 1.45E-14 Metabolism of xenobiotics by cytochrome P450 
Down regulated 1.92E-14 Retinol metabolism 
Down regulated 4.32E-11 Fat digestion and absorption 
Down regulated 1.37E-09 Steroid hormone biosynthesis 
Down regulated 1.37E-09 Mineral absorption 
Down regulated 2.64E-09 PPAR signaling pathway 
Down regulated 5.98E-09 Protein digestion and absorption 
Down regulated 1.27E-07 Vitamin digestion and absorption 
Down regulated 1.08E-06 Bile secretion 
Down regulated 1.43E-06 Arachidonic acid metabolism 
Down regulated 3.14E-06 Pentose and glucuronate interconversions 
Down regulated 1.67E-05 Drug metabolism 
Up regulated 2.88E-24 Cytokine-cytokine receptor interaction 
Up regulated 1.51E-19 IL-17 signaling pathway 
Up regulated 8.99E-18 Rheumatoid arthritis 
Up regulated 8.28E-17 Staphylococcus aureus infection 
Up regulated 6.72E-15 Complement and coagulation cascades 
Up regulated 6.72E-15 Amoebiasis 
Up regulated 1.39E-14 TNF signaling pathway 
Up regulated 3.45E-14 Osteoclast differentiation 
Up regulated 3.45E-14 Pertussis 
Up regulated 1.32E-13 Leishmaniasis 
Up regulated 1.37E-13 Malaria 
Up regulated 3.54E-13 Tuberculosis 

Up regulated 8.96E-13 AGE-RAGE signaling pathway in diabetic 
complications 

Up regulated 1.05E-11 Chemokine signaling pathway 
Up regulated 1.05E-11 JAK-STAT signaling pathway 
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Pathway enrichment analyses of DEGs in Q4 LILRB3hi iCD-DU patients. 
Direction adj.Pval Pathways 

KEGG pathway analysis was used to identify important pathways altered by DEG 
signature between Q4 LILRB3hi iCD-DU patients and LILRB3low non-IBD patients. 

 
LILRB3 quartiles were established based on RPKM values; quartiles Q1 (0-25%), 0.59 – 1.44; 
Q2 (26-50%), 1.48 – 2.72; Q3 (51-75%), 2.73 – 5.47 and Q4 (76-100%), 5.56 – 73.39). KEGG 
pathway analysis was used to identify important pathways altered by differentially regulated 
genes. 
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Table 2.5 Correlation Analyses Between LILRB3 and LILRB5 mRNA Expression and 
Proinflammatory and Mucosal Injury Markers in iCD Patients Stratified by Endoscopic Severity 
and LILRB3 Expression. 

 

 

 

LILRB3 quartiles were established based on RPKM values; quartiles Q1 (0-25%), 0.59 – 1.44; 
Q2 (26-50%), 1.48 – 2.72; Q3 (51-75%), 2.73 – 5.47 and Q4 (76-100%), 5.56 – 73.39). 
Statistical analysis was performed using SPSS 17.0. The Frequencies procedure was used for the 
LILRB3 quartile analysis. χ2 test was used to assess the association of CD categories with 4 
LILRB3 quartiles. The association of LILRB3 with Th17 pathways associated genes IL1B, 
IL17A, IL21, TNF, IL6 and S100A9 was evaluated by Pearson’s correlation as quantitative 
variables.
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CHAPTER 3 - STARD7 is Required for Maintenance of Intestinal Epithelial 
Mitochondria Architecture, Barrier Function and Protection from Colitis 

 

Abstract 

 
Background & Aims: Susceptibility to the inflammatory bowel diseases (IBD), Crohn’s Disease 

(CD) and Ulcerative Colitis (UC) have been linked with loss of intestinal epithelial barrier integrity 

and mitochondria dysfunction. Steroidogenic acute regulatory (StAR) protein-related lipid transfer 

(START) domain-containing protein 7, STARD7 is a lipid transfer protein that transports 

phosphatidylcholine to the mitochondria and facilitates mitochondria membrane stabilization and 

function. The aim of this study is to define the involvement of STARD7 in the regulation of the 

intestinal epithelial mitochondrial function and susceptibility to colitis.  

 

Methods: We employed the DSS-induced and Il10-/- spontaneous models of colitis with STARD7 

heterozygous mice (Stard7Tg). Intestinal epithelial barrier, electron and fluorescence microscopy, 

mitochondria function and western blot analyses were performed on wild type and Stard7 

knockdown epithelial cells. In silico analyses were performed on RNA-seq datasets of ileal biopsy 

samples from pediatric UC, CD and non-IBD patients. 

 

Results: In silico analyses identified significantly reduced expression of Stard7 in UC patients 

which was associated with downregulation of metabolic function and a more severe disease 

phenotype. STARD7 was expressed in intestinal epithelial cells and STARD7 knockdown resulted 
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in deformed mitochondria and diminished aerobic respiration. Loss of mitochondria function was 

associated with diminished expression of tight junction proteins and loss of intestinal epithelial 

barrier integrity that could be recovered by AMPK activation. Stard7Tg mice were more susceptible 

to the development of DSS-induced and Il10-/- spontaneous models of colitis. 

 

Conclusions: STARD7 is central to intestinal epithelial mitochondrial function and barrier 

integrity and loss of STARD7 function increases susceptibility to IBD.  

 

Keywords: steroidogenic acute regulatory proteins, mitochondria, epithelial barrier, and 

inflammatory bowel disease 
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Introduction 

 
Inflammatory bowel diseases (IBD), Crohn’s Disease (CD) and Ulcerative Colitis (UC) are 

chronic inflammatory diseases associated with debilitating symptoms, poor quality of life and 

high risk of surgical intervention at 5 years11,227.Clinical and experimental evidence suggests that 

the manifestations of IBD result from loss of intestinal epithelial barrier integrity and activation 

of an unrestrained intestinal inflammatory response to intestinal microbes in a genetically 

susceptible host228 229. Genome-wide association studies (GWAS) have identified over 200 single 

nucleotide polymorphisms (SNPs) associated with IBD, and > 15 of these SNPs are linked to 

loci associated with epithelial junctional proteins and maintenance of epithelial barrier 

function230,231, indicating an important role of intestinal barrier regulation in the pathogenesis of 

IBD.  

 

Maintenance of intestinal epithelial barrier integrity is an energy-demanding process involving 

intestinal epithelial cell proliferation, differentiation and formation and maintenance of complex 

interactions between epithelial adherence junctional proteins, tight junction proteins and 

cytoskeletal elements232 233. Disruption of ATP-generating processes in intestinal epithelial cells 

alters intestinal epithelial homeostasis including stemness, survival and microbial sensing and 

barrier integrity. Colonic biopsy samples from IBD patients are characterized by diminished 

ATP levels and cellular stress234,235. Diminished levels of ATP within the inflamed regions of the 

colonic mucosa from UC and CD patients were associated with downregulation of critical tight 

junction proteins and reduced intestinal epithelial barrier function236. Furthermore, enterocytes 

from UC  patients possess impaired mitochondria with disrupted cristae which was associated 
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with loss of epithelial barrier integrity237. Collectively, these studies link mitochondrial dynamics 

with intestinal epithelial barrier function and IBD. 

 

The mitochondria consist of an outer and inner membrane phospholipid bilayer which is 

comprised of lipids including phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

cardiolipin (CL), phosphatidylinositol (PI), phosphatidylserine (PS) and phosphatidylglycerol 

(PG). These phospholipids are essential for mitochondrial membrane structure, function, and 

energy production238. While mitochondria possess enzymes to generate CL, PG, and PE; they are 

incapable of directly synthesizing PC. PC is synthesized in the endoplasmic reticulum (ER) from 

the substrates, choline and diacylglycerol via the de novo CDP-choline Kennedy pathway239. PC 

is transported from the ER to the mitochondria via lipid binding proteins such as the 

steroidogenic acute regulatory (StAR) protein-related lipid transfer (START) domain-containing 

protein 7, STARD7240. STARD7, a member of the steroidogenic acute regulatory (StAR) protein 

family, possesses a START domain that specifically binds to PC241,242 and transports the 

phospholipid from the ER to the outer and inner mitochondrial membrane243,148. While previous 

studies have established that STARD7 expression can modulate mitochondrial homeostasis; the 

role of this protein in intestinal epithelial mitochondrial function, barrier integrity and 

exacerbation of the IBD phenotype remain unknown.   

 

Herein, we show that STARD7 is differentially expressed in both UC and CD patients compared 

with healthy controls. Notably, STARD7low UC patients were characterized with a more severe 

disease phenotype and Stard7 expression was strongly associated with a metabolic dysfunction 

transcriptome. STARD7 knockdown in colonic epithelial cells disrupted intestinal epithelial 
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mitochondria architecture and respiration and this was associated with diminished intestinal 

epithelial barrier integrity. Notably, reconstitution of mitochondria function by AMPK activation 

in human intestinal cells led to improved intestinal epithelial barrier integrity. Utilizing STARD7 

deficient (Stard7Tg) mice and employing the DSS-induced and Il10-/- spontaneous model of 

colitis, we found that STARD7 deficiency exacerbated the development of acute and chronic 

colitis. Collectively we identify STARD7 as a critical component in ATP-generating processes 

and maintenance of intestinal epithelial barrier integrity and susceptibility to IBD.  
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Results 

 

UC patients are characterized by downregulated Stard7 expression 

We examined an RNA-seq dataset of rectal biopsy samples from a cohort of 322 pediatric 

individuals consisting of treatment naive CD, UC and non-IBD subjects (GSE57945)191. We 

identified 133 differentially expressed genes (DEGs) between UC and non-IBD patients and 

6748 DEGs between CD and non-IBD individuals (p adjusted value < 0.05, Table 1a, b). Of the 

133 DEGs in UC, 74 of these genes were also differentially expressed in CD (Table 1c). Gene 

Ontology (GO) pathway analyses of the common IBD transcriptome revealed significant 

enrichment for genes involved in mitochondrial homeostasis including TRMT5, BAK1 and 

STARD7 (Fig. 1a). Notably, Stard7 mRNA expression was significantly more diminished in UC 

patients relative to CD patients compared with non-IBD (Fig. 1b).  To validate differential 

expression of STARD7 in UC, we evaluated a dataset of rectal biopsy samples from a cohort of 

226 pediatric individuals which included treatment naïve UC and non-IBD patients 

(GSE109142)244. STARD7 mRNA expression was significantly downregulated in UC patients 

compared to non-IBD healthy individuals (Fig. 1c). Stratification of UC patients into quartiles 

based on STARD7 mRNA RPKM values [Q1 (0-25%), 16.78 – 39.31; Q2 (26-50%), 39.37 – 

43.81; Q3 (51-75%), 43.90 – 48.55 and Q4 (76-100%), 48.68 – 64.84] revealed that UC patients 

with the lowest STARD7 mRNA expression [STARD7low (STARD7 Q1)] had a more severe 

disease phenotype (Pediatric ulcerative colitis activity index (PUCAI) and Mayo score) relative 

to STARD7high UC patients with the highest STARD7 mRNA expression [STARD7high 

(STARD7 Q4)] (Fig. 1d-f, Table 2). Additionally, > 80% of STARD7low UC patients were 

shown to have more severe intestinal inflammation as indicated by exaggerated levels of fecal 
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calprotectin 4 weeks after their initial diagnosis relative to 53.6% of STARD7high UC patients 

(Fig. 1g). Notably, downregulation of STARD7 mRNA expression within UC patients was 

associated with an increase in mRNA expression of GATA3, IFNG, IL13, IL1B, IL23A, and IL6 

expression; indicating that STARD7 was inversely related to mucosal inflammation (Table 3). 

Collectively, these studies suggest that IBD is associated with decreased STARD7 mRNA 

expression and levels of STARD7 expression are associated with disease severity. 

 

To begin to define the role STARD7 in the IBD phenotype, we performed pathway enrichment 

analyses on the DEGs (up and down; 3238 total number genes; p adjusted value < 0.05) between 

STARD7low UC patients (n = 56) from non-IBD patients (n = 16) (Fig. 1h). We identified that 

the downregulated DEGs in the STARD7low UC transcriptome were enriched for genes 

associated with mitochondrial transmembrane transport, regulation of lipid metabolic process, 

glucose homeostasis, and transmembrane transport (Fig. 1j, k). In contrast, analysis of 

upregulated DEGs identified significant enrichment of genes involved in cytokine-mediated 

signaling, acute inflammatory responses, and regulation of immune effector responses (Fig. 1j, 

k). Collectively, our in-silico studies revealed that STARD7 expression is highly diminished in 

UC patients and suggests a critical role for this lipid binding protein in regulating metabolic 

processes which can alter inflammatory disease outcomes.  

 

Loss of STARD7 perturbs mitochondrial function 

To determine the cellular expression of STARD7 we examined the human protein atlas database 

which revealed that STARD7 expression was predominant in cardiomyocytes, hepatocytes, 

myeloid cells and intestinal epithelial cells245.  Indeed, immunofluorescence staining for STARD7 



 87 

in colonic tissue from WT (C57BL6) mice and Stard7Tg (Stard7+/-, C57BL6) mice revealed that 

STARD7 was ubiquitously expressed in intestinal epithelial cells and co staining for mitochondrial 

tracker (MitoTracker) localized STARD7 to the mitochondria of colonic epithelial cells (Fig. 2a). 

To determine what epithelial populations express STARD7 we utilized a scRNA-seq dataset 

consisting of different colonic epithelial subsets isolated from UC patients (SCP259)246. We show 

STARD7 expression was enriched in transit amplifying cells and enterocytes (Supplementary Fig. 

1a, b). Remarkably, these Stard7 high intestinal epithelial cell populations were also enriched for 

the mitochondrial genes, Tomm20 and Cox14 (Supplementary Fig. 1a, b). To define the impact of 

STARD7 deficiency on intestinal epithelial mitochondria function we utilized lentiviral 

technology to knockdown STARD7 in the colonic epithelial adenocarcinoma cell line Caco-2 BBe 

cells. Western blot and immunofluorescence confirmed that STARD7 shRNA transduction led to 

knockdown of STARD7 protein and STARD7 localization to mitochondria in human intestinal 

epithelial cells (Fig. 2b, c).  Electron microscopy analyses of Caco-2 BBe cells transduced with 

control shRNA revealed mitochondria with large matrix volume within double membranes and 

cristae membrane projections into the matrix compartment (Fig. 2d). In contrast, Caco-2 BBe cells 

transduced with STARD7 shRNA lentiviral particles revealed altered mitochondria architecture 

including loss of the distinct double membrane structure, collapse of mitochondria matrix volume 

and clustered cristae membrane projections (Fig. 2d). Analyses of mitochondrial proteins in Caco-

2 BBe cells revealed that loss of STARD7 was associated with significant reduction in 

mitochondrial respiratory proteins, such as Complex I, Complex II, and Complex IV, but did not 

impact the expression of the mitochondrial outer membrane protein, TOMM20 (Fig. 2e). To gain 

a better understanding of the relationship between STARD7 and mitochondrial network dynamics, 

we stained for STARD7 and the mitochondrial inner membrane protein Complex I (Fig. 2f) and 
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the mitochondrial outer membrane protein TOMM20 (Fig. 2g). Caco-2 BBe cells transduced with 

empty vector, pLKO.1 shRNA, displayed a robust mitochondrial network consisting of inter-

connected fused mitochondria with large domains that were in close proximity to STARD7 (Fig. 

2f, g). In contrast, STARD7 shRNA transduced Caco-2 BBe cells displayed disrupted 

mitochondrial network with fragmented mitochondria (Fig. 2f, g). Quantification of mitochondrial 

network and STARD7 expression revealed significantly reduced expression of STARD7 and 

Complex I in STARD7 shRNA transduced Caco-2 BBe cells compared with empty vector 

transduced cells (Fig. 2h, i). Notably, we observed no change in expression of the outer 

mitochondrial membrane TOMM20, suggesting that reduced STARD7 expression did not impact 

the number of mitochondria per cell (Fig. 2j). Immunofluorescence analyses revealed that 

STARD7 predominantly localized with TOMM20, suggesting that STARD7 was primarily 

localized to the outer mitochondrial membrane (Fig. 2k). To a lesser extent STARD7 also 

colocalized with the inner mitochondrial membrane Complex I, suggesting that STARD7 can also 

traffic to the inner mitochondrial membrane (Fig. 2k). To determine whether loss of STARD7 and 

altered mitochondrial structure compromised mitochondrial function we examined glycolytic and 

oxidative phosphorylation metabolic pathways in the Caco-2 BBe transduced with pLKO.1 

shRNA and Caco-2 BBe cells transduced with STARD7 shRNA. We show that STARD7 

knockdown was associated with severely impaired mitochondrial respiration (Fig. 2l) including 

basal (Fig. 2m) and maximal respiration (Fig. 2n), spare respiratory capacity (Fig. 2o) and ATP 

production (Fig. 2p). This was specific to oxidative phosphorylation pathway as we did not observe 

significant impact on glycolytic function in STARD7 deficient cells (Supplementary Fig. 2a, b). 

In line with this, evaluation of oxidative phosphorylation with isolated mitochondria revealed that 

loss of STARD7 compromised mitochondrial function and significantly impacted ATP production 
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(Supplementary Fig. 3a-d).  Collectively, our data demonstrates that STARD7 knockdown in 

intestinal epithelial cells alters mitochondria structure and cellular respiration. 

 

Intestinal epithelial barrier integrity is dependent on STARD7 expression 

Mitochondrial function plays an important role in intestinal epithelial function including barrier 

integrity247-249. To determine if STARD7-mediated mitochondrial dysfunction impacted intestinal 

epithelial barrier integrity we examined intestinal permeability in WT and Stard7Tg mice. Analyses 

of tight junction protein expression in purified colonic intestinal epithelial cells revealed that 

haplotypic STARD7 expression was associated with significantly altered IEC tight junction 

proteins. Notably, IECs from Stard7Tg mice had decreased Claudin-1, Claudin-3, and Claudin-4 

and increased Claudin-2 expression compared to WT IECs (Fig. 3a, b).  

 

Analyses of the colonic mucosa of ShhcreStard7WT (WT) and ShhcreStard7fl/fl mice revealed that 

STARD7 deletion in epithelial cells resulted in a significant decrease in transepithelial resistance 

(TER) and increased macromolecular (FITC-dextran) apical to basolateral flux relative to WT 

(Shhcre) epithelial cells (Fig. 3c, d). The diminished colonic epithelial barrier function was 

associated with dysregulated expression of the adherence junctional and tight junction proteins E-

cadherin and Claudin-4 (Fig. 3e). Consistent with these analyses backcrossing Stard7fl/fl mice onto 

the Villincre mouse background revealed that deletion of STARD7 in the intestinal epithelial 

compartment led to decreased TER and increased FITC-dextran flux across the mucosa of 

VilincreStard7fl/fl mice compared with WT mice (Fig. 3f, g). Consistent with our ex vivo findings, 

STARD7 knockdown in Caco-2BBe cells exhibited a significant reduction in TER and FITC-

dextran flux (Fig. 3h, i). Notably, diminished barrier was associated with downregulated 
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expression of adherence junctional protein E-cadherin and tight junction proteins Claudin-3 and 

Claudin-4 (Fig. 3j). Collectively our data reveal that loss of STARD7 increases the permeability 

of the intestinal barrier due to loss of epithelial junctional protein expression.  

 

AMPK agonists can recover STARD7 deficiency in epithelial barrier function 

Dysregulation of mitochondria respiration leads to activation of protection mechanisms such as 

adenosine monophosphate-activated protein kinase (AMPK) signaling which upregulates 

mitochondrial biogenesis and respiration250,251. Activation of AMPK pathway has been shown to 

improve epithelial barrier integrity 252,253. To test the relationship between mitochondrial stress and 

barrier dysfunction; STARD7 knockdown Caco-2BBe cell monolayers were stimulated with the 

AMPK activator, metformin and were assessed for mitochondrial structure and barrier function. 

Remarkably, we demonstrate that metformin exposure could recover mitochondria architecture 

including large mitochondria matrix volume and long cristae membrane projection networks in the 

STARD7 shRNA transduced Caco-2 BBe cells (Fig. 4a). Metformin also increased intestinal 

epithelial barrier integrity in STARD7 knockdown Caco-2 BBe cells; notably barrier integrity in 

metformin-treated STARD7 deficient Caco-2 BBe cells was comparable to WT epithelial cells 

(Fig. 4b, c). Increased barrier integrity was associated with increased expression of tight junction 

proteins including ZO-1 and Claudin-3 (Fig. 4d). Cumulatively, our results demonstrate that 

activation of AMPK-pathway can overcome STARD7-mediated of intestinal epithelial barrier 

function. 
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STARD7 deficiency enhances susceptibility to colitis 

To test the requirement of STARD7 in the colitic phenotype we treated WT (C57BL6) and 

Stard7+/- (Stard7Tg, C57BL6) mice with water containing 2.5% dextran sulfate sodium (DSS) and 

monitored for disease development over the course of 6 days. Stard7−/− mice die embryonically at 

day 11 while Stard7+/- mice survive and are fertile150. DSS exposure of WT mice induced colitic 

symptoms by day 4 including dehydration, bloody stool and rectal prolapse which got 

progressively worse throughout the duration of the experiment (Fig. 5a). These symptoms were 

associated with a loss in body weight from day 5 of DSS exposure (Fig. 5b). Histological analysis 

of the colonic tissue from WT mice showed substantial epithelial injury including epithelial 

apoptosis, villus atrophy, and inflammatory infiltrates (Fig. 5c, d). DSS treatment of Stard7Tg mice 

led to significantly exaggerated colitic phenotype including increased loss of body weight, colon 

shortening and histopathological changes to the colon including severe transmural infiltration and 

exaggerated epithelial destruction (Fig. 5a-e).  

 

To further interrogate the role of STARD7 in the colitic phenotype we backcrossed the Stard7Tg 

mice (C57BL6) onto the Il10-/- background (C57BL6) and monitored for the development of the 

spontaneous colitis phenotype254. Il10-/- mice demonstrated colitic symptoms and diminished 

weight gain ~ 7 weeks of age (Fig. 5f, g). Histological analysis of the colon from Il10-/- mice 

showed evidence of epithelial erosion and inflammation (Fig. 5h, i). Stard7TgIl10-/- mice exhibited 

more severe symptoms of colitis and demonstrated exaggerated weight loss before they reached 

5-6 weeks of age, indicating that the STARD7 deficiency was associated with early-onset colitic 

development (Fig. 5f, g). Congruently, histological analyses revealed that the colon of 

Stard7TgIl10-/- mice were characterized by increased transmural inflammation and crypt 
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destruction relative to Il10-/- mice (Fig. 5h, i).  Consistent with increased inflammation, we 

observed increased cell number of CD3+CD4+ T cells and CD11b+F4/80+ myeloid populations in 

the mesenteric lymph nodes (mLN) of Stard7TgIl10-/- mice compared with Il10-/- mice (Fig. 5j, k). 

Together, these data show that mice deficient in STARD7 have increased susceptibility to 

development of acute and chronic colitis. 
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Discussion 

 

Our study demonstrates that STARD7 is a critical regulator of intestinal epithelial cell 

mitochondria fitness and deficiency of this lipid transfer protein compromises the integrity of the 

intestinal barrier and leads to enhanced susceptibility for colitis. Importantly, we revealed that 

STARD7 expression is downregulated in the colon of UC patients and inversely associated with 

severity of inflammation. Mechanistically, we found that STARD7 directly regulates 

mitochondrial dynamics and that loss of STARD7 results in mitochondrial stress, and loss of 

intestinal epithelial barrier integrity. Notably, STARD7 deficiency could be overcome by 

treatment of epithelial cells through pharmacological activation of AMPK which could recover 

mitochondrial defects and barrier function. Finally, loss of STARD7 in vivo enhanced 

susceptibility to acute and chronic colitis. 

 

STARD7 is an essential lipid transport protein that plays an important role in maintaining the 

distribution of PC between different biological membranes. PC is the most abundant 

phospholipid in the outer and inner mitochondrial membranes and depletion of PC dysregulates 

inner mitochondrial membrane protein function and negatively impacts mitochondrial 

respiration255.  Our studies revealed that STARD7 predominately localizes to the outer 

mitochondrial membrane, but we also observed STARD7 in association with the inner 

mitochondrial membrane. Intriguingly, knockdown of STARD7 did not impact the expression of 

the outer mitochondrial membrane protein TOMM20 but did result in significant loss of 

Complex I expression in the inner mitochondrial membrane. Respiratory Complex I is a multi-

subunit protein complex that serves as the major entry point of electrons to the respiratory chain 
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and is suggested as the rate-limiting step in overall respiration256. Complex I acts as a redox-

driven proton pump transferring four protons from the mitochondrial matrix across the inner 

mitochondrial membrane to the periplasmic space257. The concentration of protons in the 

periplasmic space generates the proton-motive force across the inner mitochondrial membrane at 

Complex I, III, and IV to produce ATP from ADP and inorganic phosphate. 

 

To increase the surface area of the inner mitochondrial membrane and the total amount of 

respiratory complexes that a single mitochondrion can hold mitochondria consist of cristae. The 

structural integrity of the cristae are critical for maximal mitochondrial energy production and  

disruption of the cristae structure has been linked to dysfunctional oxidative phosphorylation and 

compromised cell metabolism258. We show that STARD7 is critical for correct cristae structure 

formation and maintenance. Diminished STARD7 in intestinal epithelial cells disrupts cristae 

formation and this was associated with significant loss of inner mitochondrial membrane folds 

and disruption of Complex I networks which compromised energy production. We suggest that 

STARD7 may not directly regulate mitochondrial energy production, but rather plays a role in 

the formation and integrity of the mitochondrial inner membrane through trafficking PC which is 

required for the necessary architecture for oxidative phosphorylation.  

 

STARD7 binds PC at the ER and transports the lipid across the cytosol to the mitochondrial 

outer membrane. Importantly, STARD7 possesses an N terminal mitochondrial targeting signal 

(MTS) (STARD7-I) that is required for non-vesicular transport of PC to the outer membrane of 

the mitochondria149.  STARD7-I is recruited across the mitochondrial outer membrane through 

translocase of the outer membrane (TOM) complexes and is further transported into the inner 
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mitochondrial membrane through translocase of the inner membrane (TIM) complexes where the 

MTS is cleaved by mitochondrial processing peptidase and anchors STARD7 to the inner 

membrane148. Inner membrane embedded STARD7 is further processed by presenilin-associated 

rhomboid-like (PARL) protease to generate the mature form of STARD7 (STARD7-II) which is 

released into the mitochondrial intermembrane space148. The mature form of STARD7 possesses 

a negatively charged N-terminus which promotes the relocation of the protein back to the 

cytosol148.  The role of STARD7-II has not yet been identified. Our own microscopy studies 

confirmed that STARD7 localization was not restricted to the mitochondria with significant 

STARD7 expression observed in the cytosol. Given that STARD7-II still possesses an intact 

START domain, we predict that the mature form could still uptake PC from the ER and perhaps 

facilitate PC transfer to non-mitochondrial organelle membranes. Lipid metabolism is regulated 

by nuclear receptors such as peroxisome proliferator–activated receptors (PPAR) and liver X 

receptors (LXR) which can form heterodimers with retinoid x receptors (RXR) and bind to DNA 

response elements259. These nuclear heterodimers interact with fatty acid ligands and have been 

shown to transcriptionally regulate gene expression of proteins involved in lipid and cholesterol 

transport and we speculate that STARD7 expression may be similarly regulated based on PC 

levels in different cellular compartments260. There is also little understanding regarding lipid 

transport between the outer and inner mitochondrial membranes. However, studies have 

established that lipid trafficking occurs through the ER via membrane contact sites and not 

though vesicles261. Critically ER-mitochondria membrane contact sites still feature a distance of 

10-30 nm between the two compartments; highlighting the necessity of transfer proteins to move 

lipid molecules across the final stage of their transport262. 
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We found that STARD7 is essential for the maintenance of mitochondrial homeostasis and 

furthermore STARD7 deficiency was highly detrimental to the integrity of the intestinal 

epithelial barrier. Importantly we found the compromised barrier was due to a disrupted tight 

junction protein expression pattern which is consistent with what is observed in IBD patients263. 

IECs from the colons of Stard7Tg mice featured downregulated expression of seal forming 

Claudin-3; consistent with CD and UC patients who are marked with diminished expression of 

Claudin-3264. STARD7 haploinsufficiency also resulted in significant increase in the expression 

of the pore forming Claudin-2 which has been observed in CD and UC patients as well265. The 

regulation of these different classes of claudin tight junction proteins can heavily modulate the 

barrier capacity of IECs and STARD7 mediated changes in the claudin expression profile can 

severely alter intestinal mucosal homeostasis. Clinical studies have also established a role for 

mitochondrial dysfunction in IBD266,267. Specifically changes in the mitochondrial electron 

transport chain complex activity, Complex II and Complex IV, were observed in UC267. 

Intestinal epithelial cells are particularly susceptible to mitochondrial defects; these cells require 

high levels of energy for homeostasis. The intestinal epithelial monolayer is renewed every 3 

days due to environmental damage which compromises cell integrity and impacts 

permeability233. UC specifically is a disease characterized by energy defects in epithelial cells 

that results in compromised cell turnover and barrier defects within the colon235. A recent study 

directly implicated mitochondrial dysfunction in UC; ATP production is directly regulated by 13 

genes which are encoded by the mitochondrial genome and all of them have been shown to be 

downregulated in UC patients. The most significant change was observed in MT-ND3 which is a 

critical subunit of the respiratory chain Complex I. Notably, only colonic epithelial cells from 
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UC patients but not CD patients were marked by suppressed mitochondrial DNA encoded gene 

expression244. 

 

Murine-based studies have identified that compromised mitochondrial health can alter 

development of experimental colitis; PPARγ co-activator 1α (PGC1α) is a regulator of 

mitochondrial biogenesis and loss of this gene exacerbated the development of DSS-induced 

colitis268. Under inflammatory conditions, mitochondria can undergo dynamic changes in their 

shape and number, and these changed are regulated by genes such as Drp1 and Fis1 which 

control mitochondria fission269. Modulation of  these essential mitochondrial dynamics has been 

linked to colitis, moreover selective inhibition of Drp1-Fis1 mediated mitochondrial fission 

provided protection from severe experimental colitis270. Healthy mitochondria are required for 

energy production and efficient renewal and turnover of intestinal epithelial cells 271. Our work 

revealed compromised mitochondrial integrity in STARD7 deficient colonic epithelial cells with 

loss of Complex I within the inner mitochondrial membrane that heavily disrupted ATP 

production. Thus, loss of STARD7 results in detrimental changes to essential mitochondrial 

structure and reduces the total amount of ATP that is available to intestinal epithelial cells for 

maintenance of barrier function.  

 

Our work highlights the importance of STARD7 trafficking of PC within the intestinal 

epithelium. Notably, PC is consistently found to be decreased in large intestine mucosa isolated 

from UC patients relative to CD patients272.  Previous studies have demonstrated that UC 

patients treated with PC oral supplementation were marked with lower disease activity and 

endoscopy conformed improved histology in the rectal mucosa273,274. STARD7 maintenance of 
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PC composition in the mitochondrial membranes impacts the intestinal barrier; genetic deletion 

or knockdown of STARD7 enhanced barrier permeability. Previous studies reported that 

inhibition of mitochondrial respiratory chain and reduction in ATP production downregulates 

expression of tight junction proteins in intestinal epithelial cells247.  In epithelial cells, the ATP-

dependent Na+K+ ATPase regulates the formation of tight junctions through RhoA GTPase275. 

Inhibition of Na+K+ ATPase impairs the formation of tight junctions and intestinal epithelial cell 

polarization which was associated with reduction of RhoA GTPase activity276. The Rho GTPase 

family members are critical to the maintenance and remodeling of epithelial tight junction 

proteins via regulation of cytoskeletal filaments. Therefore, we speculate that loss of STARD7 

mediated changes in energy production can alter the activity of these enzymes which is necessary 

to sustain expression of critical tight junction proteins277,278. 

 

STARD7 haploinsufficiency in mice leads to increased IBD susceptibility as a consequence of 

altered tight junction protein expression which results in loss of barrier integrity. Consistently, 

STARD7low UC patients were characterized by mitochondrial dysfunction which predisposed 

these individuals to compromised intestinal barrier function that promoted detrimental mucosal 

inflammation. Remarkably, we show that AMPK activation could compensate for loss of 

STARD7 by recovering mitochondrial architecture which reduced barrier permeability and 

promoted expression of junctional proteins. AMPK regulates mitochondrial fission through 

phosphorylation of mitochondrial fission factor (MFF) which directly binds to DRP1 in the 

mitochondrial outer membrane279. Importantly, mitochondrial fission is essential for mitophagy 

and required for removal of damaged mitochondria280. Furthermore, AMPK induces binding of 

PPARγ to PGC1α to ultimately initiate mitochondrial biogenesis under stress conditions250,251. It 
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is intriguing to speculate the impact of modulating the AMPK-STARD7 axis to enhance the 

integrity of the epithelial barrier and alter detrimental outcomes in IBD. AMPK signaling has 

been shown to have beneficial impact on the formation of tight junction proteins and enhancing 

barrier function281-283. In vivo studies found that AMPK deficient mice are more susceptible to 

DSS-induced colitis284. In WT mice AMPK activation was impaired during the onset and 

maintenance of the colitic phenotype; however, treatment of WT mice with metformin attenuated 

DSS-induced colitis in a dose dependent manner281. In line with the reduced colitic phenotype, 

metformin prevented the loss of tight junction proteins in colonic epithelial cells281. We 

identified that mitochondrial stress due to STARD7 deficiency impacts the formation of essential 

tight junction proteins but treatment from AMPK agonists could recover the expression of 

Claudin-3 and ZO-1 and ultimately recover barrier function. Thus, we speculate that stimulation 

of AMPK could provide a viable therapeutic approach in UC patients for enhancing the integrity 

of the intestinal epithelium. 

 

In conclusion, we show that STARD7 expression in colonic epithelial cells regulates intestinal 

inflammatory responses, and that loss of STARD7 leads to a defect in intestinal barrier function 

and enhances susceptibility to colitis. The demonstration of STARD7 modulating barrier health 

and a requirement for this lipid transporter in mitochondrial homeostasis and energy production 

emphasizes the importance of mitochondrial associated networks to treat the detrimental 

inflammation associated with IBD. Our data suggests that loss of STARD7 mediated lipid 

trafficking results in metabolic dysfunction within the intestinal epithelium and supports the 

notion that treatment with AMPK agonists can recover mitochondrial health and provide a viable 

therapeutic approach for treatment of UC patients marked by STARD7-mitochondriial defects.   
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Methods 

 

Mice. Male and female, 5 - 10 week Il10-/- mice (C57BL/6), Vilincre mice (C57BL/6) and Shhcre 

mice (C57BL/6) were obtained from Jackson Laboratories (USA). Male and female, 5 - 10 week 

Stard7Tg mice (C57BL/6) and Stard7fl/fl (C57BL/6) were kindly provided by Dr. Timothy 

Weaver150,285. To generate the mice Stard7TgIl10-/- (C57BL/6), Stard7Tg mice (C57BL/6) were 

intercrossed with Il10-/- mice (C57BL/6). All mice strains were co-housed in the same room.  

 

Experimental colitis models. DSS (ICN Biomedical Inc.) was supplied in the drinking water as 

a 2.5% (w/v) solution. Euthanasia and postmortem analyses were performed at 6 days after 

treatment with DSS. Clinical disease was scored based on prior descriptions141. For the Il10-/- 

spontaneous model of colitis; co-housed Il10-/- and Stard7TgIl10-/- mice were monitored for colitis 

development from 5 weeks of age. Euthanasia and postmortem analyses were performed at 10 

weeks of age. The colitic mice were weighed twice every week to measure body weight and 

lymph nodes, small intestine, and colonic tissue were collected for analysis at the end of the 

experiment. Weight changes were calculated as a percentage of weight at the start of the 

experiment (Day 0). Clinical disease was scored based on prior descriptions 220. In brief mice 

were graded on a scale of 0 to 5 by assessment of symptoms including bump on nose, pilar 

erecti, rectal prolapse, anal bleeding, decreased activity, diarrhea, hunched back, excreted 

perianal mucus, shrunken eyes, and dehydration. For all animal experiments, mice that lost ≥ 

20% of its body weight (relative to weight at the start of the experiment) were euthanized in 

accordance with IACUC protocols. 
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Histology. Harvested tissues were washed with PBS, fixed flat or swiss rolled overnight in 4% 

paraformaldehyde. Paraffin embedded tissue were stained with hematoxylin and eosin and 

analyzed by bright field microscopy. Histological scoring was performed on ascending, 

transverse and descending colon and rectum segments as previously described141. 

 

Western Blot. Intestinal epithelial cells were lysed in protein lysis buffer (10% glycerol, 20 mM 

Tris HCl [pH 7], 137 mM NaCl, 2 mM EDTA, and 1% NP-40) supplemented with proteinase 

inhibitor cocktail (Thermo fisher) and PhoSTOP phosphatase inhibitors (Roche). Protein lysates 

were cleared of insoluble material through centrifugation, and the resulting protein lysates were 

subjected to SDS-PAGE. Proteins were wet transferred to 0.2 mm nitrocellulose membranes 

(Thermo fisher), which were blocked using 3% BSA in 1% TBST buffer for 1 hour at room 

temperature. Membranes were incubated overnight using the following primary antibodies: α-β-

actin (13E5, CST), α-STARD7 (PA5-30772, Thermo), α-Claudin-1 (MH25, Thermo), α-

Claudin-2 (12H12, Thermo), α-Claudin-3 (OTIIE7, Novus), α-Claudin-4 (ZMD.306, Thermo), 

α-E-Cadherin (R&D), α-CK8 (EP1628Y, Thermo), α-TOM20 (Abcam) and Oxphos WB cocktail 

(Abcam). Primary antibodies were used at either 1:500, 1:1000, or 1:2000 dilutions in blocking 

buffer. Membranes were washed in TBST and incubated with the secondary antibody, (goat α-

rabbit-HRP, goat α-mouse-HRP), at a 1:10,000 dilution in blocking buffer. Protein bands were 

visualized following exposure of the membranes to ECL substrate solution (Thermo fisher) and 

quantified by densitometry analysis using Image Studio (Licor) software. 

 

Lentiviral Transduction. Caco-2 BBe cells at 70–90% confluence were transduced with 

lentiviral particles containing shRNAs targeting STARD7 or a nontarget control shRNA 
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(Mission® nontarget shRNA control; Sigma). STARD7 shRNA and nontarget control shRNA 

lentivirus was generated by the Cincinnati Children's Hospital Medical Center Viral Core using a 

4-plasmid packaging system. Lentiviral particles were incubated with Caco-2 BBe cells 

(multiplicity of infection ∼10) in the presence of Polybrene (4 μg/ml; Sigma) for 24 h followed 

by selection in puromycin at a concentration (2 μg/ml) that killed uninfected cells within 3 days. 

The lentiviral-transduced Caco-2 BBe cells (passage 1–5) were grown to confluency under 

puromycin selection pressure. STARD7 knockdown was assessed by Western blot and 

immunofluorescence analysis. 

 

Transmission Electron Microscopy. Caco-2 BBe cells were fixed for transmission electron 

microscopy as described285. Electron micrographs were collected using a Hitachi H-7650 TEM 

(Hitachi High Technologies America, Inc., Dallas, TX) equipped with an AMT transmission 

electron microscope charge-coupled device camera (Advanced Microscopy Techniques, 

Woburn, MA). 

 

Immunofluorescence Microscopy. Caco-2 BBe cells were seeded onto #1.5 glass coverslips in 

6 well plates at a density of 600,000 cells per well. The cells were fixed with 4% 

paraformaldehyde at room temperature for 15 minutes, followed by permeabilization for 5 

minutes with the wash buffer (PBS containing 0.1% Triton X-100), and blocked with 10% 

Normal Goat Serum control (Invitrogen) in the wash buffer for 30 minutes. Coverslips were 

incubated with in staining buffer with primary antibody (1:1000) for 45 minutes at room. The 

following primary antibodies were used: α-TOM20, α-Complex I, and α-STARD7.  Coverslips 

were washed then incubated in staining buffer with secondary antibody (1:500) for 45 min at 
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room Alexa Fluor-488 α-mouse antibody and Alexa Fluor-594 α-rabbit antibody. Cells were 

counterstained with Phalloidin (Thermo Fisher, C34552) and DAPI (Thermo Fisher, D1306) 

according to manufacturing protocol. Coverglasses were washed and mounted onto microscope 

slides using Prolong Diamond Antifade Mountant (Thermo Fisher, P36970). Cells were imaged 

at 100× magnification using a Yokogawa CSU-X1 Spinning Disk confocal microscope (Nikon). 

Images were analyzed using the open source software CellProfiler286 and ImageJ287.  

 

Ussing Chamber. For ex vivo barrier function experiments, one centimeter, freshly isolated, of 

jejunum and colonic tissue was mounted between the hemi-chambers of an Ussing apparatus For 

in vitro barrier function experiments, 500,000 Caco-2 BBe cells were plated on Snapwell or 

Transwell filters (12-mm diameter, 0.4-μm pore; Corning, Lowell, MA) and cultured for 10–14 

days. Transepithelial resistance (TER) was measured with an EVOM/Endohm or STX2 electrode 

(Costar), with correction for filter resistance. Only Snapwell filters with TER >250 Ω·cm2 were 

used. For stimulation studies, cells were stimulated with AICAR or metformin basolaterally and 

TER was monitored for 24 h. For permeability studies, Snapwell filters were placed in Ussing 

chambers and baseline TER measurements were performed. After addition of 2.2 mg/ml FITC-

dextran (4.4 kDa; Sigma Aldrich) and 1 mg/ml horseradish peroxidase (40 kDa; Sigma Aldrich) 

to the apical bath, 0.25-ml aliquots were removed from the basolateral bath and replaced with 

fresh Krebs solution every 30 min for 3 h. Horseradish peroxidase concentrations were 

determined by tetramethylbenzidine detection (BD Pharmingen, San Diego, CA) and 

spectrophotometry at 550–450 nm. Dextran-FITC levels were measured by 

spectrophotofluorometry (490 nm excitation, 530 nm emission). 
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Seahorse Assay. To measure glycolytic and mitochondrial metabolic function in intestinal 

epithelial cells we use the Seahorse XFe96 Analyzer (Agilent Technologies, Santa Clara, CA, 

USA). We used isolated mitochondria or transduced Caco-2 BBe and plated them in a 96 well 

Seahorse plate. Wells were washed twice with the appropriate Seahorse assay media (Agilent 

Technologies, Santa Clara, CA, USA) and incubated for 30 minutes in a CO2 free incubator at 

37°C. Oxygen consumption rate (OCR) was determined using a cell Mito Stress Test kit (Agilent 

Technologies, Santa Clara, CA, USA) according to manufacturer’s instructions. Oligomycin 

(2μM); FCCP (Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone) (1.5μM); Rotenone 

(0.5μM), and Antimycin (0.5μM) were used in the assay. Glycolytic function was determined 

using Glyco stress test kit (Agilent Technologies, Santa Clara, CA, USA). Glucose free media 

was used in the determination of glycolytic function. Glucose (10mM); Oligomycin (2μM); and 

2-deoxy D-glucose (2-DG) (50mM) were used in the glycolysis assay. Cell lysate was collected 

from 96 well plates after assay and equal protein content was confirmed using BCA protein 

assay kit (Pierce Thermo scientific). Data was analyzed using Wave 2.6 software.  

 

RNA-seq Analysis. RNA-seq data analyses were obtained from the NCBI GEO database, with 

accession numbers GSE109142 and GSE57945. Downstream analysis was performed in R (R 

Core Team, Vienna, Austria) where the read counts were analyzed in IDEP 9.1 and DESeq was 

used to identify the differentially expressed genes (DEGs)224. DEGs were identified with an 

adjusted p value <= 0.05 and at least ≥ ± 1.5-fold reads per kb of transcript, per million mapped 

reads (RPKM) and heat map was generated using Python (Python Software Foundation, 

Wilmington, Del) on the normalized scale. KEGG pathway analysis was used to identify 

important pathways altered by differentially regulated genes. Statistical analysis was performed 



 105 

using SPSS 17.0. Differential expression was defined with a significant change in expression by 

limma288. Heatmaps of gene expression were generated using Morpheus 

(https://software.broadinstitute.org/morpheus/) and Phantasus226. Gene ontology analysis was 

performed using Enrichr and Gene Set Enrichment Analysis (GSEA). 

 

Statistics 

Statistical parameters are defined in the figure legends. Data are presented as mean ± SEM. Data 

was considered significant at p <0.05. Comparisons between 2 groups were made using a t test. 

Comparisons between more than 2 group were made using 2-way ANOVA and where 

appropriate were followed with a Dunnett’s Multiple Comparison Test or Sidak’s Multiple 

Comparison Test. Statistical analysis was performed in Prism (GraphPad Software).  

 

Study Approval 

All animal studies were approved by the IACUC of the University of Michigan, Ann Arbor, MI 

and performed in accordance with university guidelines. 
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Figure 3-1 Stard7 mRNA Expression is Downregulated in IBD and Levels are Associated with 
Disease Severity.  
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(A) Venn diagram of overlapping DEGs between UC vs non-IBD and CD vs non-IBD patients. 
Select common DEGs are indicated (GSE57945). (B) Violin plot showing Stard7 expression 
(RPKM) in UC, CD or non-IBD tissue biopsies (non-IBD n= 42; UC n= 206, CD n = 175). (C) 
Violin plot showing Stard7 expression (RPKM) in UC or non-IBD tissue biopsies (non-IBD n= 
17; UC n= 206) (GSE109142). (D) Stratification of non-IBD and UC cohort based upon Stard7 
expression (quartiles, RPKM). (E) PUCAI and (F) Mayo scores in STARD7low and STARD7high 
UC patients. (G) Pie chart indicating the % of STARD7low and STARD7high UC patients which 
had high levels of fecal calprotectin (>= 250 µg/g) 4 weeks after their initial diagnosis. (H) Heat 
map of differentially expressed genes based on RNA-seq data between non-IBD (n= 16) and 
Quartile 1 Stard7 UC (n= 56) patients. (I) Bar graphs of pathway analysis of upregulated genes 
(bottom) and downregulated genes (top) in Quartile 1 Stard7 UC patients relative to non-IBD 
patients; assessed via Gene Ontology Biological Process Pathways, ranked by p-value. (J) 
Pathway analysis of differentially expressed genes in Quartile 1 Stard7 UC patients relative to 
non-IBD patients involved in inflammatory bowel disease (top) and oxidative phosphorylation 
(bottom). Data are presented as mean ± SEM. Statistical analysis was performed using one-way 
analysis of variance followed by Tukey’s multiple comparison test or performed using an 
unpaired t test. *p <0.05, **p <0.01, ****p <0.0001. 
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Figure 3-2 Mitochondrial Function is Negatively Altered in STARD7 Deficient Colonic 
Epithelial Cells. 
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(A) Immunofluorescence analysis of STARD7 localization in colonic tissue from WT and 
Stard7Tg mice. (B) Western blot analyses of STARD7 expression in WT and Stard7 shRNA 

transduced Caco-2 BBe cells. (C) Immunofluorescence analysis of STARD7 expression in WT 
and Stard7 shRNA transduced Caco-2 BBe cells. (D) Transmission electron microscopy analysis 
of mitochondrial structure in WT and Stard7 shRNA transduced Caco-2 BBe cells. (E) Western 
blot analyses of oxidative phosphorylation proteins in pLKO.1 shRNA and Stard7 shRNA 
transduced Caco-2 BBe cells. Immunofluorescence analysis of STARD7 expression and either 
(F) Complex I or (G) TOMM20 expression in pLKO.1 shRNA and Stard7 shRNA transduced 
Caco-2 BBe cells. Quantification (mean fluorescence intensity) of (H) STARD7, (I) Complex I, 
and (J) TOMM20 expression using CellProfiler image analysis software. (K) Colocalization 
analysis between STARD7 and Complex I and TOMM20 in pLKO.1 shRNA transduced Caco-2 
BBe cells. (L) Seahorse Mito Stress Test was performed on pLKO.1 shRNA and Stard7 shRNA 

transduced Caco-2 BBe cells where oxygen consumption rate (OCR) was measured over time as 
cells were exposed at the indicated time points to oligomycin, carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), and rotenone/antimycin A. Measurement of (M) 
basal respiration, (N) maximal respiration, (O) spare respiratory capacity and (P) ATP 
production in pLKO.1 shRNA and Stard7 shRNA transduced Caco-2 BBe cells. Data are 
representative of at least 2 independent experiments with at least five replicates per group. Data 
are presented as mean ± SEM. Statistical analysis was performed using unpaired t test. ****p 
<0.0001. 
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Figure 3-3 STARD7 Deficiency Alters Homeostatic Intestinal Epithelial Barrier Function.  
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(A) Western blot analyses of tight junction proteins in WT and Stard7Tg colonic epithelial cells. 
(B) Densitometry analyses of tight junction proteins in WT and Stard7Tg colonic epithelial cells 
(WT n= 6; Stard7Tg n= 6). (C) Transepithelial electric resistance in ShhcreStard7fl/fl colonic 
epithelial cells (Shhcre n= 3; ShhcreStard7fl/fl n= 3). (D) Time course of FITC-dextran flux in 
ShhcreStard7fl/fl colonic epithelial cells (Shhcre n= 3; ShhcreStard7fl/fl n= 3). (E) Western blot 
analyses of tight junction proteins in WT and ShhcreStard7fl/fl colonic epithelial cells. (F) 
Transepithelial electric resistance in VilincreStard7fl/fl colonic epithelial cells (WT n= 3; 
VilincreStard7fl/fl n= 8). (G) Time course of FITC-dextran flux in VilincreStard7fl/fl colonic 
epithelial cells (WT n= 3; VilincreStard7fl/fl n= 3). (H) Transepithelial electric resistance in WT, 
pLKO.1 shRNA transduced and Stard7 shRNA transduced Caco-2 BBe cell monolayers (WT n= 
4; pLKO.1 n= 8; Stard7 n= 8). (I) Time course of FITC-dextran flux in WT and Stard7 shRNA 

transduced Caco-2 BBe cell monolayers (WT n= 4; pLKO.1 n= 4; Stard7 n= 4). (J) Western blot 
analyses of tight junction proteins in WT and Stard7 shRNA transduced Caco-2 BBe cells. Data 
are representative of at least 2 independent experiments with at least three replicates per group.  
Data are presented as mean ± SEM. Statistical analysis was performed using one-way analysis of 
variance followed by Tukey’s multiple comparison test or performed using an unpaired t test. *p 
<0.05, **p <0.01, ***p <0.001, ****p <0.0001. 
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Figure 3-4 STARD7 Knockdown in Human Colonic Epithelial Cells Enhances Barrier 
Permeability and can be Overcome with AMPK Activation. 
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(A) Transmission electron microscopy analysis of mitochondrial structure in WT, Stard7 shRNA 

transduced and metformin stimulated Stard7 shRNA transduced Caco-2 BBe cells. (B) 
Transepithelial electric resistance in WT, Stard7 shRNA transduced and metformin stimulated 
Stard7 shRNA transduced Caco-2 BBe cell monolayers (WT n= 4; Stard7 n= 4; metformin 
stimulated Stard7 n= 4). (C) Time course of FITC-dextran flux in WT, Stard7 shRNA transduced 
and metformin stimulated Stard7 shRNA transduced Caco-2 BBe cell monolayers (WT n= 4; 
Stard7 n= 4; metformin stimulated Stard7 n= 4). (D) Western blot analyses of tight junction 
proteins in WT, Stard7 shRNA transduced and metformin stimulated Stard7 shRNA transduced 
Caco-2 BBe cells. Data are representative of at least 3 independent experiments with at least 
three replicates per group. Data are presented as mean ± SEM. Statistical analysis was performed 
using one-way analysis of variance followed by Tukey’s multiple comparison test or performed 
using an unpaired t test. *p <0.05, **p <0.01, ***p <0.001. 
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Figure 3-5 Loss of Stard7 Exaggerates the Development of Colitis. 
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(A) Clinical score (WT n= 17; Stard7Tg n= 15). (B) % Body weight change (relative to weight at 
start of experiment) (WT n= 17; Stard7Tg n= 15). (C) Representative image of colon histology 
(H&E staining) from WT and Stard7Tg mice. Top row 4x magnification (Scale bar represents 200 
µm), bottom row 20x magnification (Scale bar represents 50 µm). (D) Colon histological scoring 
from WT and Stard7Tg mice (WT n= 10; Stard7Tg n= 9). (E) Colon lengths from WT and 
Stard7Tg mice (WT n= 10; Stard7Tg n= 10). (F) Clinical score (Il10-/- n= 5; Stard7TgIl10-/- n= 6). 
(G) % Body weight change (relative to weight at start of experiment) (Il10-/- n= 5; Stard7TgIl10-/- 
n= 6). (H) Representative image of colon histology (H&E staining) from Il10-/- and Stard7TgIl10-

/- mice. Top row 4x magnification (Scale bar represents 200 µm), bottom row 20x magnification 
(Scale bar represents 50 µm). (I) Colon histological scoring from Il10-/- and Stard7TgIl10-/- mice 
(Il10-/- n= 5; Stard7TgIl10-/- n= 6).  (J) Cell counts (#) of CD3+CD4+ T cells in the mLN of mice 
(Il10-/- n= 5; Stard7TgIl10-/- n= 6). (K) Cell counts (#) of CD11b+F4/80+ macrophages in the mLN 
of mice (Il10-/- n= 5; Stard7TgIl10-/- n= 6). Data encompasses 3 independent experiments.  Data 
are presented as mean ± SEM. Statistical analysis was performed using an unpaired t test. *p 
<0.05, **p <0.01, ***p <0.001. 
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Table 3.1  RNAseq analyses and Identification of DEGs in UC and CD. 

 

Large dataset excel file available here: 

https://www.dropbox.com/s/npye5evnwe0k91w/Supplementary_Table_1.xlsx?dl=0 

 

(A) Expression values for DEGs between UC and Non IBD individuals. (B) Expression values 
for DEGs between CD and Non IBD individuals. (C) List of common 74 DEGs between UC and 
Non IBD individuals and between CD and Non IBD individuals.  Downstream analysis of 
expressed genes was performed IDEP 9.1.   
 
 
  

https://www.dropbox.com/s/npye5evnwe0k91w/Supplementary_Table_1.xlsx?dl=0
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Table 3.2 UC Patients Stratification by STARD7 Expression. 

 

STARD7 quartiles were established based on RPKM values; quartiles Q1 (0-25%), 16.78 – 
39.31; Q2 (26-50%), 39.37 – 43.81; Q3 (51-75%), 43.90 – 48.55 and Q4 (76-100%), 48.68 – 
64.84. Statistical analysis was performed using SPSS 17.0. The Frequencies procedure was used 
for the STARD7 quartile analysis.  
  

Supplementary Table 2: STARD7 expression signature in pediatric UC cohort based upon endoscopic Severity

Disease Category STARD7_
Q1

STARD7_
Q2

STARD7_
Q2

STARD7_
Q4

P-value

Controls (Non IBD), N= 17 0 (0%) 1 (5.9%) 0 (0%) 16 
(94.1%)

Ulcerative Colitis, N=206 56 
(27.2%)

55 
(26.7%)

56 
(27.2%)

39 (18.9)

value (%) represents the number of patients (% of total of disease category)
STARD7 quartiles were established based on RPKM values: Q1 (0-25%), 16.78 – 39.31; Q2 (26-50%), 39.37 – 43.81; Q3 (51-75%), 43.90 – 48.5       

2.18 x 10-

10
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Table 3.3 Proinflammatory Gene Expression in STARD7low and STARD7high UC Patients. 

Supplementary Table 3: Proinflammatory Gene Expression in STARD7low and STARD7high 
UC Patients 

Proinflammatory 
Genes  STARD7_ Q1 (N = 56) STARD7_ Q4 (N = 55) p-Value 

GATA3 1.68 ± 0.054 1.21 ± 0.09 0.035 

IFNG 1.018 ± 0.12 0.69 ± 0.11 0.15 

IFNGR1 72.83 ± 2.81 87.90 ± 2.81 <0.0001 

IL13 0.18 ± 0.02 0.07 ± 0.02 0.121 

IL17A 1.59 ± 0.16 0.86 ± 0.13 0.001 

IL18 50.20 ± 2.06 59.69 ± 2.77 0.018 

IL1A 2.43 ± 0.22 1.44 ± 2.69 0.079 

IL1B 51.72 ± 5.78 30.04 ± 7.52 0.123 

IL23A 3.85 ± 0.37 2.00 ± 0.26 0.003 

IL23R 0.35 ± 0.02 0.65 ± 0.21 <0.0001 

IL4R 38.89 ± 2.03 46.90 ± 2.19 <0.0001 

IL6 5.39 ± 0.76 2.54 ± 0.53 0.133 

JUN 25.53 ± 2.47 43.86 ± 3.33 <0.0001 

NFKB1 16.18 ± 0.71 24.57 ± 0.60 <0.0001 

RELA 25.38 ± 0.85 30.94 ± 0.79 <0.0001 

RORA 2.41 ± 0.14 3.00 ± 0.18 <0.0001 

RORC 5.50 ± 0.31 10.65 ± 0.48 <0.0001 
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SMAD2 25.66 ± 0.89 34.70 ± 0.52 <0.0001 

SMAD3 11.64 ± 0.65 14.66 ± 0.51 <0.0001 

STAT1 66.18 ± 4.50 88.11 ± 7.63 0.009 

STAT6 58.85 ± 2.39 83.95 ± 2.71 <0.0001 

TLR5 1.46 ± 0.08 2.13 ± 0.10 <0.0001 

 

Expression values for innate and adaptive proinflammatory genes in UC patients stratified by 
STARD7 expression.  
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Appendix 

 

 

Supplementary Figure 3-1 Single Cell RNAseq Analysis of IECs Reveals Enrichment for 
STARD7 in Cell Subsets. 

(A) tSNE plots of epithelial cells isolated from UC patients (Single Cell Portal accession 
SCP259). Cell clusters are colored based on cell subsets. Additional heatmaps for expression of 
STARD7 and mitochondrial genes TOMM20 and COX14 are shown. (B) Dot plots for 
STARD7, TOMM20, and COX14 across different colonic epithelial subsets. Fractions of 
expressing cells (dot size) and mean expression level in expressing cells (dot color) are shown. 
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Supplementary Figure 3-2 STARD7 Deficiency Does Not Impact Glycolysis in Human Colonic 
Epithelial Cells. 

 

 (A) Seahorse Glycolysis Stress Test was performed on pLKO.1 shRNA and Stard7 shRNA 
transduced Caco-2 BBe cells where extracellular acidification rate (ECAR) was measured over 
time as cells were exposed at the indicated time points to glucose, oligomycin, and 2-deoxy-D-
glucose. (B) Measurement of glycolysis in pLKO.1 shRNA and Stard7 shRNA transduced Caco-
2 BBe cells. Data are representative of at least 2 independent experiments with at least five 
replicates per group. Data are presented as mean ± SEM. Statistical analysis was performed 
using unpaired t test. 
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Supplementary Figure 3-3 Isolated Mitochondria from STARD7 Deficient Human Colonic 
Epithelial Cells Display Compromised Respiration. 

 

(A) Mitochondria from WT and Stard7 shRNA transduced Caco-2 BBe cells were isolated 
measured over time and exposed at the indicated time points to succinate, succinate/adenosine 
dipshosphate (ADP), oligomycin and carbonyl cyanide p-trifluoromethoxyphenylhydrazone 
(FCCP) for OCR assessment. Measurement of (B) spare respiratory capacity, (C) maximal 
respiration, and (D) ATP production in isolated mitochondria from WT and Stard7 shRNA 

transduced Caco-2 BBe cells. Data are representative of at least 2 independent experiments with 
at least two replicates per group. Data are presented as mean ± SEM. Statistical analysis was 
performed using unpaired t test. *p <0.05, **p <0.01, ***p <0.001.
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CHAPTER 4 - Discussion and Future Directions 

Summary of major findings: 

PIR-B 

• Loss of PIR-B provides protection from the development of experimental colitis. 

o Pirb-/-Il10-/- mice have decreased susceptibility to spontaneous colitis. 

o Pirb-/- mice have decreased susceptibility to αCD3-mediated intestinal 

enteropathy. 

o Rag-/- mice that received naïve Pirb-/- CD4+ T cells were significantly protected 

from disease in CD4+CD45RBhi T cell transfer model of colitis. 

• PIR-B intrinsically regulates the development of CD4+ Th17 cells. 

o Reduced Th17 cell frequency in Pirb-/- mice. 

o In vitro polarization of naïve Pirb-/- CD4+ T cells led to impaired Th17 

differentiation. 

o Pirb-/- CD4+ Th17 cells were characterized by increased apoptosis and Caspase 

3/7 activation.  

o Significantly fewer Pirb-/- CD4+ Th17 cells progressed through G1 and S phase of 

cell cycle. 

• PIR-B suppresses mTORC1 signaling in CD4+ Th17 cells. 

o Pirb-/- CD4+ Th17 cells featured hyper phosphorylation of S6 kinase and 

increased levels of the mTOR activator Rheb-GTP. 
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o Treatment of Pirb-/- naïve CD4+ T cells with a low dose of rapamycin enhanced 

CD4+ Th17 differentiation. 

• PIR-B expression is upregulated on memory CD4+ Th17 cells. 

• PIR-B expression confers a competitive advantage for TRM CD4+ T cell survival in 

intestinal tissue. 

•  LILRB3 expression is associated with severe CD and pathogenic memory CD4+ Th17 

cell responses. 

STARD7 

• CD and UC patients are characterized by downregulation of STARD7 mRNA expression. 

o STARD7 expression directly correlated with the expression of genes associated 

with lipid metabolic processes and mitochondrial transmembrane transport. 

o STARD7 expression inversely correlated with expression of proinflammatory 

genes implicated in mucosal inflammation and severe UC.  

• STARD7 regulates mitochondrial dynamics. 

o STARD7 knockdown in IECs compromised mitochondrial architecture and 

decreased expression of respiratory Complex I. 

o STARD7 knockdown significantly impaired maximal respiration and ATP 

production from oxidative phosphorylation in IECs. 

• STARD7 regulates intestinal epithelial cell barrier function. 

o Stard7+/- IECs were characterized by significantly altered adherence and tight 

junction protein expression profile. 

o STARD7 knockdown in IECs decreased epithelial barrier integrity 
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• Activation of AMPK signaling can reconstitute STARD7 deficiency defects in intestinal 

epithelial cell adherence, tight junction protein expression profile, and epithelial barrier 

function. 

o AMPK activator metformin reconstitutes mitochondria architecture in STARD7 

knockdown IECs. 

o Treatment with metformin resulted in increased barrier integrity that was 

associated with increased expression of tight junction proteins in STARD7 

knockdown IECs.  

• STARD7 deficiency enhances susceptibility to experimental colitis. 

o Stard7Tg mice have increased susceptibility to DSS-induced colitis.  

o Stard7Tg mice have increased susceptibility to Il10-/- spontaneous colitis. 
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Chapter 2 

 In this portion of the dissertation, we aimed to build on our understanding of the 

mechanisms by which the immune system is regulated in the intestinal mucosa and how changes 

in this compartment can skew the balance between intestinal homeostasis and inflammatory 

bowel disease (IBD). Our previous work established a role for paired immunoglobulin-like 

receptor type B (PIR-B) in restricting macrophage-driven proinflammatory responses in an 

innate immune driven model of colitis141. While intestinal macrophages sample luminal contents 

and are essential for the initiation of inflammation for IBD, CD4+ T cells are the key effector 

immune cell that maintain and exacerbate the development of chronic colitis. Intriguingly, the 

majority of successful therapeutics for IBD in the past decade have focused on the CD4+ T cell 

compartment, which highlights the need to continue exploring how these cells are activated, 

differentiated, and recruited to the gastrointestinal (GI) tract and drive the uncontrolled 

inflammatory response. With this in mind, we hypothesized PIR-B is required for the 

development of CD4+ T cell pathogenic immune responses and induction of T-cell dependent 

colitis.        

In Chapter 2, we demonstrated that PIR-B regulates a subset of pathogenic CD4+ T cells, 

Th17 cells. We show PIR-B expression on CD4+ T cells is essential for the optimal generation of 

IL-17a+ CD4+ T cells as PIR-B tempers mTORC1 signaling to limit apoptosis and promote cell 

cycle progression and survival (Fig. 1). Importantly, we could recover the generation of Th17 

cells from PIR-B deficient CD4+ T cells with treatment of the mTORC1 inhibitor, rapamycin. 

The identification of PIR-B’s regulatory role being restricted to a specific CD4+ T cell helper 

subset is consistent with the concept that different CD4+ T cells are activated by discrete stimuli 

that allow for targeted responses against specific pathogens. Th17 cells recognize and can be 
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induced by a wide variety of epithelial binding microbes, including segmented filamentous 

bacteria or Citrobacter rodentium, and produce a wide range of mediators which can have 

divergent effects on mucosal immunity289. For example, IL-17a recruits neutrophils to the lamina 

propria which will produce the proinflammatory cytokines TNF-α and IL-6; yet IL-17a is also 

known to promote secretion of antimicrobial peptides from the epithelium290. Th17 cells also 

produce IL-22, a beneficial cytokine in the intestine which enhances the integrity of the epithelial 

barrier, mucus production, and the release of antimicrobial peptides291. The dichotomy of Th17 

responses has resulted in significant challenges in specifically targeting the pathogenic 

proinflammatory responses without interfering with the protective effector response that 

maintains intestinal homeostasis. We believe PIR-B is a unique inhibitory receptor that is 

expressed on a subset of pathogenic Th17 cells within the colonic lamina propria, and 

therapeutically targeting this compartment could alleviate detrimental inflammatory responses in 

IBD. Pathogenic Th17 cells that are dual producers for IFN-γ and IL-17a are increased in 

mucosal samples from IBD patients and are believed to be a major driver of mucosal 

inflammation and the IBD phenotype292.We speculate that PIR-B acts as a survival factor in 

pathogenic Th17 cells and thus blocking PIR-B survival signaling would result in the loss of 

these proinflammatory Th17 cells and lead to less intestinal inflammation.  

An intriguing component of PIR-B’s regulatory mechanism on CD4+ Th17 cells is the 

ligands it can interact with. As discussed earlier in this dissertation, PIR-B can recognize 

microbial components which are readily present in the GI tract. We speculate that PIR-B+ 

mucosal pathogenic Th17 cells likely express TCR clonotypes that can recognize microbial 

antigens. Given the high antigenic load present in the large intestine, it’s probable that these 

pathogenic Th17 cells require additional regulatory mechanisms to control aberrant 
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overactivation which can result in activation of apoptotic pathways. Thus, it stands to reason that 

PIR-B can modulate TCR activation and maintain a proper threshold of signaling needed to 

maintain cell survival and, importantly, ensure that these cells are present to induce a 

proinflammatory response when there is exaggerated translocation of microbes into the lamina 

propria.  

Another major finding of this work is that PIR-B expression is highly upregulated on 

Th17 tissue resident memory (TRM) CD4+ T cells, and the expression of this receptor can 

enhance the generation of this memory population. Intrinsic deletion of PIR-B in CD4+ T cells 

resulted in the loss of accumulation of Th17 TRM cells within the GI tract and concordantly led 

to reduced production of pro-inflammatory cytokines and provided protection from development 

of CD4+ T-cell dependent colitis. Th17 TRM cells rapidly act alongside innate immune signals 

during secondary immune responses; elevated levels of TRM CD4+ T cells have been observed 

in colonic mucosa of IBD patients during inflammatory flares86. We speculate that in response to 

the microbial milieu, PIR-B may act as rheostat tempering Th17 TRM activation, quiescence 

exit, and can prevent an exaggerated proinflammatory response. Inhibitory receptor expression 

patterns are known to change during cellular activation and differentiation; given PIR-B 

recognizes microbial antigens which are present within the intestinal mucosal surface we believe 

this receptor is required for tight regulation of Th17 TRMs which are being activated by the 

same microbial content. Presumably, PIR-B serves as an additional checkpoint which must be 

passed before Th17 TRMs can exponentially increase proinflammatory responses, which lead to 

adverse disease outcomes. Our work found that PIR-B calibrates mTORC1 signaling in naïve 

CD4+ T cells, and our in silico analysis suggests the human homologue leukocyte 

immunoglobulin-like receptor B3 (LILRB3) may have similar regulatory effects within memory 
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CD4+ T cells. TRMs are like naïve CD4+ T cells in that they are maintained in a state of 

quiescence; mTORC1 is the central regulator of quiescence exit and thus establishes whether a 

cell will undergo a proliferative or apoptotic response293. Similar to naïve CD4+ T cells, we 

believe PIR-B suppresses mTORC1 activation in Th17 TRMs and blocking PIR-B signaling 

would result in heightened mTORC1 activation and lead to Th17 TRM cell death. 

Finally, our work with murine colitis models and human RNAseq datasets from IBD 

patients established that PIR-B and LILRB3 are associated with severe disease outcomes which 

occur as a consequence of memory Th17 effector response. Strikingly, we linked elevated 

LILRB3 expression to both a subset of CD patients with severe disease and a subset of CD4+ T 

cells that were enriched for Th17 (Rorc, Rora) and TRM (Hobit, Blimp1, Klrg1) transcription 

factors. Th17 TRM cells are found in exaggerated levels in CD patients and have been shown to 

be major producers of TNF-α294. Recent therapeutics for IBD have targeted the TRM 

compartment directly by impacting the recruitment of these cells to the intestine with S1PR1 

agonist or by targeting the retainment of these cells in the tissue by blocking αEβ7 interactions 

with E-cadherin; importantly, these therapies achieved clinical remission in refractory IBD 

patients who are unresponsive to αTNF biologics71,73. We believe a LILRB3 biologic may 

provide another unique approach to restrain pathogenic Th17 TRM responses by limiting 

survival in the GI. Clinical trials that have targeted the Th17 compartment in IBD have led to 

divergent results; biologics against IL-17a proved to be unsuccessful in treating CD patients 

while biologics that have targeted IL-6 and IL-23 have improved clinical outcomes in CD76,83,204. 

Thus, we must consider the potential adverse outcomes of using an LILRB3 biologic in targeting 

the Th17 TRM compartment. However, our mouse-based analyses indicate that PIR-B is only 

expressed on a subset of Th17 TRMs; furthermore, Pirb-/- mice are capable of generating Th17 
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cells in vitro, and importantly, in our competitive transfer experiments, we observed that Pirb-/- 

CD4+ T cells were able to generate colonic Th17 TRMs at a reduced capacity. Targeting 

LILRB3 might allow for a narrow focus by specifically impacting a subset of pathogenic Th17 

TRMs that respond to a limited repertoire of microbes which induce a detrimental inflammatory 

response in IBD but would not impact TRMs that mediate beneficial effector responses.  

Cancer research has established that targeting LILRBs is a viable therapeutic approach 

for modulating both innate and adaptive immune inflammatory responses; preventing MHC-I 

interactions with LILRB1, LILRB2, or LILRB4 neutralizing antibodies significantly enhanced 

anti-tumor responses by suppressing inhibitory signaling and promoting activation of myeloid or 

natural killer cells295-297. Furthermore, antibody neutralization of  LILRB3 prevented the 

development of acute myeloid leukemia (AML) by modulating T cell effector function298. 

Importantly, this work found that treatment with an αLILRB3 biologic indirectly promoted 

beneficial cytotoxic T cell effector responses; the biologic suppressed LILRB3 mediated survival 

signals in AML monocytes and impaired tolerogenic AML-T cell interactions. Our work 

suggests that LILRB3 promotes similar survival signals in Th17 TRMs and blocking this signal 

could impair detrimental proinflammatory responses mediated by this compartment. However, 

our previous work also revealed that PIR-B inhibits activation of mucosal macrophages and 

suppresses innate myeloid inflammatory responses in the development of colitis; thus, an 

LILRB3 biologic could exacerbate the development of myeloid driven IBD. Additional studies 

are needed to address the paradoxical regulatory effects mediated by LILRB3; we need to 

establish how LILRB3 modulates the myeloid and Th17 TRM compartment during the onset, 

maintenance, and exacerbation of the colitic phenotype and whether timing or approach of drug 

delivery can achieve a beneficial clinical response to treat IBD patients.  
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This study raises important questions that should be addressed in the future, including: 

• Can PIR-B be targeted therapeutically to modulate macrophage and TRM inflammatory 

responses and alter the course of colitis development? 

• Do PIR-B’s regulatory mechanisms extend to other intestinal resident immune cells, such 

as innate lymphoid cells? 

• Is PIR-B expression on CD4+ Th17 cells restricted to certain T cell clonotypes that 

recognize specific microbial antigens which can also bind to the inhibitory receptor?  

• What is the kinetics of PIR-B expression on CD4+ T cells and how does it impact effector 

function as the cell differentiates from a naïve cell to a memory cell?  

• Is there a specific stimulus that upregulates PIR-B expression on CD4+ T cells? 

• Does PIR-B regulate trained immunity responses in intestinal macrophages? 

• Besides LILRB3, are other LILRB’s expressed on CD4+ T cells, and how are their 

regulatory effects mediated across different CD4+ T cell subtypes? 

  

Figure 4-1 Summary of Chapter 2 
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Chapter 3 

With this section of the dissertation, we assessed how intestinal epithelial cells establish a 

strong barrier and how metabolic changes within the epithelium can negatively alter the integrity 

of the barrier and contribute to IBD pathogenesis. Our previous studies established a role for 

steroidogenic acute regulatory (StAR) protein-related lipid transfer (START) domain-containing 

protein 7 (STARD7) in contributing to mitochondrial fitness within the lung epithelium and 

barrier function285. The intestinal epithelium is a monolayer that provides a physical barrier 

between the microbial antigens present in the lumen of the GI tract and the immune 

compartment; the integrity of this barrier requires the maintenance of junctional proteins, which 

is dependent on energy derived from the mitochondria. Dysregulation of mitochondrial dynamics 

and energy production can negatively impact intestinal epithelial cell homeostasis and IBD 

pathogenesis. Phosphatidylcholine (PC) is a critical component of the mitochondrial lipid 

bilayers, which is important for the structural organization of the organelle and efficient ATP 

generation. Thus, we hypothesized STARD7 traffic of PC is critical for mitochondrial energy 

generation and intestinal barrier function, as well as limiting the development of colitis.  

The majority of our knowledge on STARD7 has focused on one of the isoforms, 

STARD7-I, and its contributions to mitochondrial homeostasis. However, we know there is a 

truncated form of STARD7, STARD7-II, which lacks the mitochondrial targeting sequence 

(MTS) and is the most abundant STARD7 isoform present in the cell242. A recent study 

identified  two potential ubiquitination sites on STARD7-II299, suggesting that STARD7 traffics 

from the mitochondria to the cytosol for degradation. However, it is important to note that the 

mitochondrial processing of STARD7 does not impact the START domain, which mediates the 

lipid interactions. Therefore, STARD7-II is still capable of binding to PC and transporting it to 
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non-mitochondrial membranes. There are 15 members of the STARD family and only two of 

them, STARD1 and STARD7, contain an MTS and have been implicated in mitochondrial lipid 

transport. STARD3, STARD4, and STARD5 are cholesterol binding members of the STARD 

family that have redundant roles in trafficking cholesterol from the endoplasmic reticulum (ER) 

to endosomal compartments142, highlighting the fact that STARD proteins have important roles 

in facilitating lipid transport to multiple cellular compartments, not just the mitochondria. Our 

own microscopy studies identified STARD7 expression localized to the plasma membrane and 

loss of STARD7 impacted the plasma membrane. Future work will need to elucidate the 

contribution of STARD7-II to non-mitochondrial organelle dynamics and whether this specific 

isoform can impact intestinal epithelial cell function.  

In Chapter 3, we identified that expression of STARD7 was required for the proper 

mitochondrial architecture. Indeed, we saw that loss of STARD7 resulted in loss of organelle 

architecture, and this was associated with dysfunctional mitochondria, including altered 

expression of respiratory chain complexes and compromised maximal respiration. We show that 

STARD7-mediated defects in mitochondrial function resulted in an altered tight junction 

expression which was linked to a highly permeable barrier (Fig. 2). Claudins are essential tight 

junction proteins which couple with the actin cytoskeleton and regulate all aspects of intestinal 

epithelial homeostasis, including cell polarity and survival. Importantly, cytoskeleton 

rearrangements require energy from ATP hydrolysis, implicating STARD7 deficiencies on 

mitochondrial function in the maintenance of the intestinal barrier. Knockdown of STARD7 did 

not completely ablate mitochondrial function; this is consistent with a previous report which 

found loss of STARD7 only decreases mitochondrial PC composition by 60% and indicates that 

there are alternative routes for PC to be transferred to the mitochondria148.  STARD2 and 
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STARD10 are also capable of binding to PC and facilitate transport of the lipid from the ER142. 

However, it is important to note these proteins do not contain an MTS and thus likely have a 

severely reduced capacity to transport PC to the mitochondria. Lipid delivery can also be 

achieved by vesicular trafficking via the secretory pathway, and in the absence of STARD7, we 

speculate PC is replenished to the mitochondrial membranes via ER-derived vesicles which 

transport several lipids and proteins required for mitochondrial homeostasis300. Collectively these 

studies show that STARD7 is the dominant pathway facilitating PC transport from ER to the 

mitochondria, proper organization of mitochondrial membranes, and optimal generation of ATP. 

Our work found that STARD7 mRNA expression was downregulated in IBD patients; UC 

patients had a 20% reduction in STARD7 relative to non IBD individuals. Given the 

compensatory mechanisms described above, we believe loss of STARD7 contributes as an 

initiating factor in development of colitis that alongside other contributing environmental and 

genetic factors can enhance susceptibility to development of disease. Intriguingly, our in vivo 

work found that STARD7 haploinsufficiency does not result in the spontaneous development of 

colitis; only with DSS treatment or loss of IL-10 mediated tolerance does STARD7 deficiency 

exacerbate the colitic phenotype. Thus, in the absence of a secondary stimulus we speculate that 

STARD7 mediated defects in energy production alone is not sufficient to disrupt the 

maintenance of intestinal homeostasis. We believe the consequences of STARD7 defects and 

inefficient ATP generation are most apparent under inflammatory stress conditions. Furthermore, 

we speculate that during inflammatory responses in IBD, there is surge in ATP demand and 

STARD7 deficiencies lead to a failure to fulfill the energy pressure which results in exacerbation 

of disease.  
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Using in vivo and in silico approaches, we found that STARD7 expression was inversely 

associated with experimental colitis and IBD severity. The enhanced colitic phenotype was due 

to a compromised intestinal barrier which allowed for exaggerated activation of innate and 

adaptive immune compartments. There may be a role for STARD7 in directly regulating the 

immune compartment; airway inflammatory responses in Stard7Tg mice were driven by 

hyperactivated DCs, which had exaggerated expression of CD86 and MHC-II150. Importantly, 

STARD7 is readily expressed in the immune compartment with particularly high expression 

observed in B cells, neutrophils, and DCs301. Additional work is needed to decipher how 

STARD7 modulates the hematopoietic vs non-hematopoietic compartments within the intestine; 

it is possible therapeutic targeting of STARD7 could offer a synergistic approach to mucosal 

healing by inducing tolerogenic responses in the immune compartment and enhancing barrier 

function within the epithelium.  

We found that treating intestinal monolayers in vitro with metformin could significantly 

improve barrier integrity which was directly related to enhanced expression of the tight junction 

proteins. Currently, metformin is approved for clinical use to treat type 2 diabetes patients where 

it is believed to suppress the production of glucose from the liver and reduce insulin 

resistance302. Mechanistically, metformin promotes adenosine monophosphate (AMP)-activated 

protein kinase (AMPK) signaling by enhancing the phosphorylation of T172 on the catalytic α 

subunit of the AMPK heterotrimeric complex303. AMPK is a serine/threonine kinase which 

senses the ratio of AMP to ATP and, upon activation, can promote catabolic pathways to restore 

cellular energy levels304. We identified that STARD7 expression is particularly downregulated 

within UC patients and speculate that metformin may prove to be a viable treatment option for 

these patients; metformin is currently under phase 2 clinical trials for UC patients. A 



 138 

retrospective study found that UC patients who were using metformin for other indications had 

significantly reduced inflammatory flares compared to UC patients who were not using 

metformin; strikingly, there was no difference in clinical fare ups in CD patients who were 

taking metformin305. Unlike CD, UC patients have been characterized with intestinal 

mitochondriopathy where expression of all 13 mitochondrial encoded genes that are directly 

involved in ATP production were significantly reduced244. It is intriguing to us that STARD7 is 

significantly downregulated in UC patients relative to CD patients, and we believe this may be 

related to the mitochondria dysfunction which is observed in UC. STARD7 is known to be 

processed within the mitochondria, and presumptively dysfunctional mitochondria within UC 

patients may lead to compromised formation and export of mature STARD7, which augments 

regulatory pathways that impact expression of the lipid transporter. There are established 

feedback mechanisms between expression of nuclear-encoded proteins and expression of 

mitochondrial-encoded genes. For example expression of CO1, a mitochondrial-encoded subunit 

of respiratory Complex IV, is directly regulated by expression of nuclear-encoded COX14 and 

MITRAC12 proteins, which assemble the complex within the inner mitochondrial membrane306. 

An intriguing prospect is that metformin-mediated improvements to mitochondrial biogenesis 

could promote the expression of STARD7 and thus promote the formation of healthy 
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mitochondrial architecture and optimize the generation of ATP, which is required for intestinal 

epithelial function.   

Figure 4-2 Summary of Chapter 3 

This study raises important questions that should be addressed in the future, including: 

• What compensatory mechanisms are present to transfer PC to the mitochondrial outer and 

inner membranes that help retain oxidative respiration in STARD7 deficient cells? 

• Does STARD7 impact the generation of reactive oxygen species within intestinal 

epithelial cells and modulate apoptosis and cell turnover?  

• Is there a role for STARD7 in the immune compartment within the intestinal mucosa?  

• What is the function of STARD7-II in the cytosol and can it impact intestinal barrier 

function? 

• How does STARD7 impact the different epithelial subtypes that reside within the crypt 

villus axis in the intestine? 

• Are STARD7-mediated deficiencies related to the mitochondrial unfolding protein 

response that can regulate the degradation of tight junction proteins? 
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Final conclusions 

 Collectively, this dissertation advances our understanding of two regulators of intestinal 

homeostasis. This work describes how inhibitory receptors can regulate pathogenic T cell subsets 

and how lipid transport proteins are critical for the maintenance of mitochondrial function within 

the intestinal barrier. As discussed earlier in the dissertation, IBD is a multifactorial disease 

where specialized treatment approaches need to be considered for individual patients. The 

success of many modern clinical trials has reinforced the necessity for targeted therapeutic 

approaches which can modulate discrete compartments ranging from pathogenic immune subsets 

to enhancing the epithelium that regulates the intestinal barrier. Our work provides insight into 

how PIR-B promotes proinflammatory responses by Th17 TRMs and describes how STARD7 

strengthens the integrity of the intestinal barrier, establishing the framework for two new 

therapeutic targets that can add to our arsenal of tools in treating IBD.  
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