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Therapeutic Manipulation of Central 

T cell Tolerance 

 

Imran S. Khan 

 

Abstract 

Thymic central tolerance is a critical process that prevents autoimmunity, 

but also presents a challenge to the generation of anti-tumor immune responses. 

Medullary thymic epithelial cells (mTECs) eliminate self-reactive T cells by 

displaying a diverse repertoire of tissue-specific antigens (TSAs) that are also 

shared by tumors. Therefore, while protecting against autoimmunity, mTECs 

simultaneously limit the generation of tumor-specific effector T cells by 

expressing tumor self-antigens. This ectopic expression of TSAs largely depends 

on autoimmune regulator (Aire), which is expressed in mature mTECs. Thus, 

therapies to deplete Aire-expressing mTECs represent an attractive strategy to 

increase the pool of tumor-specific effector T cells. Recent work has implicated 

the TNF family members RANK and RANK-Ligand (RANKL) in the development 

of Aire-expressing mTECs. Here, we show that in vivo RANKL blockade 

selectively and transiently depletes Aire and TSA expression in the thymus to 

create a window of defective negative selection. Further, we demonstrate that 

RANKL blockade can rescue melanoma-specific T cells from thymic deletion and 

that persistence of these tumor-specific effector T cells promoted increased host 
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survival in response to tumor challenge. These results indicate that modulating 

central tolerance through RANKL can alter thymic output and potentially provide 

therapeutic benefit by enhancing anti-tumor immunity. Finally, in an effort to 

identify novel genes and signaling pathways required for thymic function, we 

demonstrate that canonical microRNAs (miRNAs) are required in TECs to 

maintain proper thymic architecture and to support the maintenance of central 

tolerance. By understanding which miRNAs are important for these functions, we 

hope to uncover new targets and regulatory pathways for therapeutic intervention 

in the thymus. 
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Chapter 1: Introduction 

 

T cells play a critical role in supporting the immune system’s ability to 

defend against invading pathogens. A major hallmark of T cell function is the 

genetically-encoded specificity by which T cells encounter and recognize their 

cognate antigens. This specificity, however, creates a unique challenge for the 

production of a diverse T cell repertoire that is sufficient to protect our bodies 

against the broad range of infectious agents that we may encounter in our 

lifetime. To meet this challenge, random recombination events take place 

during T cell development which ensure the generation of T cell receptors 

(TCRs) capable of recognizing a limitless number of pathogens. While this 

process enables the potential recognition of a vast array of foreign antigens, 

many T cells will also come to bear TCRs that can recognize self-antigens and 

provoke autoimmune disease. To solve this dilemma, the thymus imposes 

central tolerance, a process by which self-reactive T cells are either purged 

from the developing T cell repertoire or recruited into the regulatory T cell 

lineage.  

As we begin to understand more about central tolerance, it is clear that 

that T cell development depends on the integrity of the thymic stromal 

microenvironment. Cortical and medullary thymic epithelial cells (TECs) 

mediate the positive and negative selection of developing thymocytes, 

respectively, to ensure the production of both functional and self-tolerant T 

cells. Understanding the regulation of TEC function is essential for the 
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development of therapeutic interventions to modulate thymic function in order 

to improve outcomes in disease. In the context of autoimmunity and organ 

transplantation, boosting thymic function could be applied as an intervention 

to “re-impose” self-tolerance on a T cell repertoire that is mediating tissue 

destruction. In aging and bone marrow transplantation, promoting TEC 

regeneration could help produce new T cells and limit the morbidity and 

mortality associated with opportunistic infections during periods of 

compromised immunity. On the other hand, transiently suppressing central 

tolerance could be applied as a strategy to enhance the anti-tumor immune 

response by rescuing tumor self-antigen specific T cells from deletion in the 

thymus and allowing them to escape into the periphery. Given the current 

interest in manipulating peripheral tolerance for cancer immunotherapy, it is of 

great interest to determine whether combination therapies targeting both 

central and peripheral tolerance could further enhance anti-tumor immune 

responses. Furthermore, understanding the genes and pathways important 

for regulating TEC function represents an essential step towards successful 

manipulation of thymic function.  

 

Positive and negative selection of thymocytes 

 T cells are derived from hematopoietic precursors which originate in the 

bone marrow and migrate to the thymus to undergo maturation [1]. Within the 

thymus, thymocyte development is a two-step process in which positive 

selection takes place in the cortex and negative selection subsequently occurs 
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in the medulla [1, 2]. In the cortex, early T cell precursors receive instructive 

signals from the resident stromal population which includes cortical thymic 

epithelial cells (cTECs) [1, 2]. As these T cell precursors commit to the αβ T cell 

lineage, they undergo maturation in the cortex by first rearranging a functional 

TCR β-chain and then the TCR α-chain [3, 4]. The αβ TCR heterodimer is 

expressed on the cell surface along with both CD4 and CD8 co-receptors 

during the double positive (DP) stage of thymocyte development [1]. DP 

thymocytes with TCRs capable of recognizing peptide-major histocompatibility 

complex (MHC) complexes on cTECs receive survival signals and are 

positively selected, while those unable to recognize self-MHC or with overly 

strong affinity for self-MHC undergo apoptosis [1, 5, 6]. This process of positive 

selection is necessary to ensure the generation of functional TCR signaling 

complexes and also to restrict the T cell repertoire to T cells capable of 

recognizing self-MHC haplotypes.  

 After completing positive selection and committing to either the CD4 or 

CD8 single-positive lineage (SP), SP thymocytes migrate to the medulla and 

undergo negative selection [2]. Negative selection is mediated by the direct or 

indirect presentation of tissue specific antigens (TSAs) by medullary thymic 

epithelial cells (mTECs) and dendritic cells, respectively [7-10]. Through 

recognition of these TSAs, whose expression is normally limited to peripheral 

tissues, autoreactive T cells are either negatively selected from the pool of 

developing thymocytes or recruited into the T regulatory cell lineage [11-19]. 

This process of negative selection eliminates thymocytes with self-reactivity 
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and is necessary to maintain self-tolerance within the T cell repertoire. The 

importance of this process is highlighted by mice deficient for either RelB or 

TRAF6, as these mice show defects in the formation of the thymic medulla and 

develop severe multi-organ autoimmunity [20-25]. Thus, both positive selection 

in the cortex and negative selection in the medulla are necessary to ensure the 

development of both a functional and self-tolerant repertoire of T cells capable 

of protecting against infectious agents and preventing autoimmune disease. 

 

Aire drives tissue-specific antigen expression in the thymus 

The transcriptional activator autoimmune regulator (Aire) was originally 

identified as the causative gene in the monogenic autoimmune disease 

Autoimmune Polyglandular Syndrome type 1 (APS1), also known as 

Autoimmune Polyendocrinopathy-Candidiasis-Ectodermal Dystrophy 

(APECED) [26, 27]. Patients with APS1 develop multi-organ autoimmunity 

including hypoparathyroidism, adrenal insufficiency, chronic mucocutaneous 

candidiasis, and ectodermal dystrophy [28]. The expression of Aire was 

mapped primarily to the thymic medulla which suggested that Aire might play a 

role in T cell tolerance [29, 30]. Similar to APS1 patients, Aire-deficient mice 

also develop multi-organ autoimmunity, which further supports a role for Aire in 

maintaining T cell tolerance [31, 32].  

Since these early studies, many groups have shown that ectopic TSA 

expression in the thymus is largely dependent on Aire [11, 32]. Several studies 

have shown that the Aire-dependent expression of individual self-antigens in 
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the thymus is necessary to prevent organ-specific autoimmunity [13-15, 17, 33]. 

Within the thymus, Aire is expressed in a mature subset of mTECs which are 

characterized by high levels of both MHC II and the co-stimulatory molecule 

CD80 (Figure 1.1A) [34-36]. BrdU incorporation and lineage tracing studies 

have together shown that Aire is expressed during the terminal stages of mTEC 

maturation [34, 37, 38]. As mTECs undergo maturation, they upregulate MHC II 

and Aire such that they begin their development as mTEClo (MHC IIlo Aire-) 

cells and transition through the mTEChi (MHC IIhi, Aire-) stage and eventually 

become Aire+ (MHC IIhi, Aire+) cells [34-36]. Interestingly, recent work has 

identified a post-Aire stage of mTEC maturation which is characterized by 

intermediate levels of MHC II and TSA expression, but the functional role of 

these cells remains unclear [37-39].  

 

Thymocyte-mTEC crosstalk regulates thymic development 

 Much of the focus on T cell development and central tolerance induction 

revolves around the instructive signals provided by the thymic stromal 

microenvironment to facilitate the survival, differentiation or deletion of 

developing thymocytes. Recent work, however, illustrates a much more 

complex interplay by which thymocytes provide reciprocal interactions to help 

maintain the thymic medulla. Early evidence for this relationship was observed 

in mice lacking TCRα or ZAP-70, whereby thymocyte maturation is impaired 

prior to the DP stage and the resulting thymic medulla contains limited clusters 

of mTECs [40-43]. Interestingly, mice with defects in CCR7 or CCR7 ligands 
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have impaired migration of SP thymocytes from the cortex to the medulla and 

show similar defects in mTEC development and negative selection [44-46]. The 

latter of these observations suggests that even when positive selection is 

maintained, the migration of SP thymocytes to the medulla is necessary to 

maintain mTEC cellularity and proper negative selection. 

 More recent studies have found that in addition to promoting positive 

selection, TCR signaling in thymocytes also drives the expression of a number 

of TNF super-family (TNFSF) cytokines including RANK ligand (RANKL), CD40 

ligand (CD40L) and lymphotoxin (LT) [47-50]. Interestingly, the expression of 

these cytokines is higher in SP thymocytes compared to DP thymocytes, and 

their cognate receptors such as RANK and CD40 are expressed preferentially 

in mTECs compared to cTECs [47-49, 51]. Furthermore, mice deficient for 

RANK or RANKL show defects in mTEC development, while forced expression 

of RANKL in the absence of positive selection can rescue defects in the mTEC 

compartment [47, 52, 53]. Interestingly, mTECs also express Osteoprotegerin 

(OPG), a soluble decoy receptor for RANKL which regulates RANK-RANKL 

signaling, and OPG-deficient mice show increased mTEC cellularity [47]. 

Proper embryonic development of the thymic medulla also depends on RANKL 

signals provided by lymphoid tissue-inducer (LTi) cells and invariant  γδ-T cell 

progenitors, as evidence by the reduction of Aire+ mTECs in RORγ-deficient 

mice which lack LTi cells [51, 52, 54]. 

 The importance of these reciprocal interactions is highlighted by the 

breakdown in central tolerance and subsequent autoimmunity in mice deficient 
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for these signaling components. For example, both RANK and CD40 signal 

downstream through the nonclassical NF-κB pathway, and mice deficient for 

RelB or TRAF6 show impaired mTEC development and develop autoimmunity 

[20-25]. Together, these studies suggest a model in which the development and 

maintenance of the thymic medulla is dependent on TNFSF cytokine signals 

provided by positively selected thymocytes and LTi cells. Proper embryonic 

development of mTECs requires RANKL production by LTi cells while 

maintenance of the post-natal thymus likely depends on continuous input from 

positively selected thymocytes in the form of RANKL, CD40L and LT (Figure 

1.1A). However, the majority of work implicating the TNFSF cytokines has 

focused on thymic development, and thus the exact role of these pathways in 

maintaining the post-natal mTEC compartment remains unclear.  

 

Dynamic turnover and recovery in the thymus  

The thymus is a highly dynamic organ which undergoes involution in 

response to both physiologic and pathologic conditions of stress [55, 56]. 

Across many vertebrate species, the thymus undergoes gradual age-

associated involution in a manner that is partially dependent on sex hormones 

[56, 57]. Similarly, pregnancy hormones have been associated with transient 

periods of thymic involution accompanied by decreased thymocyte and TEC 

proliferation [58, 59]. In more dramatic fashion, however, the thymus also 

undergoes acute thymic involution in response to infection, inflammatory 

cytokines, irradiation, and stress hormones [60-65]. In many of these more 
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acute examples, thymic involution comes at the expense of DP thymocyte 

apoptosis [60, 62, 66, 67]. Given the critical role of SP thymocytes in 

maintaining the mTEC compartment, it seems likely that DP thymocyte 

depletion can also disrupt the mTEC compartment by reducing the availability 

of cytokine crosstalk signals from positively selected thymocytes.  

Remarkably, the thymus also has robust regenerative potential which 

enables it to rebound from many periods of transient involution. Recent work 

has shown that the both mTECs and cTECs represent a highly dynamic 

population with continuous cycling and turnover in the postnatal thymus [34, 37, 

62, 68]. A combination of BrdU incorporation and lineage tracing studies has 

estimated that the turnover of mTECs in the adult thymus is roughly 7-10 days 

[34, 37, 38]. Other groups have utilized TEC-specific ablation models to show 

that both mTECs and cTECs can rapidly proliferate to repopulate their thymic 

niche [37, 62, 69]. Given the wide variety of insults that can cause thymic 

involution, it is of great interest to identify signaling pathways that could aid in 

the recovery of TECs from thymic injury. Of note, one recent study found that 

IL-22 production by thymic LTi cells was necessary for both TEC and 

thymocyte recovery following sub-lethal doses of irradiation [61]. Similarly, 

keratinocyte growth factor (KGF) is required for recovery following 

hematopoietic bone marrow transplantation, and KGF can be administered 

exogenously to drive TEC proliferation and speed up the recovery of 

thymopoiesis following bone marrow transplantation [70, 71]. Taken together, 

these findings demonstrate the remarkable ability of the thymus to respond to 
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environmental stimuli and suggest that targeting thymic function can be 

harnessed to improve outcomes in human disease.  

Furthermore, recent work has begun to characterize a putative TEC 

progenitor population in the adult thymus with properties reminiscent of the 

slow-cycling, quiescent stem cell population recently characterized in skin 

epithelium [72-75]. These reports suggest that a pool of TEC progenitors 

resides within the immature MHC IIlo TEC population, and they provide 

evidence that these progenitors can give rise to mature mTEC and cTEC 

lineages in vitro [73, 75]. Earlier work confirmed the existence of a bi-potent 

TEC progenitor cell in the fetal thymus, and these recent studies have 

expanded these observations to the post-natal thymus [76, 77]. Further work is 

necessary to demonstrate the bi-potent differentiation potential of these TEC 

progenitor cells through in vivo thymic grafting studies. It also remains unclear 

whether these progenitor cells are required in TECs for recovery from thymic 

damage. Understanding how these pools of progenitor cells are maintained and 

the signals which drive their differentiation will be critical in developing novel 

therapies to manipulate thymic function.  

 

MicroRNA regulation of thymic function 

MicroRNAs (miRNAs) are ~22 nucleotide noncoding RNAs that mediate 

post-transcriptional repression of genes in a sequence-dependent manner [78, 

79]. Primary miRNA transcripts are processed by the DROSHA /DGCR8 

complex to generate ~60-80nt hairpin precursor miRNAs [80]. These hairpins 



10 
 

are further processed in the cytoplasm by Dicer to produce mature miRNAs. 

Mature miRNAs contain a “seed sequence” at nucleotide positions 2-8, and this 

seed sequence mediates repression through complementary base-pairing 

within the 3’-untranslated region (UTR) of target mRNAs. Each miRNA can 

target hundreds of mRNAs, and each mRNA can in turn be regulated by many 

miRNAs [79, 80]. Thus, miRNAs represent key regulators of gene networks and 

can be exploited to discover novel pathways.  

Recent work by our group and others has shown that miRNA-deficiency 

in TECs causes a severe disruption of thymic function which leads to the 

breakdown of central tolerance [81-84]. However, the individual miRNAs 

responsible for these phenotypes and their precise mechanisms of action 

remain largely unknown. Identifying the specific miRNAs which are important 

for TEC biology will allow us to investigate novel networks of genes that are 

important for establishing and maintaining central tolerance. Understanding 

these novel pathways will provide new insight into the regulation of the thymic 

microenvironment and will contribute to the discovery of therapeutic targets to 

modulate thymocyte development and central tolerance. 

 

Summary 

The thymus plays an essential role in producing a diverse, functional T 

cell repertoire while maintaining self-tolerance to prevent autoimmunity. There 

is ongoing interest however, to discovery ways in which we can manipulate 

thymic function to improve outcomes in human disease. For example, although 
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central tolerance provides protection against autoimmunity, this process also 

represents a challenge for anti-tumor immunity [16, 85]. Since many of the 

TSAs expressed in the thymus are also expressed in tumors, high-affinity 

effector T cells capable of recognizing tumor self-antigens may normally be 

deleted in the thymus [86-89]. Transiently suppressing central tolerance by 

depleting mTECs or modulating Aire expression may provide a therapeutic 

window for the generation of T cells capable of recognizing tumor self-antigens.  

Modulating central tolerance requires an understanding of key biologic 

pathways that play an important role in regulating TEC function. Chapter 2 of 

this work explores the therapeutic implications of suppressing central tolerance 

by targeting RANK-RANKL interactions that are necessary to maintain mTEC 

function in the thymus. The contribution of TNFSF signaling in the thymus has 

been well described, but prior to this work it remained unclear whether these 

cytokine networks were required in the post-natal thymus and whether they 

could be manipulated in vivo. Chapters 2 and 3 of this work take a discovery 

approach to identify novel genes and networks that play an important role in 

regulating TEC function. Specifically, Chapter 2 focuses on the contribution of 

canonical miRNAs in TEC function, and Chapter 3 addresses a candidate 

miRNA, miR-205, in its ability to regulate mTEC function. Finally, the overall 

findings of this work are discussed in Chapter 5 along with some suggestions 

for further areas of investigation.  
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Figure 1.1. Current model of mTEC maturation 

(A) Under  the current model of mTEC maturation, immature mTECs 

upregulate levels of MHC II and CD80 before reaching the mature Aire+ stage 

of maturation. RANKL signals are provided by LTi cells, invariant γδ-T cell 

progenitors during embryonic development and are necessary for the induction 

and maintenance of Aire+ mTECs. In the post-natal thymus, positively selected 

thymocytes maintain this cytokine signaling to support the maintenance of the 

mature mTEC population. Figure is adapted from Tykocinski, L. et al. [90]  
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Figure 1.1 
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Chapter 2: Enhancement of an Anti-tumor 

Immune Response by Transient Blockade of 

Central T cell Tolerance 

 

Abstract 

Thymic central tolerance is a critical process that prevents autoimmunity, but 

also presents a challenge to the generation of anti-tumor immune responses. 

Medullary thymic epithelial cells (mTECs) eliminate self-reactive T cells by 

displaying a diverse repertoire of tissue-specific antigens (TSAs) that are also 

shared by tumors. Therefore, while protecting against autoimmunity, mTECs 

simultaneously limit the generation of tumor-specific effector T cells by 

expressing tumor self-antigens. This ectopic expression of TSAs largely 

depends on autoimmune regulator (Aire), which is expressed in mature 

mTECs. Thus, therapies to deplete Aire-expressing mTECs represent an 

attractive strategy to increase the pool of tumor-specific effector T cells. Recent 

work has implicated the TNF family members RANK and RANK-Ligand 

(RANKL) in the development of Aire-expressing mTECs. Here, we show that in 

vivo RANKL blockade selectively and transiently depletes Aire and TSA 

expression in the thymus to create a window of defective negative selection. 

Further, we demonstrate that RANKL blockade can rescue melanoma-specific 

T cells from thymic deletion and that persistence of these tumor-specific 

effector T cells promoted increased host survival in response to tumor 
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challenge. These results indicate that modulating central tolerance through 

RANKL can alter thymic output and potentially provide therapeutic benefit by 

enhancing anti-tumor immunity. 

 

Introduction 

Medullary thymic epithelial cells (mTECs) contribute to self-tolerance 

through the ectopic expression of tissue-specific antigens (TSAs) in the thymus 

[13, 18, 32, 91]. This TSA expression in mTECs is largely dependent on 

autoimmune regulator (Aire), which is expressed in mature mTECs [34, 35, 91]. 

Through the recognition of TSAs, developing autoreactive T cells are either 

negatively selected from the pool of developing thymocytes or recruited into the 

regulatory T cell lineage [11-16]. The overall importance of this process is 

underscored by the development of a multi-organ autoimmune syndrome in 

patients or mice with defective AIRE expression [26, 27, 32].  

Although central tolerance provides protection against autoimmunity, this 

process also represents a challenge for anti-tumor immunity [16, 85]. Since 

many of the TSAs expressed in the thymus are also expressed in tumors, high-

affinity effector T cells capable of recognizing tumor self-antigens may normally 

be deleted in the thymus [86-89]. Transiently suppressing central tolerance by 

depleting mTECs or modulating Aire expression may provide a therapeutic 

window for the generation of T cells capable of recognizing tumor self-antigens. 

Many current cancer immune therapies rely on activating relatively weak tumor-

specific T cell responses through modulating peripheral tolerance [92, 93]. In 
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contrast, manipulation of central tolerance has the potential to increase the pool 

and affinity of effector T cells that can recognize and contribute to effective anti-

tumor responses. Furthermore, such high-affinity, self-reactive T cells may be 

more resistant to peripheral tolerance mechanisms that typically restrain an 

anti-tumor response [93]. Thus, the development of methods that selectively 

and transiently deplete Aire-expressing mTECs may be an attractive method to 

enhance tumor-specific immune responses. 

Previous work has identified agents that can inhibit the growth and 

development of thymic epithelial cells (TECs) such as corticosteroids, 

cyclosporine, and some inflammatory cytokines [60, 62, 64]. Despite their clear 

inhibitory effects on TECs, however, these agents do not appear to have 

selectivity for blocking mTEC development. Interestingly, recent studies have 

demonstrated a role for TNF family member pairs RANK-RANKL and CD40-

CD40L in the embryological development of Aire+ mTECs [47, 48, 52-54]. 

Recent work has also demonstrated that mTECs in particular have a relatively 

fast turnover in adult mice with an estimated half-life of approximately two 

weeks [34, 35, 37]. Given these findings, we speculated that in vivo blockade of 

RANKL in adult hosts could both selectively and transiently inhibit the 

development and turnover of mTECs with potential to alter central T cell 

tolerance. To this end, we performed in vivo RANKL blockade in adult mice and 

investigated its effects on both TECs and developing thymocytes. We show that 

anti-RANKL treatment not only depleted mTECs, but could also be used 
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therapeutically to break central tolerance and as a result, increase the 

generation of tumor-specific T cells. 

 

Results and Discussion 

Depletion of medullary thymic epithelial cells with RANKL blockade 

The RANK-RANKL signaling pathway is important for medullary thymic 

epithelial cell (mTEC) development, but it remains unclear what impact 

perturbation of this pathway might have on the adult thymus. Previous work has 

linked the RANK-RANKL pathway to the development of Aire-expressing 

mTECs [47, 48, 52-54], and we hypothesized that treating mice with blocking 

anti-RANKL antibody would decrease Aire+ mTECs. We treated wildtype mice 

with either anti-RANKL or isotype control antibody for 2 weeks and harvested 

their thymi for analysis. Interestingly, while mice treated with anti-RANKL 

showed only a modest loss of cTEC cellularity, they exhibited a severe 

depletion of over 80% of mTECs (Figure 2.1A). Using MHC II and Aire as 

markers of mTEC maturation [34, 35], we further analyzed the immature 

mTEClo (MHC IIlo Aire-), intermediate mTEChi (MHC IIhi Aire-) and mature Aire+ 

mTEC subsets (MHC IIhi Aire+). The relative mTEC composition in anti-RANKL 

treated mice revealed a substantial loss of Aire+ and mTEChi cells along with 

enrichment of the remaining mTEClo cells (Figure 2.1B). Although absolute 

numbers of mTECs were decreased across all mTEC subsets, mTEC depletion 

was mostly due to the loss of over 90% of all Aire+ and mTEChi cells (Figure 

2.1B). Immunostaining revealed a slight decrease in the density of keratin-5+ 
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(K5) cells in the medulla of anti-RANKL-treated mice while Aire+ cells were 

nearly undetectable (Figure 2.1C and data not shown). Importantly, staining for 

keratin-8 (K8) and K5 showed that the overall corticomedullary thymic 

architecture was preserved despite the loss of mature mTECs (Figure 2.1C). 

Furthermore, consistent with the loss of the Aire+ and mTEChi subsets, Aire-

dependent tissue-specific antigen (TSA) gene expression in sorted mTECs was 

decreased in anti-RANKL-treated mice (Figure 2.1D).  

Next, we characterized the impact of anti-RANKL mediated mTEC 

depletion on thymocyte selection. In the polyclonal T cell repertoire of wildtype 

mice treated with anti-RANKL, we observed a modest increase in frequencies 

of both CD4 single-positive (SP) and CD8 SP thymocytes, consistent with a 

lack of negative selection (Figure 2.1E). Importantly, anti-RANKL treated mice 

showed only a slight reduction in the frequency of double-positive thymocytes 

while absolute numbers were maintained, confirming normal positive selection. 

In addition, total thymocyte numbers were also maintained in mice treated with 

anti-RANKL (Figure 2.1E). Furthermore, anti-RANKL-treated mice showed a 

50% reduction of Foxp3+ Tregs within the CD4 SP subset (Figure 2.1F).  

Given the dramatic impact of RANKL blockade on mTECs, we sought to 

determine whether this effect could be reversed in the context of increased 

RANK signaling. Osteoprotegerin (OPG;Tnfrsf11b) is a soluble decoy receptor 

for RANKL and its role as a negative regulator of RANK signaling has been well 

described in bone physiology [94]. Interestingly, in sorted wildtype mTECs, 

OPG expression was upregulated in MHC IIhi mTECs when compared to MHC 
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IIlo mTECs (Figure 2.2A). To test whether OPG negatively regulates RANK-

RANKL signaling in mTECs, we analyzed thymi from OPG-/- mice. While 

cortical thymic epithelial cell (cTEC) cellularity was increased 3-fold in OPG-/- 

mice, mTEC cellularity was increased by nearly 10-fold when compared to 

OPG+/+ mice (Figure 2.2B). Although absolute numbers of all mTEC subsets 

were increased in OPG-/- mice, we observed an enrichment of Aire+ mTECs 

and a proportional loss of the mTEClo subset (Figure 2.2C). Immunostaining of 

K8 and K5 showed that OPG-/- thymi maintained their corticomedullary thymic 

architecture despite these changes in TEC cellularity and mTEC composition 

(Figure 2.2D).  

Thymocyte analysis of OPG-/- mice showed a trend toward increased 

total thymic cellularity (Figure S2.1A). Further analysis of these thymocytes 

revealed an increase in both the relative frequency and absolute number of 

CD8 SP thymocytes while the DP, CD4 SP and DN subsets remained 

comparable in both frequency and absolute number to littermate controls 

(Figure S2.1A). Within the CD4 SP thymocytes, however, we observed a nearly 

two-fold increase in both the frequency and absolute numbers of Foxp3+ Tregs 

in OPG-/- mice (Figure S2.1B)  

Taken together, these data suggest that RANK-RANKL-OPG 

interactions regulate both TEC cellularity and mTEC maturation, and are 

particularly important for the induction of Aire+ mTECs. Furthermore, anti-

RANKL treatment selectively targeted mature mTECs and altered negative 

selection without affecting the development of new thymocytes. Lastly, these 
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data suggest a strong correlation between thymic Treg induction and Aire+ 

mTECs in that the ablation of Aire+ mTECs led to a decline in thymic Treg while 

the expansion of the Aire+ subset in OPG-/- mice was associated with an 

increase in thymic Tregs.  

 

Regeneration of medullary thymic epithelial cells after withdrawal of anti-

RANKL  

We next examined the kinetics of mTEC recovery following withdrawal 

from anti-RANKL blockade. After a 2-week treatment window, we harvested 

mice at 2-week intervals and observed gradual recovery of the mTEChi and 

Aire+ subsets (Figure 2.3A-B). By 10 weeks we observed the complete 

recovery of all mTEC subsets and a normal level of Aire expression after anti-

RANKL-treatment (Figure 2.3B). Interestingly, the pattern of mTEC recovery 

appeared consistent with published reports of mTEClo cells giving rise to 

mTEChi cells prior to the induction of Aire+ mTECs (Figure 2.3B) [34, 35, 52]. 

Notably, thymi from anti-RANKL and isotype-treated mice at 10 weeks were 

indistinguishable by immunostaining (Figure 2.3C). Thus, anti-RANKL mediated 

mTEC depletion is a transient phenomenon with return of normal thymic 

composition following withdrawal of antibody treatment.  

The ability of the mTEC compartment to recover following RANKL 

blockade is consistent with previous reports by both our group and others 

demonstrating the robust regenerative potential of mTECs and cTECs in the 

adult thymus [37, 62, 68, 69, 95]. Furthermore, recent work has identified a 
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putative TEC progenitor population which parallels the slow-cycling, quiescent 

stem cell population of the skin epithelium [72-74]. These reports suggest that 

the mTEC progenitor pool resides within the phenotypic mTEClo population, 

which is enriched with RANKL blockade and is perhaps required for the proper 

recovery of mTECs following the withdrawal of anti-RANKL. 

 

Manipulation of thymic negative selection with RANKL blockade 

To further characterize the impact of anti-RANKL treatment on negative 

selection, we first employed the OT-II CD4+ TCR x RIP-mOVA double 

transgenic mouse model. RIP-mOVA transgenic mice express a membrane 

form of ovalbumin (OVA) under the control of the rat insulin promoter which 

results in its expression in both the pancreatic islets and in mTECs [12, 96].  

When the OT-II CD4+ TCR transgenic line is crossed to the RIP-mOVA 

transgenic line, OVA-specific OT-II T cells are deleted in the thymus [12, 96]. 

We treated both OT-II and OT-II x RIP-mOVA mice with either anti-RANKL or 

isotype control antibody and performed thymocyte analysis. Consistent with 

previous reports, OT-II x RIP-mOVA mice treated with control antibody showed 

a significant reduction in the proportions of CD4 SP thymocytes and also had 

decreased frequencies and numbers of OT-II+ T cells (Figure 2.4A-B) [12, 96]. 

In contrast, thymocyte profiles of anti-RANKL treated OT-II x RIP-mOVA mice 

were indistinguishable from that of OT-II mice, demonstrating that RANKL 

blockade prevented thymic deletion of OT-II T cells (Figure 2.4A-B). We also 

observed a loss of thymic Treg development in these mice, which suggested a 
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loss of cognate antigen (OVA) expression from mTECs within the thymus 

(Figure 2.4C). These data further support the effect of RANKL blockade to 

deplete mature mTECs with a functional impact on the negative selection of 

antigen-specific effector cells and generation of Treg cells.  

Importantly, long-term recovery of previously-treated OT-II x RIP-mOVA 

mice showed that thymic selection returned to normal following withdrawal of 

anti-RANKL blockade (Figure S2.2A-B). These data further support the notion 

that mTECs can fully recover following antibody withdrawal and that the 

suppression of central tolerance is a transient phenomenon which can be 

harnessed for therapeutic purposes. 

To expand these observations to the polyclonal T cell repertoire, we 

analyzed the development of Aire-dependent autoreactive T cells using a 

tetramer enrichment protocol. Previously, we had shown that T cells specific for 

the self-antigen IRBP are deleted in thymus of Aire+/+ mice, whereas these cells 

escape deletion in Aire-/- mice and cause autoimmune uveitis [13, 15]. Through 

the use of an IRBP peptide-class II tetramer, P2-I-Ab, such autoreactive CD4+ 

T cells can be detected in Aire-/- mice. Given both the severe depletion of Aire+ 

mTECs and the loss of thymic IRBP expression in anti-RANKL treated mice, we 

hypothesized that P2-I-Ab-specific T cells could be detected in treated mice. 

After treating wildtype mice with anti-RANKL antibody, we immunized mice with 

a MHC II-binding IRBP peptide epitope (P2) to expand T cells for detection. 

Ten days after immunization, lymph nodes and spleen were pooled for the 

enumeration of CD4+ P2-I-Ab-specific T cells by flow cytometry. Consistent with 
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the loss of Aire+ mTECs, tetramer analysis of anti-RANKL treated mice 

revealed an expansion of CD4+ P2-I-Ab-specific T cells (Figure 2.4D). Overall, 

these data show a clear defect in negative selection associated with the loss of 

Aire+ mTECs in anti-RANKL treated mice.  

To evaluate the functional impact of these negative selection defects, we 

treated wildtype NOD mice for two weeks with anti-RANKL antibody shortly 

after weaning and harvested the mice after 9 weeks. Anti-RANKL-treated mice 

showed evidence of increased splenic cellularity and increased frequencies of 

CD4+ T cells with a CD62Llo CD44hi activated-memory phenotype (Figure 

S2.3A-C). We performed hematoxylin and eosin (H&E) staining on various 

tissues to look for evidence of autoimmunity. Interestingly, anti-RANKL treated 

mice did not develop significantly increased autoimmunity as evidenced by 

immune infiltrates (Figure S2.3D). We next treated AireGW/+ mice which have a 

dominant negative mutation in Aire that predisposes mice towards developing 

autoimmunity [96]. Compared to isotype-treated mice, anti-RANKL-treated 

AireGW/+ mice showed increased splenic cellularity and increased activated-

memory CD4+ and CD8+ T cells. (Figure S2.3A-C). Despite the further increase 

in peripheral T cell activation, these mice still developed comparable disease to 

isotype-treated mice (Figure S2.3D).  Since antibody treatment did not 

commence until weaning, we speculated that perhaps the perinatal window of 

Aire expression was sufficient for central tolerance induction to Aire-dependent 

antigens [81, 84, 97]. These results lead us to speculate that although RANKL 

blockade is sufficient to cause a breakdown in central tolerance, peripheral 
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tolerance mechanisms may be sufficient to prevent the onset of spontaneous 

autoimmunity. 

 

Treatment with anti-RANKL enhances anti-tumor immunity 

Given its ability to selectively block mTECs and central tolerance, we 

next sought to determine whether anti-RANKL treatment could be employed to 

therapeutically enhance anti-tumor immunity. Previous work has shown that 

many tumor self-antigens are expressed by mTECs as TSAs, and that high-

affinity T cells capable of recognizing these tumor self-antigens are efficiently 

deleted in the thymus [86-88]. To test whether anti-RANKL treatment could 

rescue tumor self-antigen specific T cells from thymic deletion, we utilized the 

TRP-1 CD4+ TCR transgenic mouse model which generates T cells specific for 

the melanoma antigen TRP-1 (Tyrp1) [98]. TRP-1 is expressed in B16 

melanoma cells, and TRP-1 T cells are efficacious against established B16 

melanoma tumors [98, 99]. Importantly, mTECs endogenously express TRP-1 

in in an Aire-dependent manner, such that TRP-1 specific T cells are deleted in 

the thymi of Aire-sufficient, TRP-1-sufficient hosts [88, 98]. In contrast, Aire-

deficient mice have decreased thymic expression of TRP-1 that allows for the 

escape of TRP-1 T cells [88]. Given the depletion of Aire+ mTECs and loss of 

thymic TRP-1 expression in anti-RANKL treated mice (Figure 2.1D), we 

hypothesized that anti-RANKL treatment could rescue TRP-1 T cells from 

thymic deletion. To prevent endogenous TCR rearrangements, we crossed the 

TRP-1 TCR transgene onto the RAG1-/- background. We then treated RAG1-/- x 



25 
 

TRP-1 TCR transgenic mice with either anti-RANKL or control antibody and 

harvested their thymi and spleens for analysis. Consistent with previous 

reports, isotype-treated mice showed efficient deletion of CD4 SP T cells in the 

thymus (Figure 2.5A) [88, 98]. In contrast, anti-RANKL treatment prevented 

deletion of CD4 SP cells and also resulted in a much higher percentage of 

Vβ14+ T cells (Figure 2.5A). TRP-1 T cells were also detectable in the spleens 

of anti-RANKL treated mice and also expressed higher levels of the Vβ14 TCR 

(Figure 2.5B).  

As a functional readout of TRP-1 T cells escaping into the periphery, we 

next looked for evidence of vitiligo in anti-RANKL treated RAG1-/- x TRP-1 TCR 

transgenic mice. We harvested ear tissue for qPCR analysis and observed a 

sharp decline in both Tyrosinase and Tyrp1 expression in anti-RANKL treated 

mice (Figure S2.4A). Thus, these results appear consistent with melanocyte 

depletion as a consequence of TRP-1 T cells escaping thymic deletion in anti-

RANKL treated mice. 

Next, we challenged anti-RANKL treated RAG1-/- x TRP-1 mice with B16 

melanoma to determine whether a limited break in central tolerance could 

improve overall survival. We observed a statistically significant increase in the 

survival of anti-RANKL treated mice compared to the isotype-treated cohort 

(Figure 2.5C). We also found evidence of an enhanced T cell response in anti-

RANKL treated mice by measuring CD3+ T cell infiltrates within the tumors of 

these mice (Figure 2.5D). Furthermore, to exclude potential effects of anti-

RANKL antibody on the tumor microenvironment, we performed adoptive 
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transfer studies in which splenocytes from antibody-treated RAG1-/- x TRP-1 

mice were transferred into RAG1-/- mice. When challenged with B16 melanoma, 

recipients of splenocytes from anti-RANKL treated donors again showed a 

statistically significant increase in survival (Figure 2.5E). Furthermore, the 

recipients of splenocytes from anti-RANKL treated donors showed clinical signs 

of vitiligo as evidenced by the emergence of white hair following the adoptive 

transfers (Figure S2.4B-C).  

To extend these findings to the polyclonal T cell repertoire, we treated 

B6 wildtype mice with either anti-RANKL or control antibody and similarly 

challenged the mice with B16 tumors. Similar to our findings in the TRP-1 

model, we observed a statistically significant increase in the survival of mice 

treated with anti-RANKL (Figure 2.6A). Given the modest increase in overall 

survival, however, we hypothesized that combining anti-RANKL treatment with 

peripheral tolerance blockade might yield an even greater survival benefit [92, 

93, 100]. To test this hypothesis, we administered B16 tumors to B6 wildtype 

mice treated with anti-RANKL in combination with GVAX (vaccination with 

irradiated, GM-CSF secreting B16 cells) and anti-CLTA4 [101, 102]. Consistent 

with our results in B6 wildtype mice, treatment with anti-RANKL and GVAX was 

able to extend the survival of mice challenged with melanoma when compared 

to those given GVAX alone (Figure 2.6B). Furthermore, the addition of anti-

CTLA4 to this treatment regimen proved to be even more efficacious as mice 

receiving all three therapies showed a statistically significant increase in 

survival (Figure 2.6B). Of note, these therapies appear to confer additive 
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survival benefits, suggesting that each therapy likely targets a distinct 

mechanism of tolerance (Figure 2.6B).  

Taken together, these data demonstrate that short-term, reversible 

RANKL blockade of mTEC development can be used to create a therapeutic 

window that allows tumor self-antigen specific T cells to escape thymic deletion. 

Furthermore, central tolerance blockade can be utilized in combination with 

therapies which target peripheral tolerance as a means to further enhance anti-

tumor immunity. 

 

Concluding Remarks 

In conclusion, our findings provide strong evidence that mTECs can be 

selectively and therapeutically targeted by RANKL blockade in adult mice and 

that anti-RANKL can be utilized as an approach to enhance anti-tumor 

responses. To date, previous efforts on the therapeutic manipulation of TECs 

have shown global effects that involve both cTECs and mTECs and disrupt 

thymocyte development [62]. The selectivity for mTECs with anti-RANKL thus 

provides evidence that central tolerance can be transiently suppressed in adult 

hosts while maintaining T cell generation. Although autoimmunity is a 

dangerous potential consequence of this approach, the treatment may also be 

an attractive new method to help break tolerance for cancer immunotherapy. 

Importantly, we find that the medullary epithelial compartment of the thymus 

recovers after withdrawal of anti-RANKL antibody, and thus, only a transient 

window of central tolerance suppression occurs. This window may be an 
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attractive feature of this approach, especially if coupled with methods that 

preferentially expand tumor specific T cells over pathogenic autoreactive T 

cells. Currently, there has been intense interest and progress in manipulating 

peripheral tolerance for immunotherapy [92, 100]. Given our results, it will also 

be of interest to determine if a combination of methods that target both central 

and peripheral tolerance could further enhance anti-tumor immune responses. 

Finally, it is important to note that our results also have implications for patients 

in the clinical setting receiving denosumab, a humanized monoclonal antibody 

that blocks RANKL that is widely used in the treatment of osteoporosis in adults 

[103]. Further study will be needed in such patients regarding their susceptibility 

to autoimmunity and for other potential defects in central tolerance. 

 

Materials and Methods 

Mice 

C57BL/6, NOD, B6.RAG1-/- Tyrp1B-w TRP-1 TCR transgenic, and B6.OPG-/- 

mice were purchased from The Jackson Laboratories. Mice were treated 

intraperitoneally with 100g of anti-RANKL (IK22/5) or isotype control (2A3) 

(BioXCell) antibody 3 times per week as stated in the text. B6.OT-II, B6.RIP-

mOVA, B6.IRBP-/-, and NOD.AireGW/+ mice were described previously [12, 13, 

96]. Mice were treated at 3-5 weeks of age and harvested at timepoints 

indicated in the text. All mice were housed in the animal facilities at UCSF or 

UNC, Chapel Hill according to guidelines of the Institutional Animal Care and 

Use Committee. 
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Quantitative PCR 

RNA was extracted from sorted mTECs using the Qiagen RNeasy Micro Plus 

kit and cDNA was synthesized with the Invitrogen Superscript III kit. Applied 

Biosystems Taqman gene expression assays were used for all targets. 

 

Histology and Immunofluorescence 

Hematoxylin and eosin (H&E) staining was performed as described previously 

[96]. For immunofluorescence, thymi were harvested and embedded in O.C.T. 

media (Tissue-Tek). 8µm frozen thymic sections were fixed in 100% acetone, 

blocked and stained for keratin-5, keratin-8 (Abcam) or Aire (eBiosciences). 

Secondary antibodies were purchased from Invitrogen. Thymic sections were 

visualized using a Zeiss Apotome widefield microscope. For tumor 

immunostaining, tumors were harvested and fixed in 10% formalin as 

previously described [88]. Fixed tumors were embedded in paraffin and 

sectioned for staining with anti-CD3 antibody and counterstained with DAPI. 

Tumor sections were visualized using an Olympus BX60 fluorescent 

microscope and analyzed using ImageJ software.  

 

Flow Cytometry 

TECs were isolated as previously described [104]. Briefly, thymi were minced 

and digested with DNase I and Liberase TM (Roche) before gradient 

centrifugation with Percoll PLUS (GE Healthcare). Enriched stromal cells were 
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stained with the indicated surface marker antibodies (BioLegend). For 

lymphocyte staining, all surface marker antibodies were obtained from 

BioLegend. For intracellular staining, cells were stained using the Foxp3 

Staining Buffer Set and stained with anti-Foxp3 or anti-Aire (eBiosciences). All 

data were collected using a BD LSR II flow cytometer and analyzed with either 

FloJo software (TreeStar)or FACS Diva (BD Biosciences). Cell sorting was 

performed using a BD FACS Aria III cell sorter.  

 

IRBP P2 peptide Immunization and Tetramer Analysis 

Mice were immunized with 100 µg of P2 peptide (IRBP, amino acids 271-290) 

emulsified in complete freund’s adjuvant as described previously [15]. Tetramer 

analysis was performed on pooled lymph nodes and spleen from treated mice 

10 days after immunization. P2-I-Ab tetramer was generated by the NIH 

Tetramer Core Facility, and tetramer staining was performed as described 

previously [15, 105]. After tetramer enrichment, cells were stained with 

antibodies for flow cytometry, and counting beads (Invitrogen) were used to 

enumerate tetramer+ cells.  

 

B16 Melanoma Tumor Challenge 

B6.RAG1-/-TRP-1 TCR transgenic mice were injected subcutaneously in the left 

flank with 1.0 x 105 B16 melanoma cells. For adoptive transfer studies, spleens 

from donor mice were pooled and CD25-depleted prior to transfer into 

B6.RAG1-/- hosts. Recipient mice were inoculated with 7.5 x 104 B16 melanoma 
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cells 7 days post-transfer. For tumor studies in C57BL/6 mice, male mice were 

treated with anti-RANKL or isotype control antibodies and then injected 

subcutaneously in the left flank with 1.0 x 105 B16 melanoma cells. For studies 

combining anti-RANKL treatment with peripheral tolerance blockade, mice were 

inoculated with 5.0 x 104 B16 melanoma cells. GVAX and anti-CTLA4 were 

administered in accordance with previously described protocols [101]. Tumor 

growth was monitored by taking measurements of length (L) and width (W), and 

tumor volume was calculated as LW2/2. For generation of survival curves, 

death was defined as tumor size greater than 1000 mm3. 

 

Statistical Analysis 

Statistical analysis was performed using Prism 6.0 (Graphpad). Mann-Whitney 

Rank sum testing was performed on tetramer analysis and H&E infiltrate 

scores. Student’s t-test was performed for TEC and lymphocyte analyses. Log 

rank test was performed for Kaplan-Meier survival curves. * denotes p≤0.05, ** 

denotes p≤0.01 and *** denotes p≤0.001. 
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Figure 2.1. Selective depletion of mTECs with anti-RANKL blockade 

(A) Absolute numbers of mTECs and cTECs in mice harvested after two weeks 

of treatment with isotype (gray) or anti-RANKL (αRANKL, blue) antibody. Thymi 

were analyzed by flow cytometry and mTECs were defined as CD45-, EpCAM+, 

MHC II+, Ly51- events and cTECs were defined as CD45-, EpCAM+, MHC II+, 

Ly51+ events. (B) Representative flow cytometry plots of mTECs in (A) showing 

relative composition of mTEC subsets. Values represent mean ±SEM. Bar 

graphs (right) of total cell numbers of each mTEC subset depicted by mean 

±SEM. (C) Top panels show immunostaining for keratin-8 (green) and keratin-5 

(red) on thymic sections from isotype or anti-RANKL treated mice. Bottom 

panels show immunostaining for keratin-5 (red) and Aire (green). Scale bars 

depict either 500µm (top) or 50µm (bottom). (D) Gene expression analysis on 

mTECs sorted from wildtype mice treated with either isotype (gray) or anti-

RANKL (blue) antibody. Results standardized to Cyclophilin A and normalized 

to isotype-treated mice with bars depicting mean ±SD. (E) Representative flow 

cytometry plots of thymocytes from wildtype mice treated for 2 weeks with 

isotype or anti-RANKL antibody. Values depict mean ±SD. Total thymocyte 

numbers (right) are indicated with each circle depicting an individual animal and 

bars showing the mean. (F) Flow cytometric analysis of Foxp3 staining in CD4 

SP thymocytes from (E). Plots (right) show percentage and number of thymic 

CD4+ Foxp3+ cells. Data shown is representative of two to four independent 

experiments containing three or more individual mice within each group. 
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Figure 2.1 
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Figure 2.2. Increased Aire+ mTECs in OPG-/- mice 

 (A) Quantitative PCR analysis of Aire and OPG gene expression in MHC IIlo 

and MHC IIhi mTECs sorted from wildtype B6 mice. Results standardized to 

Cyclophilin A and normalized to MHC IIlo. (B) Absolute numbers of mTECs and 

cTECs in OPG+/+ (black bars) and OPG-/- (red bars) mice. Thymi were analyzed 

by flow cytometry and mTECs were defined as CD45-, EpCAM+, MHC II+, Ly51- 

events and cTECs were defined as CD45-, EpCAM+, MHC II+, Ly51+ events. 

(C) Representative flow cytometry plots of mTECs in (B) showing relative 

composition of indicated mTEC subsets. Values depict mean ±SEM. Bar 

graphs (right) depict total cell numbers of each mTEC subset and indicate 

mean ±SEM. (D) Immunostaining for keratin-8 (green) and keratin-5 (red) on 

frozen thymic sections from OPG+/+ and OPG-/- mice. Data is representative of 

at least three independent experiments with at least three mice per group. 
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Figure 2.2 
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Figure 2.3. Regeneration of mTECs after anti-RANKL withdrawal 

(A) Experimental layout for analysis of mTEC recovery after anti-RANKL 

withdrawal. Wildtype mice were treated for 1 week with isotype or anti-RANKL 

(black arrows) and harvested at indicated time points (red arrows). Graph 

(bottom) depicts relative composition of mTEClo mTEChi and Aire+ mTECs at 

each time point in anti-RANKL treated mice. Values represent mean ±SEM. (B) 

Representative flow cytometry plot of mTECs from each of the indicated time 

points from (A). Values represent percent of Aire+ mTECs. (C) Immunostaining 

for keratin-8 (green) and keratin-5 (red) on thymic sections from isotype or anti-

RANKL-treated mice harvested at 10 weeks. Scale bars depict 500µm. Data 

shown is representative of at least two independent experiments with three to 

five mice per group. 
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Figure 2.3 
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Figure 2.4. Anti-RANKL mediated mTEC ablation leads to altered negative 

selection 

(A) Representative flow cytometry plots showing thymocytes from mice 

harvested after two weeks of indicated treatment. Percentages of CD4 SP (top) 

and OT-II clonotype-specific (bottom) T cells are shown. Values represent 

mean ±SD. (B) Quantification of OT-II clonotype-specific CD4 SP cells from 

(A). Graph shows mean ±SEM. (C) Representative histograms for Foxp3 

staining in CD4 SP events from (A). (D) Wildtype mice were treated with 

isotype or anti-RANKL antibody for three weeks, immunized with P2 peptide, 

and then harvested 10 days later for tetramer analysis. Representative flow 

cytometry plots of CD4+ T cells are shown for each condition. Values indicate 

absolute numbers of CD44+ P2-I-Ab-specific T cells. IRBP-/- mice were included 

as positive controls. Each dot on the graph represents an individual mouse, 

bars show mean, and the dotted line represents the limit of detection. Data 

shown is representative of two to three independent experiments. 
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Figure 2.4 
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Figure 2.5. RANKL blockade increases anti-melanoma immune response 

(A-B) RAG1-/- x TRP-1 TCR Tg mice were treated with isotype or anti-RANKL 

antibody for 2 weeks. Thymus (A) and spleen (B) were harvested for analysis, 

and representative flow cytometry plots show percent of CD4+ (top) and CD4-

gated V14+ (bottom) T cells. Values represent mean ±SEM. (C) Survival 

curves of RAG1-/- x TRP-1 TCR Tg mice inoculated with B16 melanoma 

following treatment with isotype or anti-RANKL antibody, n=7-8 mice for each 

group. (D) Representative immunostaining for CD3 (pink) with DAPI 

counterstain (purple) on tumor sections from isotype or anti-RANKL treated 

mice in (C). Scale bars depict 50µm. Average densities of CD3+ cells per tumor 

area are quantified on the right. Four sections were evaluated for each 

treatment group and 6 imaging fields were randomly scored from each section. 

Graphs depict mean ±SEM. (E) Survival curves of RAG1-/- recipients inoculated 

with B16 melanoma following adoptive transfer of splenocytes from either anti-

RANKL (blue) or isotype (gray) treated RAG1-/- x TRP-1 TCR Tg mice, n=10 

mice for each group. All data shown is representative of at least two 

independent experiments.   
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Figure 2.5 
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Figure 2.6. Combination therapies to suppress both central and peripheral 

tolerance enhance anti-tumor immunity 

(A) Survival curves of B6 wildtype mice treated with anti-RANKL or control 

antibodies for two weeks and then inoculated with B16 tumors 2 weeks after 

treatment, n=7 mice per group. (B) Survival curves of B6 wildtype mice treated 

with anti-RANKL or control antibodies for two weeks and then inoculated with 

B16 tumors 1 week after treatment, n=9-10 mice per group. GVAX and anti-

CTLA4 were administered on days 3, 6 and 10 following tumor inoculation.  
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Figure 2.6 
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Figure S2.1. Increased thymic Tregs in OPG-/- mice 

(A) Total thymocytes (left) and frequency (middle) and absolute numbers (right) 

of thymocyte subsets are indicated with each circle depicting an individual 

animal and bars showing the mean. (B) Flow cytometric analysis of Foxp3 

staining in CD4 SP thymocytes from (A). Plots (right) show percentage and 

number of thymic CD4+ Foxp3+ cells. Data shown is representative of two to 

three independent experiments containing three or more individual mice per 

group. 
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Figure S2.1 
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Figure S2.2. Negative selection resumes normally after withdrawal of anti-

RANKL 

(A) Mice of the indicated genotypes were treated for two weeks with anti-

RANKL and then allowed to recover for 14 weeks. Representative flow 

cytometry plots showing thymocytes from mice harvested at the end of the 14-

week recovery period. Percentages of CD4 SP (top) and OT-II clonotype-

specific (bottom) T cells are shown. Values represent mean ±SD. (B) 

Quantification of OT-II clonotype-specific CD4 SP cells from (A). Graph shows 

mean ±SEM. 
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Figure S2.2 
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Figure S2.3. RANKL blockade causes increased T cell activation in NOD 

mice 

(A) NOD wildtype (top) and NOD.AireGW/+ (bottom) mice were treated at 

weaning for two weeks with anti-RANKL and then harvested after 9 weeks of 

recovery. Shown are representative flow cytometry plots of CD4+ splenocytes. 

Values shown on plots indicate the percent of T cells showing an activated-

memory (CD44hi CD62Llo) phenotype. (B) Total splenocyte cellularity of mice 

harvested in (A). (C) Quantification of CD4+ and CD8+ T cells displaying an 

activated-memory from (A). Shown are the percent and absolute numbers of 

CD4+ and CD8+ T cells with each circle depicting an individual animal and bars 

showing the mean. (D) Plots depict the infiltrate scores of lacrimal and salivary 

glands of mice harvested in (A), values depict mean ±SEM. 
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Figure S2.3 
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Figure S2.4. Anti-RANKL treatment of TRP-1 mice causes autoimmune 

vitiligo 

(A) RAG1-/- x TRP-1 TCR Tg mice were treated with anti-RANKL or control 

antibody for two weeks and then harvested several weeks later. RNA was 

prepared from pieces of ear tissue and qPCR analysis was conducted for 

Tyrosinase and Tyrp1. Results standardized to β2m and normalized to B6 

wildtype mice with bars depicting mean ±SD. (B) RAG1-/- mice were given an 

adoptive transfer of splenocytes from either isotype of anti-RANKL treated 

RAG1-/- x TRP-1 TCR Tg mice. The flanks of these mice were shaved to 

stimulate new hair growth to determine whether the mice showed clinical signs 

of autoimmune vitilito. The two mice on the left were given splenocytes from 

isotype-treated mice, and the two mice on the right were given splenocytes 

from anti-RANKL treated mice. (C) Images of mice in (B) several weeks after 

adoptive transfer. 
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Figure S2.4 
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Chapter 3: Canonical microRNAs in Thymic 

Epithelial Cells Promote Central Tolerance 

 

Abstract 

Medullary thymic epithelial cells (mTECs) facilitate the deletion of 

developing self-reactive T cells by displaying a diverse repertoire of tissue-

specific antigens (TSAs), a process which largely depends on the expression of 

the autoimmune regulator (Aire) gene. Mature microRNAs (miRNA) that 

regulate gene expression post-transcriptionally are generated in a multi-step 

process. The microprocessor complex including DGCR8 cleaves canonical 

miRNAs, but alternative DGCR8-independent miRNA biogenesis pathways 

exist as well. In order to study the role of canonical miRNAs in TECs we 

ablated Dgcr8 using a FoxN1-Cre transgene. We report that DGCR8-deficient 

TECs are unable to maintain proper thymic architecture and exhibit a dramatic 

loss of thymic cellularity. Importantly, DGCR8-deficient TECs develop a severe 

loss of Aire+ mTECs. Using a novel immunization approach to amplify and 

detect self-reactive T cells within a polyclonal T-cell receptor (TCR) repertoire, 

we demonstrate a link between the loss of Aire expression in DGCR8-deficient 

TECs and the breakdown of negative selection in the thymus. Thus, DGCR8 

and canonical miRNAs are important in TECs for supporting central tolerance.  
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Introduction 

Thymic epithelial cells (TECs) support T-cell development in two distinct 

stages. Cortical thymic epithelial cells (cTECs) facilitate the positive selection of 

thymocytes that have undergone T-cell receptor (TCR) rearrangements 

capable of recognizing self-MHC [1]. Positively selected thymocytes undergo 

negative selection by medullary thymic epithelial cells (mTECs) to eliminate 

self-reactive T cells [85]. To prevent autoimmunity, mTECs display a diverse 

repertoire of tissue-specific antigens (TSAs) whose expression is otherwise 

restricted to peripheral tissues [18, 32, 91]. Developing thymocytes bearing a 

TCR recognizing the TSAs undergo apoptosis to purge the developing T-cell 

pool of self-reactive T cells [13-15]. TSA expression in mTECs is largely 

dependent on autoimmune regulator (Aire), which is expressed in a subset of 

mature mTECs expressing high levels of MHC II and the co-stimulatory 

molecule CD80 [34, 35, 91]. Both patients and mice with mutations in AIRE 

develop multi-organ autoimmunity which underscores the importance of TSA 

expression for the elimination of self-reactive T cells in maintaining tolerance 

[26, 27, 32].  

MicroRNAs (miRNAs) are ~22 nucleotide long noncoding RNAs that 

mediate sequence-dependent post-transcriptional gene repression [79, 80]. 

The primary miRNA transcripts of canonical miRNAs are processed by a 

complex formed by DROSHA and DGCR8 to generate ~60-80nt hairpin 

precursor miRNAs. After export to the cytoplasm, these hairpins are further 

processed by the RNase III enzyme Dicer to produce mature miRNAs. 
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However, Dicer does not exclusively process miRNA precursors but rather 

includes a variety of small RNAs such as endogenous siRNAs, endogenous 

shRNAs, mirtrons, and Alu RNAs [106-108]. By ablating key genes required for 

miRNA biogenesis we and others have previously demonstrated the 

importance of miRNAs in various lymphocyte populations [109-113]. Similarly, 

Dicer is important for TEC biology [82-84]. However, since Dicer is not 

restricted to processing miRNAs it remains unclear whether TEC development 

and function are truly dependent on the canonical miRNA pathway [106-108].  

To further define the role of canonical miRNAs in TECs, we generated 

mice with TEC-specific deletion of Dgcr8, a component of the miRNA-specific 

microprocessor complex [107, 114].  Here we find that DGCR8 is critical for 

maintaining the proper expression of Aire and the overall architecture of the 

thymic medulla.  Furthermore, we demonstrate a breakdown in thymic negative 

selection in these animals by detecting pathogenic autoreactive T-cell clones in 

the periphery that are normally deleted in the thymus. Thus, proper thymic 

architecture and central tolerance depend on canonical miRNAs expressed in 

TECs. 

 

Results and Discussion 

Thymic architecture and TEC composition depend on miRNAs 

To study the role of canonical miRNAs in TEC function we first analyzed 

Dgcr8 expression in mTECs and cTECs from C57BL/6J wildtype mice and 

found no significant differences in expression (data not shown). We then 
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utilized FoxN1-Cre knock-in mice, which express Cre recombinase in all TECs 

without disrupting FoxN1 function, to conditionally inactivate Dgcr8 in TECs 

(Dgcr8ΔTEC) [114, 115]. We used qPCR analysis to verify that the deletion of 

Dgcr8 in Dgcr8ΔTEC mice was comparable between mTECs and cTECs (data 

not shown). At 2 weeks of age Dgcr8ΔTEC mice exhibited evidence of disrupted 

thymic architecture with a loss of the distinct keratin-8 (K8) and keratin-5 (K5) 

staining patterns as compared with the characteristic separation between 

cortex and medulla in littermate control mice (Figure 3.1A). The TECs in 

Dgcr8ΔTEC mice appeared to be thinned out and many expressed both keratin 

markers (K5+K8+), a feature characteristic of immature TECs [116]. Though 

Aire+ cells were detectable at 2 weeks by immunofluorescent staining, they 

appeared to be reduced in number. By 6 weeks of age the Dgcr8ΔTEC thymi had 

further deteriorated and developed large patches lacking K5/K8 staining (Figure 

3.1A). Aire+ cells were further depleted and nearly all remaining TECs were 

K5+K8+. Hematoxylin and eosin (H&E) staining revealed confluent cellularity, 

demonstrating that the absence of K5/K8 staining did not represent a general 

absence of cells (e.g. a liquid filled cyst) but rather a specific loss of TEC or 

TEC identity (Figure 3.1A). 

To quantify and further characterize these changes in thymic 

architecture we performed flow cytometry on TECs. As expected from the 

histologic analysis, overall TEC cellularity was significantly reduced in 2-week 

old Dgcr8ΔTEC mice and further decreased by 6 weeks of age (Figure 3.1B, 

S3.1A). Although Dgcr8ΔTEC mice showed increased frequencies and absolute 
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numbers of cTECs at 2 weeks of age, cTEC numbers were comparable to 

those of littermate controls by 6 weeks. In contrast, mTEC cellularity was 

reduced by nearly 80% in 2-week old Dgcr8ΔTEC mice and progressed to a 95% 

loss by 6 weeks (Figure 3.1B). Within the mTEC compartment in 2-week old 

mice, the relative frequency of Aire+ cells was reduced while the immature 

mTEClo (MHC IIlow Aire-) and the more mature mTEChi (MHC IIhi Aire-) cell 

subsets were relatively enriched (Figure 3.1C) [34, 35]. In contrast, absolute 

cell numbers were reduced across all mTEC subsets at both 2-week and 6-

week time points (Figure 3.1D). However, the loss was most prominent in the 

Aire+ cells. Thus, proliferating immature mTEC precursors could be partially 

compensating for the loss of the most mature mTECs. Supporting this notion, 

increased frequencies of the relatively enriched mTEClo and mTEChi cell 

subsets expressed the proliferation marker Ki67 (Figure 3.1D).  By 6 weeks of 

age, both mTEChi and Aire+ cells were relatively depleted in Dgcr8ΔTEC mice 

while the mTEClo subset was enriched. Similar to the 2-week time point, a 

larger proportion of mTEClo cells expressed the proliferation marker Ki67 

(Figure 3.1D). Thus, increased proliferation rates of mTEC precursor cells 

partially compensated for the loss of the more differentiated mTECs. 

To investigate whether the loss of Aire+ mTEC resulted from the TEC-

intrinsic loss of Dgcr8 expression in mTEC or was an indirect consequence of 

disturbed TEC-thymocyte crosstalk we analyzed neonatal mice. While overall 

thymocyte cellularity was comparable between Dgcr8ΔTEC and control mice 2 

days postnatally, Dgcr8ΔTEC mice exhibited a significant loss of both mTEC and 
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cTEC cellularity (Figure 3.2 A-E). The mTEC loss was specific to the mature 

mTEChi and Aire+ subsets which is indicative of an initial TEC-intrinsic 

maturation defect in the thymi of Dgcr8ΔTEC mice. Additional impaired TEC-

thymocyte crosstalk may occur at later timepoints. 

Together, these findings demonstrate that DGCR8-dependent canonical 

miRNAs are essential for TEC cellularity and mTEC maturation, particularly the 

accumulation and maintenance of Aire-expressing mTECs. This suggests that 

the histologically apparent mTEC voids in 6 week old mice represent a true 

absence of mTECs. In addition, the altered relative TEC composition suggests 

a superimposed differentiation defect in which the mature mTEChi and Aire+ 

mTEC subsets are diminished while the immature mTEClo cells accumulate 

and exhibit increased proliferation. These findings are consistent with the 

increased presence of K5+K8+ cells in Dgcr8ΔTEC thymic sections suggesting 

that the loss of the most differentiated mTEC may trigger a proliferative 

response in immature TECs to compensate for the overall loss of TEC 

cellularity.  

 

miRNAs are required for the maintenance of thymocyte cellularity 

The profoundly altered thymic architecture and TEC cellularity suggested 

that thymocyte development could be affected by TEC-specific miRNA-

deficiency. Thymi from 6-8 week old Dgcr8ΔTEC mice showed a significant 

reduction of over 60% in thymic cellularity (Figure 3.3A). In contrast, the relative 

frequencies of CD4-CD8- double negative (DN), CD4+CD8+ double positive 
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(DP), CD4+ single positive (SP), CD8+ SP thymocytes and CD4+Foxp3+ Treg 

cells were not affected in Dgcr8ΔTEC mice. As a consequence, absolute 

numbers of all thymocyte developmental stages were proportionally reduced. 

These results suggest that although Dgcr8ΔTEC mice have a severely disrupted 

thymic architecture and significant reduction in TECs, the remaining TECs are 

sufficient to support T-cell development. This finding is reminiscent of Smad4-

deficient TEC that lead to substantial thymic hypoplasia but intact relative 

thymocyte development [117]. Thus, the thymus appears to have a remarkable 

ability to maintain thymocyte development despite severely impaired TEC 

numbers and composition. Next we analyzed whether the reduction of thymic 

T-cell numbers resulted in peripheral T-cell lymphopenia. In contrast to the 

thymic cellularity, total splenic cellularity was not different between Dgcr8ΔTEC 

and control mice, and CD4+ and CD8+ T-cell numbers were only modestly 

reduced (Figure 3.3B). Thus, homeostatic proliferation in the periphery most 

likely compensated for the reduced thymic cellularity. However, despite the 

relatively normal thymocyte development and the presence of substantial 

numbers of T cells in lymph nodes and spleen, we could not exclude that the 

thymocytes developing in a Dgcr8ΔTEC microenvironment were functionally 

impaired or had a skewed TCR repertoire due to defective thymocyte selection. 

Indeed, mice with Dicer-deficient TECs develop collagen-induced arthritis with 

increased incidence but decreased severity suggesting both an altered T-cell 

repertoire and possibly impaired T-cell function [82]. Thus, Dicer-deficient TEC 
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are not able to support numerically and functionally normal thymocyte 

development. 

 

miRNA deficiency in TECs causes a breakdown in central tolerance 

Given the complex consequences on T cells developing in Dicer-

deficient TEC [82] and the prominent and progressive loss of Aire+ mTECs we 

sought to determine whether Dgcr8ΔTEC mice had a defect in central tolerance. 

Dgcr8ΔTEC mice did not develop spontaneous autoimmunity as evidenced by 

immune infiltrates in various organs or the presence of autoantibodies when 

compared with littermate controls, even when aged out beyond 45 weeks (data 

not shown). These findings are consistent with previous work which found that 

Aire expression during the perinatal period is sufficient to induce central 

tolerance [97].  In addition, similar results have been reported for mice with 

Dicer-deficient TECs [84]. In these studies, depletion of T cells at 2 weeks of 

age to allow the seeding of potentially autoreactive T cells developing in a 

Dicer-deficient TEC microenvironment led to multiorgan autoimmune disease 

after 30 weeks [84]. Thus, the presence of some Aire+ TEC during the perinatal 

period, peripheral Aire expression, and other peripheral tolerance mechanisms 

likely cooperated to prevent the development of spontaneous autoimmunity in 

Dgcr8ΔTEC mice [91, 118]. 

We hypothesized that although Aire expression is partially maintained in young 

Dgcr8ΔTEC mice, self-reactive T cells could have escaped thymic deletion due to 

the disturbance of thymic architecture and the progressive loss of Aire+ mTECs, 
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but be kept in check by peripheral tolerance mechanisms. We aimed at testing 

this hypothesis in the polyclonal T-cell repertoire employing a novel approach to 

expand and detect Aire-dependent autoreactive T cells. In previous work we 

determined that IRBP-specific T cells are normally deleted efficiently in the 

thymus of Aire-sufficient hosts and that such cells escape deletion in Aire-

deficient thymi and provoke autoimmune uveitis [13]. Utilizing a previously 

described tetramer enrichment protocol, we developed methods to detect T 

cells with this specificity in the polyclonal repertoire of Aire-deficient hosts [15, 

105]. Thus, we hypothesized that escaped self-reactive IRBP-specific CD4+ T 

cells could be detected in Dgcr8ΔTEC mice given the loss of proper Aire-

expression in these mice. To expand T cells for detection, we immunized 

Dgcr8ΔTEC and control mice with a MHC II binding IRBP peptide epitope (P2) 

and 10 days later pooled lymph nodes and spleen to enumerate CD4+ P2-I-Ab 

reactive T cells. Consistent with the loss of Aire+ mTECs, immunized Dgcr8ΔTEC 

mice showed a significant expansion of P2-specific CD4+ T cells when 

compared with littermate controls (Figure 3.4A, S3.1B). Importantly, this 

expansion was also associated with a breakdown in immune tolerance with the 

generation of IRBP-specific autoantibodies and autoimmune uveitis in 

immunized Dgcr8ΔTEC mice when compared with control mice (Figure 3.4B-C). 

 

Concluding Remarks 

 In summary, we show here that Dgcr8 expression in TECs is critical 

for the maintenance of proper corticomedullary thymic architecture and that 
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canonical miRNAs are unequivocally required to support both TEC and 

thymocyte cellularity. miRNAs are critical for TEC differentiation and 

composition and for the development and maintenance of Aire+ mTECs. Using 

a novel immunization approach to expand and detect autoreactive T cells in a 

polyclonal TCR repertoire, we demonstrate that TECs rely on miRNAs to 

prevent a breakdown in central tolerance. Furthermore, we show that 

immunization with self-antigen followed by tetramer-mediated detection of 

expanded self-reactive T-cell clones can be used as an effective and rapid tool 

to screen for central tolerance defects in animal models. Thus, such an 

approach may be useful to screen for hidden central tolerance defects in large 

scale mutagenesis projects.  

 

Materials and Methods 

Mice 

FoxN1-Cre knock-in mice were kindly provided by N. Manley [115]. Floxed 

Dgcr8 mice were kindly provided by R. Blelloch [114]. IRBP-/- mice were 

described previously [13]. Throughout this study Dgcr8ΔTEC represents 

B6.FoxN1-Cre+Dgcr8fl/fl mice and littermate controls are both B6.FoxN1-Cre+ 

Dgcr8fl/+ mice and all B6.FoxN1-Cre- mice. Mice were housed and bred under 

specific-pathogen free conditions at the University of California, San Francisco 

(UCSF) Animal Barrier Facility. Animal experiments were approved by the 

Institutional Animal Care and Use Committee (IACUC) at UCSF.  
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Histology and Immunofluorescence 

Thymi were harvested and embedded in Tissue-Tek Optimal Cutting 

Temperature (OCT) media. 8 µm frozen thymic sections were fixed in 100% 

acetone and blocked in 10% goat serum before incubation with primary 

antibodies. Primary antibodies were purchased from either Abcam (keratin-5, 

keratin-8) or eBioscience (Aire) and all secondary antibodies were purchased 

from Invitrogen. Immunofluorescence slides were visualized using a Zeiss 

Apotome widefield microscope. For eye disease scoring, eyes were processed 

by formalin fixation and H&E staining as previously described [13, 15]. Sections 

were blindly scored for severity of infiltration and tissue destruction. H&E slides 

were imaged using a Zeiss AxioImager brightfield microscope. 

 

Flow Cytometry 

Thymic stromal cells were isolated as previously described [104]. Briefly, thymi 

were minced with razor blades and digested with DNase I and Liberase TM 

(Roche) before gradient centrifugation with Percoll PLUS (GE Healthcare). 

Enriched stromal cells were blocked with the Fc-receptor blocking antibody 

2.4G2 and stained with the indicated surface marker antibodies (BioLegend). 

For intracellular staining with anti-Aire-A647 (eBiosciences) and anti-Ki67-PE 

(BD Biosciences), cells were stained using the Foxp3 Staining Buffer Set 

(eBiosciences). For staining of lymphocytes, all surface marker antibodies were 

obtained from BioLegend except anti-Foxp3-APC which was obtained from 

eBiosciences. Flow cytometry was performed using a LSR II flow cytometer 
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(BD Biosciences), and raw data were analyzed using FACS Diva (BD 

Biosciences) and Flow Jo (Tree Star). 

 

Immunization 

As described previously, 7-8 week old mice were immunized subcutaneously 

with 100 µg of P2 peptide emulsified in 100 µL of CFA [15]. For induction of 

autoimmune uveitis, mice were given an i.p. injection of 400 ng pertussis toxin 

at the time of immunization. Mice were harvested 10 days following 

immunization for tetramer analysis and 21 days following immunization for 

uveitis analysis.  

 

Tetramer Analysis 

P2-I-Ab tetramer (Interphotoreceptor retinol binding protein 3, amino acids 294-

306) was generated by the NIH Tetramer Core Facility, and tetramer staining 

was performed according to previously described protocols [15, 105]. Briefly, 

mice were harvested 10 days following immunization and lymphocytes were 

pooled from lymph nodes and spleen. Cells were stained with tetramer for 1 

hour at room temperature and enriched for tetramer+ cells using anti-APC 

microbeads and MACS columns (Miltenyi Biotech). Positively-selected cells 

were stained with antibodies for flow cytometry, and counting beads 

(Invitrogen) were used to enumerate tetramer+ cells.  

 

Generation of 35S-Radiolabeled IRBP and Autoantibody Assay  
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The autoantibody assay was described previously [14]. Briefly, full-length cDNA 

for mouse IRBP (Thermo Scientific, #MMM1013) was used for in vitro 

transcription and translation and labeling with 35S-methionine using the TNT 

system kit (Promega). The 35S-IRBP was immunoprecipitated with serum 

samples in 96-well PVDF filtration plates (Millipore). Serum samples were 

analyzed in triplicate with 20,000 counts per minute (cpm) of 35S-IRBP per well. 

Radioactivity of immunoprecipitated material was evaluated with a liquid 

scintillation counter (1450 MicroBeta TriLux, Perkin Elmer). Serum samples 

from Aire+/+ and Aire-/- mice were used as negative and positive standards, 

respectively (data not shown). The IRBP autoantibody index for each serum 

sample was found by the following calculation: ([cpm in unknown sample – cpm 

in negative standard]   [cpm in positive standard – cpm in the negative 

standard] x 100).   

 

Statistical Analysis 

Statistical analysis was performed using Prism 6.0 (Graphpad).  Mann-Whitney 

testing was performed for tetramer analysis, autoantibody indices, and 

histological analyses.  Student’s t-test was performed for TEC and lymphocyte 

analyses. * denotes p≤0.05, ** denotes p≤0.01 and *** denotes p≤0.001. 
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Figure 3.1. Thymic architecture and TEC composition depend on miRNAs  

(A) Frozen thymic sections from Dgcr8ΔTEC and littermate control mice were 

assessed for expression of keratin-5 (K5, red), keratin-8 (K8, green), and Aire 

(green) by immunofluorescent staining at indicated timepoints. Scale bars = 

200 µm (K5 K8) and 50 µm (K5 Aire). The bottom panel shows H&E staining of 

indicated genotypes at the 6-week time point, scale bars = 500 µm. Data shown 

are representative images from 2-3 independent experiments. (B) Enumeration 

of total mTEC and cTEC cellularity by flow cytometry. cTECs were defined as 

CD45-, EpCAM+, Ly51+, MHC II+ events. mTECs were defined as CD45-, 

EpCAM+, Ly51-, MHC II+ events. (C) Subset composition was assessed by flow 

cytometry of mTECs as defined in (B). (D) Quantification of total TEC cellularity 

and assessment of the proliferation marker Ki67 for the mTEC subsets shown 

in (C). mTEC subsets were defined as mTEClo (MHC IIlow, Aire-), mTEChi (MHC 

IIhi, Aire-), and Aire+ (MHC IIhi, Aire+). White bars in (B) and (D) indicate 

Dgcr8ΔTEC mice, black bars indicate littermate controls. Data shown in (B-D) are 

shown as mean ±SEM of 3-10 samples and are representative of at least two 

independent experiments. * denotes p≤0.05, ** denotes p≤0.01 and *** denotes 

p≤0.001, Student’s t-test. 
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Figure 3.1 
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Figure 3.2. Loss of DGCR8 causes a TEC-intrinsic mTEC maturation 

defect 

(A) Frozen thymic sections from Dgcr8ΔTEC and littermate control mice were 

assessed for expression of keratin-5 (K5, red), keratin-8 (K8, green), and Aire 

(green) by immunofluorescent staining at indicated timepoints. Scale bars = 

200 µm (K5 K8) and 50 µm (K5 Aire). Data shown are representative images 

from 2 independent experiments. (B) Enumeration of total mTEC and cTEC 

cellularity by flow cytometry. cTECs were defined as CD45-, EpCAM+, Ly51+, 

MHC II+ events. mTECs were defined as CD45-, EpCAM+, Ly51-, MHC II+ 

events. (C) Subset composition was assessed by flow cytometry of mTECs as 

defined in (B). (D) Quantification of total TEC cellularity and assessment of the 

proliferation marker Ki67 for the mTEC subsets shown in (C). mTEC subsets 

were defined as mTEClo (MHC IIlow, Aire-), mTEChi (MHC IIhi, Aire-), and Aire+ 

(MHC IIhi, Aire+). (E) Total thymic cellularity from p2 neonatal mice was 

enumerated by flow cytometry: CD4-CD8- double negative (DN), CD4+CD8+ 

double positive (DP), CD4+ single positive (SP), and CD8+ SP thymocytes. 

White bars in (B), (D) and (E) indicate Dgcr8ΔTEC mice, black bars indicate 

littermate controls. Data shown in (B-E) are mean ±SEM of 4-9 samples and 

are representative of two independent experiments. * denotes p≤0.05, ** 

denotes p≤0.01 and *** denotes p≤0.001, Student’s t-test. 
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Figure 3.2 
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Figure 3.3. miRNAs are required for the maintenance of thymocyte 

cellularity 

(A) Total thymic cellularity from 6-week old mice was assessed by flow 

cytometry. Plots show thymocyte subsets: CD4-CD8- double negative (DN), 

CD4+CD8+ double positive (DP), CD4+ single positive (SP), CD8+ SP 

thymocytes and CD4+Foxp3+ Treg cells. Relative frequencies are shown as a 

proportion of all thymocytes with the exception of Treg cells, which are shown 

as a proportion of CD4+ SP thymocytes. Total thymocyte data are shown as 

mean ±SEM of 9-13 samples pooled from four independent experiments. 

Thymocyte subset data is shown as mean ± SEM of 7-8 samples pooled from 

at least two independent experiments. (B) Total splenic cellularity from 6-8 

week old mice. Indicated lymphocyte subsets are shown as a proportion of all 

splenocytes with the exception of Treg cells, which are shown as a proportion 

of CD4+ T cells. All splenocyte data are shown as mean ± SEM of 7-11 

samples pooled from four independent experiments. White bars in (A) and (B) 

indicate Dgcr8ΔTEC mice, black bars indicate littermate controls. * denotes 

p≤0.05, ** denotes p≤0.01 and *** denotes p≤0.001, Student’s t-test. 
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Figure 3.3 
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Figure 3.4. miRNA deficiency in TECs causes a breakdown in central 

tolerance 

(A) Mice were immunized with P2 peptide and then harvested 10 days later by 

flow cytometry following a tetramer pulldown assay. Plots are pre-gated on 

DAPI-, NK1.1-, CD11b-, CD11c-, F4/80-, B220-, CD3+ events. Absolute numbers 

of P2-specific cells are inset within the flow cytometry plots. Tetramer data are 

pooled from 4-5 samples in three independent experiments. IRBP-/- mice were 

included as a positive control for immunization and tetramer pulldown. (B) The 

IRBP-specific immune response was assessed by an IRBP autoantibody assay 

in mice immunized with P2 peptide and harvested 21 days later. (C) Eyes 

harvested from mice in (B) were H&E stained and scored for infiltrates. Scale 

bars = 200 µm. Data in (B) and (C) is shown as mean ± SEM of 7-8 samples 

pooled from two independent experiments. * denotes p≤0.05, and ** denotes 

p≤0.01, Mann-Whitney test. 
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Figure 3.4 
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Figure S3.1. Flow cytometry gating strategies for thymic epithelial cells 

and tetramer pulldown assays 

(A) Gating strategy for cTECs and mTECs including all parent gates. cTECs 

were defined as CD45-, EpCAM+, Ly51+, MHC II+ events. mTECs were defined 

as CD45-, EpCAM+, Ly51-, MHC II+ events. (B) Gating strategy for IRBP P2-

tetramer analysis including all parent gates. Tetramer plots are pre-gated on 

FSC/SSC, DAPI-, NK1.1-, CD11b-, CD11c-, F4/80-, B220-, CD3+ events. 
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Figure S3.1 
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Chapter 4: miR-205 is Highly Expressed in 

Medullary Thymic Epithelial Cells but its Role in 

the Postnatal Thymus Remains Unclear 

 

Abstract  

 Thymic epithelial cells (TECs) play a major role in supporting T cell 

development in the thymus. Cortical thymic epithelial cells (cTECs) facilitate 

positive selection of developing thymocytes whereas medullary thymic 

epithelial cells (mTECs) facilitate the deletion of self-reactive thymocytes in 

order to prevent autoimmunity. The mTEC compartment is highly dynamic 

with continuous maturation and turnover, but the genetic regulation of these 

processes remains poorly understood. MicroRNAs (miRNAs) have been 

identified as important regulators of gene expression, and recent work has 

shown that miRNA-deficient TECs are unable to maintain proper thymic 

function. However, the individual miRNAs responsible for these phenotypes 

and their mechanisms of action remain unknown. Here, we characterize miR-

205 as being highly expressed in mTECs during both thymic ontogeny and in 

the postnatal thymus. Genetic ablation of miR-205 in TECs, however, was 

unable to reveal the role of miR-205 in TEC function during homeostatic 

conditions. Immunization-based approaches did not suggest any defects in 

central or peripheral tolerance, and miR-205 deficient TECs showed 

comparable recovery from thymic stress conditions as compared to littermate 
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controls. Thus, despite its high levels of expression in mTECs, the role of 

miR-205 in the postnatal thymus remains unclear.  

 

Introduction 

Thymic epithelial cells (TECs) are critical mediators of T cell 

development in the thymus. Cortical thymic epithelial cells (cTECs) facilitate 

positive selection in the cortex as thymocytes rearrange and assemble T cell 

receptors (TCRs) capable of recognizing self-MHC [1]. Positively selected 

thymocytes migrate to the medulla to undergo negative selection by medullary 

thymic epithelial cells (mTECs) [1, 2]. To prevent autoimmunity, mTECs 

eliminate self-reactive thymocytes from the developing T cell pool by displaying 

a repertoire of tissue-specific antigens (TSAs) whose expression is normally 

limited to peripheral tissues [13, 18, 119, 120]. This ectopic expression of TSAs 

is largely dependent on autoimmune regulator (Aire), which is expressed in a 

mature subset of mTECs [11, 32, 36]. Patients and mice with defects in AIRE 

develop multi-organ autoimmune disease, which emphasizes the importance of 

TSA expression in mTECs as a means to promote central T cell tolerance [26-

28, 32].  

Several groups have recently shown that mTECs and cTECs represent a 

highly dynamic population with continuous cycling and turnover in the postnatal 

thymus [34, 37, 62, 68, 69, 73, 75]. However, the precise regulation of these 

processes and their impact on thymic function remain largely unknown. While 

thymocytes represent one of the best genetically characterized cell types, 
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genetic programs in TECs are understood poorly [121]. Thus, further work is 

necessary to identify genes and signaling pathways necessary for maintaining 

homeostasis within the TEC compartments.  

MicroRNAs (miRNAs) are ~22 nucleotide noncoding RNAs that mediate 

post-transcriptional repression of genes in a sequence-dependent manner [78, 

79]. Primary miRNA transcripts are processed by the DROSHA /DGCR8 

complex to generate ~60-80nt hairpin precursor miRNAs [80]. These hairpins 

are further processed in the cytoplasm by Dicer to produce mature miRNAs. 

Mature miRNAs contain a “seed sequence” at nucleotide positions 2-8, and this 

seed sequence mediates repression through complementary base-pairing 

within the 3’-untranslated region (UTR) of target mRNAs. Each miRNA can 

target hundreds of mRNAs, and each mRNA can in turn be regulated by many 

miRNAs [79, 80]. Thus, miRNAs represent key regulators of gene networks and 

can be exploited to discover novel pathways.  

Recent work by our group and others has shown that miRNA-deficiency 

in TECs causes a severe disruption of thymic function which leads to the 

breakdown of central tolerance [81-84]. However, the individual miRNAs 

responsible for these phenotypes and their precise mechanisms of action 

remain largely unknown. Identifying the specific miRNAs which are important 

for TEC biology will allow us to investigate novel networks of genes that are 

important for establishing and maintaining central tolerance. Understanding 

these novel pathways will provide new insight into the regulation of the thymic 
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microenvironment and will contribute to the discovery of therapeutic targets to 

modulate thymocyte development and central tolerance. 

Here, we identify miR-205 as being highly expressed in mTECs and we 

characterize its expression during thymic ontogeny and in the postnatal thymus. 

To characterize its role in mTECs, we utilized a conditional knockout allele to 

ablate miR-205 in TEC lineages. Mice lacking miR-205 in TECs showed normal 

T cell development and failed to show evidence of autoimmunity or defects in 

central tolerance. Despite the high levels of miR-205 expression in mTECs, we 

were unable to detect a phenotype in miR-205 deficient TECs under both 

homeostatic and thymic stress conditions. Thus, the role of miR-205 in the 

postnatal thymus and its functional relevance in mTEC biology remains 

unknown.  

 

Results and Discussion 

miR-205 is expressed in medullary thymic epithelial cells 

 In order to identify miRNAs differentially expressed in medullary thymic 

epithelial cells (mTECs), we FACS-purified thymic cell subsets from adult mice. 

We sorted mTECs, cortical thymic epithelial cells (cTECs), and CD45+ cells as 

three distinct populations and prepared RNA for microarray analysis (Figure 

S4.1A). The CD45+ thymocytes were included as a reference population so we 

could identify TEC-specific miRNAs. These microarray data revealed a distinct 

miRNA signature for each cell type while also demonstrating a high degree of 

reproducibility amongst the replicate samples (Figure 4.1A). Based on these 
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analyses, we chose to focus our studies on miR-205 because of its high signal 

intensity in mTECs and its differential expression in mTECs when compared to 

CD45+ cells (Figure 4.1B). We performed qPCR analysis on sorted thymic 

subsets to validate our microarray data, and miR-205 expression was 

confirmed to be highest in mTECs and showed intermediate expression in 

cTECs (Figure 4.1C).  

 To characterize the temporal and spatial expression pattern of miR-205 

we utilized a conditional knockout allele in which a lacZ reporter and loxP sites 

were targeted into the miR-205 locus (miR-205lacZ) (Figure S4.2A) [122]. While 

this conditional allele can be used to ablate miR-205 in a tissue-specific 

manner, its promoter-less lacZ reporter can also be used to monitor the 

transcriptional activity of the endogenous miR-205 promoter. We performed 

whole-mount X-gal staining of miR-205lacZ embryos and observed strong lacZ 

activity in the thymus as early as e14.5 and quite prominently by18.5 (Figure 

4.2A-C). X-gal staining of tissue sections from e18.5 miR-205lacZ embryos 

showed positive lacZ activity within a scattered subset of cells within the 

developing thymus (Figure 4.2C). The limited number of cells showing positive 

lacZ activity appeared to support the notion that miR-205 is expressed in the 

stromal compartment of the thymus rather than thymocytes. Transcriptional 

activity is not always a true readout of a mature miRNA expression [123], so we 

performed in situ hybridization for miR-205 in wildtype mice to both validate 

these lacZ findings and to characterize miR-205 expression in the adult thymus. 

Our in situ hybridization data revealed a staining pattern that is consistent with 
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expression throughout the thymic medulla and suggested that mTECs which 

express miR-205 do not show any distinct anatomical localization with respect 

to the cortex or the corticomedullary junction (Figure 4.2D).  

Since we interested in characterizing the role of miR-205 in mTEC 

function, we further analyzed its expression within the mTEC compartment. As 

mTECs undergo maturation, they upregulate MHC II and Aire such that they 

begin their development as mTEClo (MHC IIlo Aire-) cells and transition through 

the mTEChi (MHC IIhi, Aire-) stage and eventually become Aire+ (MHC IIhi, Aire+) 

cells [34-36]. We therefore used an Aire-GFP (Adig) reporter allele to purify 

both immature Aire- and mature Aire+ mTEC subsets from Aire+/+ mice and 

performed qPCR analysis for miR-205 [104]. Our results indicate that miR-205 

is highly expressed in both mTEC subsets and that it appears to be enriched in 

the immature Aire- mTECs (Figure 4.2E). Interestingly, when we used the Adig 

reporter to purify GFP+ and GFP- mTECs from Aire-/- mice, we found that 

although miR-205 was still highly expressed in both mTEC subsets, its 

expression was more comparable between the two subsets (Figure 4.2F). 

Recent work has suggested that Aire is required in mTECs in order for them to 

complete their differential program, so our results support the notion that miR-

205 expression is slightly enriched in immature mTECs [38, 124, 125]. Taken 

together, our results suggest that miR-205 is highly expressed in mTECs during 

both thymic ontogeny and in the postnatal thymus.  

 

TEC-specific ablation of miR-205 
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To study the role of miR-205 in TEC function we crossed miR-205lacZ 

mice to a Rosa26-FLP strain to excise the lacZ and neomycin cassettes (Figure 

S4.2A). We next utilized FoxN1-Cre knock-in mice, which express Cre 

recombinase in all TECs without disrupting FoxN1 function [115], to 

conditionally inactivate miR-205 in TECs (miR-205ΔTEC) (Figure S4.2A). By 

purifying mTECs from both miR-205CTRL and miR-205ΔTEC mice we were able to 

confirm both the proper expression of miR-205 in miR-205CTRL mice as well as 

its efficient ablation in miR-205ΔTEC (Figure 4.3A). In parallel, we performed in 

situ hybridization on thymi from these mice to demonstrate uniform ablation in 

miR-205ΔTEC mice (Figure 4.3B). 

 

miR-205 deficiency in TECs does not perturb thymic function under 

homeostasis 

Previous work has shown that miR-205 can target ZEB2 and thereby 

play a role in regulating the epithelial-to-mesenchymal transition (EMT) [126-

128]. EMT is an important physiologic process during embryonic development 

and wound repair [129], but its role in TEC biology remains unknown. ZEB1 

and ZEB2 are transcription factors which drive EMT progression by 

downregulating “epithelial” genes such as E-cadherin, claudins and occludins 

while upregulating “mesenchymal” genes such as N-cadherin, vimentin and 

fibronectin [129, 130]. The contribution of these “epithelial” genes to antigen 

processing and presentation in mTECs has not been studied. While one recent 

report suggests that Aire+ mTECs are derived from a unique claudin-3,4+ 
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lineage of mTECs [131], the implications of this finding are not clear and 

warrant further investigation. Therefore, as a regulator of EMT progression, 

miR-205 appears to promote the “epithelial” phenotype and thus we 

hypothesized that miR-205 deficiency might lead to abnormal thymic 

architecture or altered mTEC differentiation.  

 To understand the physiologic role of miR-205 in TECs during 

homeostasis, we first analyzed untreated adult miR-205CTRL and miR-205ΔTEC 

mice. Immunostaining of thymi revealed similar patterns of keratin-5 (K5) and 

keratin-8 (K8) staining, which indicated that the overall corticomedullary 

architecture of the thymus was preserved in miR-205ΔTEC mice (Figure 4.4A). 

Staining for Aire was also comparable between the two genotypes, which 

suggested that mTEC maturation was not impaired in the absence of miR-205 

in TECs (Figure 4.4A). Staining for Aire and claudin-3 was also comparable 

between the two genotypes, which suggested that mTEC maturation was not 

impaired in the absence of miR-205 in TECs (Figure 4.4A). 

To further characterize these thymi we performed flow cytometry on 

TECs. Consistent with the histology, we did not observe any significant 

differences in mTEC and cTEC cellularity (Figure 4.4B). We used MHC II and 

Aire to further characterize the mTEC compartment and found the immature 

mTEClo (MHC IIlo Aire-), intermediate mTEChi (MHC IIhi, Aire-) and mature Aire+ 

(MHC IIhi, Aire+) mTEC subsets to be comparable in both proportion and cell 

number between miR-205CTRL and miR-205ΔTEC mice (Figure 4.4C-D). 

Furthermore, there were no differences in the proportion of mTECs which 
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expressed the proliferation marker Ki67 (Figure 4.4D). Taken together, these 

results indicate that miR-205 deficient thymi showed no changes in the 

development, maintenance, or maturation of TECs.  

 Next, we characterized the impact of miR-205 deficiency on thymocyte 

selection. We did not observe any significant changes in total thymic cellularity 

between miR-205CTRL and miR-205ΔTEC mice (Figure 4.4E). Similarly, when 

analyzing thymocyte subsets between the two groups, we did not observe any 

significant differences in the relative frequencies or absolute numbers of CD4-

CD8- double negative (DN), CD4+CD8+ double positive (DP), CD4+ single 

positive (SP), CD8+ SP thymocytes and CD4+Foxp3+ Treg cells (Figure 4.4E). 

Overall, thymocyte selection appeared unchanged, suggesting that miR-205 

deficient TECs are sufficient to support T cell development. 

 

Central and peripheral tolerance is maintained with miR-205 deficiency in 

TECs 

 We next sought to determine whether miR-205 deficiency in the thymus 

led to any changes in peripheral lymphocytes. We analyzed splenocytes from 

adult mice but did not detect any significant changes in the total number of 

splenocytes between miR-205CTRL and miR-205ΔTEC mice (Figure 4.5A). The 

relative frequency and absolute number of CD19+ cells, CD4+ T cells and CD8+ 

T cells was also comparable between the two genotypes (Figure 4.5A). Further 

analysis of T cell subsets showed no difference in Treg cells (CD25+ Foxp3+) 

and in T cells with an activated-memory (CD44hi CD62Llo) phenotype (Figure 
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4.5A). Together, these results suggest that peripheral T cell homeostasis is 

maintained in miR-205ΔTEC mice.  

 To look for evidence of spontaneous autoimmunity, we performed 

hematoxylin and eosin (H&E) staining on various organs from aged mice but 

were unable observe any differences in immune infiltrates between miR-

205ΔTEC mice and littermate controls (data not shown). Despite the absence of 

any overt disease in miR-205ΔTEC mice, we sought to determine whether these 

mice had a defect in central tolerance. Specifically, we hypothesized that self-

reactive T cells could escape thymic deletion due to potential defects in antigen 

processing or presentation but remain in check due to peripheral tolerance. To 

test this hypothesis in the polyclonal T cell repertoire, we utilized an 

immunization-based approach to expand and detect Aire-dependent 

autoreactive T cells in the periphery of miR-205ΔTEC mice. We have previously 

shown that T cells specific for the self-antigen IRBP are efficiently deleted in the 

thymus of Aire-sufficient hosts, and that these cells can escape thymic deletion 

and provoke autoimmune uveitis in Aire-deficient mice or in mice harboring 

defects in negative selection [13, 81]. Previously, we have shown that these 

autoreactive CD4+ IRBP-specific cells can be detected in the periphery of Aire-/- 

mice through the use of a peptide-class II tetramer, P2-I-Ab [15, 81]. To 

determine whether these cells could escape thymic deletion in miR-205ΔTEC 

mice, we immunized mice with an MHC II binding IRBP (P2) epitope to expand 

cells for detection in the periphery. Ten days following immunization, we pooled 

lymph nodes and spleen to enumerate total numbers of CD4+ P2-I-Ab-specific T 
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cells by flow cytometry. Consistent with the absence of any overt TEC 

phenotype or spontaneous autoimmunity, we did not detect any differences in 

the expansion of IRBP-specific T cells in either 8-week old or 5-month old miR-

205ΔTEC mice when compared to controls (Figure 4.5B). We concluded from 

these experiments that under homeostatic conditions, miR-205ΔTEC mice do not 

exhibit overt defects in central T cell tolerance and lack evidence suggesting a 

breakdown in peripheral tolerance.  

 

Thymic stress conditions do not reveal a role for miR-205 in TECs 

 Several groups have reported difficulty in characterizing the phenotypes 

of miRNA knockout mice when analyzing mice under homeostatic conditions 

[132-134]. This difficulty is likely due to the role of many miRNAs acting as fine 

tuners of gene expression rather than molecular switches. Furthermore, it has 

been proposed that the regulatory role of miRNAs is to buffer changes in gene 

expression during critical periods of physiological stress [135, 136]. Therefore, 

we employed the use of two different thymic stress models in an attempt to 

reveal a TEC phenotype in miR-205ΔTEC mice.  

 The thymus is a highly dynamic organ with the capacity to undergo 

significant changes in response to pathologic stress. Many groups have 

demonstrated that the thymus can undergo involution in response to various 

insults including hormones, infection, irradiation and inflammatory cytokines 

[60-65], and recent work using TEC ablation models has now shown that both 

cTECs and mTECs have a remarkable ability to recover from thymic injury [37, 
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62, 69]. Given the reports describing miR-205 as a regulator of cell cycle and 

proliferation [137-140], we hypothesized that TECs from miR-205ΔTEC mice 

would be impaired in their ability to recover from thymic damage. One group 

recently took advantage of this approach to demonstrate that miR-29a 

deficiency lowers the threshold for the thymus to undergo involution in 

response to systemic administration of polyinosinic-polycytidylic acid (poly(I:C)) 

[82]. In accordance with these studies we administered systemic poly(I:C) to 

miR-205ΔTEC mice and littermate controls. While we observed a substantial 

degree of thymic involution, we failed to uncover any difference in dose-

response between the two groups (Figure 4.6A). We focused our analysis on 

the 12-day recovery timepoint following administration of the high-dose 

poly(I:C). Although total thymic cellularity had returned to baseline at this time, 

the mTEC compartment was still undergoing recovery as indicated by the lower 

cellularity in the mTEChi subset (Figure 4.6B-D). However, we again failed to 

see any difference between miR-205ΔTEC mice and controls which suggested 

that miR-205 does not play a role in TECS during recovery from poly(I:C)-

induced thymic involution. 

 To confirm these findings in an independent thymic stress model, we 

chose to administer sub-lethal total body irradiation (SL-TBI) to miR-205CTRL 

and miR-205ΔTEC mice. Irradiation of the thymus causes thymic involution by 

promoting both thymocyte apoptosis as well as direct damage to the TEC 

compartment [61, 70, 71]. This was an important consideration in choosing this 

model because many models of thymic stress are driven by the depletion of 
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developing thymocytes [60, 62, 66, 67], and the impact on the TEC 

compartment is likely secondary to the withdrawal of cross-talk interactions 

between developing thymocytes and the stromal compartment [62, 141]. After 

exposing mice to SL-TBI we harvested their thymi for analysis at both 15-days 

and 30-days of recovery. However, we failed to observe any differences 

between the two genotypes at either the 15-day timepoint when total thymic 

cellularity was depleted, or at the 30-day timepoint when total cellularity had 

returned to baseline levels (Figure 4.7A). Interestingly, while total mTEC 

cellularity was comparable between miR-205CTRL and miR-205ΔTEC mice at 15-

day and 30-day timepoints, the cTECs showed slightly lower numbers in the 

miR-205ΔTEC mice at the 30-day timepoint (Figure 4.7B). Subset analysis of the 

mTEC compartment failed to reveal significant changes in frequency or total 

cell number between the two groups (Figure 4.7C-D). Interestingly, we did 

observe an increased proportion of Aire+ cells in miR-205ΔTEC mice which 

expressed Ki67 (Figure 4.7D). However, given that the overall mTEC subset 

frequencies and total cell numbers were comparable between the two groups at 

both recovery timepoints, it remains unclear whether this change in Ki67 

expression bears any significance on the overall ability of miR-205 deficient 

TECs to recover from SL-TBI mediated injury. Our results from these stress 

models indicate that miR-205 is not required in TECs to recover from either 

poly(I:C) or SL-TBI mediated thymic insult. Taken together with the lack of 

phenotype under homeostatic conditions, the role of miR-205 in the postnatal 

thymus remains unclear.  
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There are many possible explanations for our inability to detect a 

phenotype in miR-205ΔTEC mice and hence uncover the role of miR-205 in 

mTECs. miR-205 is expressed in many epithelial tissues including the skin and 

stomach and is best characterized as an epithelial miRNA [142-144]. 

Interestingly, it is often co-expressed with several other epithelial miRNAs such 

as miR-203 and the miR-200 family [126, 127, 144]. While miR-205 does not 

have any known miRNA family members with conserved seed sequences, it 

remains possible that several of its co-expressed epithelial miRNAs could 

functionally compensate for it in the context of miR-205 deficiency. For 

example, although miR-205 has been implicated as a regulator of EMT through 

its ability to target ZEB2, the same studies showed an even greater functional 

relationship between members of the miR-200 family and EMT progression 

[126, 127].  

It also remains possible that the function of miR-205 in TECs is to 

regulate early developmental steps during thymic ontogeny, and hence our 

studies in the postnatal thymus were not sufficient to interrogate this role. A 

recently published study characterized miR-205 transcription throughout 

embryonic development by performing X-gal staining on miR-205lacZ embryos 

[142]. Of note, the authors were able to detect lacZ activity in the pharyngeal 

pouches at e11.5 and e12.5 [142]. This observation is of note because the 

earliest expression of FoxN1 correlates with these timepoints during thymic 

development [145, 146]. If the critical role of miR-205 was limited to this early 

period of development, it remains possible that the timing of FoxN1-Cre 
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expression was not sufficient to ablate miR-205 during this critical period. 

Alternatively, miR-205ΔTEC mice could have recovered from any transient 

defects during thymic development such that the postnatal thymus is 

phenotypically normal. However, in the event that miR-205 is only required 

during thymic development, it remains unclear why mTECs maintain such a 

high level of miR-205 expression in adult mice.  

 

Concluding Remarks 

In summary, we performed miRNA profiling of thymic stromal cells and 

identified miR-205 as a candidate miRNA with preferential expression in 

mTECs. We show here that miR-205 is highly expressed in mTEC populations 

during both embryonic development and in the postnatal thymus. To 

characterize the role of miR-205 in mTECs, we utilized a miR-205 conditional 

allele in combination with FoxN1-Cre to target the ablation of miR-205 to TEC 

lineages. We were unable to detect a phenotype in miR-205 deficient TECs in 

adult mice, and both thymocyte development and peripheral lymphocyte 

homeostasis appeared comparable between miR-205ΔTEC mice and controls. 

Immunization with an Aire-dependent self-antigen failed to reveal a breakdown 

in central tolerance, and miR-205ΔTEC mice did not show any other signs of 

overt autoimmunity. Finally, thymic stress models were unable to suggest a role 

for miR-205 in TECs as miR-205ΔTEC mice showed similar recovery to littermate 

controls following either poly(I:C) or SL-TBI mediated thymic involution. Thus, 

the role of miR-205 in the postnatal thymus remains unclear. 
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Materials and Methods 

Mice 

FoxN1-Cre knock-in mice were kindly provided by N. Manley [115]. Targeted 

miR-205 (miR-205lacZ) mice have been described previously [122]. To generate 

conditional knockout mice miR-205lacZ/+ mice were crossed to a Rosa-FLP 

allele to excise the lacZ and neomycin cassettes. After confirming the deletion 

of these two elements, we out-crossed the Rosa-FLP allele and then 

backcrossed miR-205fl/+ mice to the B6 background for 3 generations. At this 

point miR-205fl/+ mice were crossed with B6.FoxN1-Cre mice for experimental 

analysis. Throughout this study miR-205ΔTEC represents FoxN1-Cre+ miR-205fl/fl 

mice and littermate controls are FoxN1-Cre+ miR-205fl/+ mice and all FoxN1-

Cre- mice. IRBP-/-, Aire-GFP (Adig), and Aire-/- mice have been described 

previously [13, 32, 104]. Mice were housed and bred under specific-pathogen 

free conditions at the University of California, San Francisco (UCSF) Animal 

Barrier Facility. Animal experiments were approved by the Institutional Animal 

Care and Use Committee (IACUC) at UCSF.  

 

Thymic Stress Models 

For poly(I:C)-induced thymic involution, High Molecular Weight poly(I:C) 

(Invivogen) was reconstituted in sterile saline according to the manufacturer’s 

instructions. Mice were treated intraperitoneally on day (-3) and day 0 and then 

harvested at the indicated recovery timepoints. For sub-lethal total body 

irradiation (SL-TBI) experiments, mice were exposed to a single 550 cGy dose 
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of radiation on day 0 and allowed to recover without hematopoietic rescue until 

they were analyzed at the designated timepoints.  

 

Flow Cytometry 

Thymic stromal cells were isolated as described previously [104, 147]. Briefly, 

thymi were minced with razor blades and digested with DNase I and Liberase 

TM (Roche) before gradient centrifugation with Percoll PLUS (GE Healthcare). 

Enriched stromal cells were first incubated with the Fc-receptor blocking 

antibody 2.4G2 and then stained with the indicated surface marker antibodies 

(BioLegend). For lymphocyte staining, all surface marker antibodies were 

obtained from BioLegend. For intracellular staining, cells were processed using 

the Foxp3 Staining Buffer Set and stained with anti-Foxp3-APC (eBiosciences), 

anti-Ki67-PE (BD Biosciences), or anti-Aire-A647 (eBiosciences). All data were 

collected using a BD LSR II flow cytometer and analyzed with either FloJo 

software (TreeStar) or FACS Diva (BD Biosciences). Cell sorting for microarray 

and qPCR analyses was performed using a BD FACS Aria III cell sorter. 

 

RNA Isolation  

Total RNA was extracted from FACS-sorted samples using TRIzol (Invitrogen) 

according to the manufacturer’s instructions.  

 

Quantitative PCR 

RNA was extracted as described above. As described previously [148], reverse 
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transcriptase reactions were performed using the Applied Biosystems TaqMan 

MicroRNA RT kit and quantitative PCR reactions were performed using the 

Applied Biosystems TaqMan miRNA assay system. All reactions were 

normalized to sno202.  

 

Microarray Analysis 

Thymic subsets were FACS-purified from 4-week old NOD wildtype mice. 

Thymi from 10-12 female mice were pooled together for stromal cell isolation, 

and RNA was extracted as described above. Sample preparation, labeling, and 

array hybridizations were performed according to standard protocols from the 

UCSF Shared Microarray Core Facilities and Agilent Technologies 

(http://www.arrays.ucsf.edu and http://www.agilent.com). Total RNA quality was 

assessed using a Pico Chip on an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Palo Alto, CA). RNA was labeled with Cy3-CTP using the 

miRCURY LNA microRNA power labeling kit (Exiqon, Inc, Woburn, MA), 

according to manufacturer’s protocol. Labeled RNA was hybridized to Agilent 

custom UCSF miRNA v3.5 multi-species 8x15K Ink-jet arrays (Agilent). 

Hybridizations were performed for 16 hrs, according to the manufacturers 

protocol (Agilent). Arrays were scanned using the Agilent microarray scanner 

(Agilent) and raw signal intensities were extracted with Feature Extraction v10.1 

software (Agilent). 

 

X-gal Staining 

http://www.arrays.ucsf.edu/
http://www.agilent.com/
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For staining of embryos, miR-205lacZ embryos were harvested and fixed with 

4% paraformaldehyde and 0.2% glutaraldehyde as described previously [122, 

142]. For larger e18.5 embryos, internal organs were dissected out for 

additional fixation and permeabilized in 0.02% NP40, 0.01% sodium 

deoxycholate, and 2mM PBS for one hour prior to staining. Overnight X-gal 

staining was performed at room temperature and embryos were then fixed in 

2% paraformaldehyde and stored in 70% ethanol.  

 

In Situ Hybridization 

In situ hybridization was performed on frozen thymic sections. At harvest, thymi 

were fixed for 2 hours in 4% paraformaldehyde and equilibrated for 7 hours in 

30% sucrose. We used double DIG labeled LNA probes against either miR-205 

or a scramble control (Exiqon). We followed the manufacturer’s instructions and 

hybridized the probes overnight at 57ºC with the following modifications: Post-

hybridization stringency washes: 2x SSC for 60’ at 57ºC, 1x SSC for 10’ at RT, 

0.5x SSC for 10’ at RT, 0.1x SSC for 45’ at 57ºC. Tissues were then blocked 

with 1% goat serum in 0.1% PBS-Tween-20 (PBST) for 2 hours before 

overnight incubation with a 1:5000 dilution of anti-DIG-AP antibody (Roche) at 

4ºC. Following antibody incubation and overnight washes in PBST, alkaline 

phosphatase activity was detected using an NBT/BCIP solution (Roche). Slides 

were visualized using either a Zeiss Apotome or a Zeiss AxioImager brightfield 

microscope.  

 



96 
 

Histology and Immunofluorescence 

Thymi were harvested and embedded in Optimal Cutting Temperature (OCT) 

media (Tissue-Tek). 8µm frozen thymic sections were fixed in 100% acetone, 

blocked in 10% goat serum, and then stained for keratin-5 (Abcam), keratin-8 

(Abcam), claudin-3 (Invitrogen), or Aire (eBiosciences). Secondary antibodies 

were purchased from Invitrogen. Immunofluorescent staining was visualized 

using a Zeiss Apotome widefield microscope.  

 

Immunization and Tetramer Analysis 

Mice were immunized with 100 µg of IRBP P2 peptide (amino acids 271-290) 

emulsified in Complete Freund’s Adjuvant (CFA) as described previously [15]. 

Tetramer analysis was performed on pooled lymph nodes and spleen 

harvested from treated mice 10 days after immunization. P2-I-Ab tetramer 

(Interphotoreceptor retinol binding protein 3, amino acids 294-306) was 

generated by the NIH Tetramer Core Facility, and tetramer staining was 

performed as described previously [15, 105]. Briefly, cells were stained with 

tetramer for 1 hour at room temperature before enrichment for tetramer+ cells 

using anti-APC microbeads and MACS columns (Miltenyi Biotech). Positively-

selected cells were stained with antibodies for flow cytometry, and counting 

beads (Invitrogen) were used to enumerate the absolute number of tetramer+ 

cells.  

 

Statistical Analysis 
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Statistical analysis was performed using Prism 6.0 (Graphpad).  Mann-Whitney 

testing was performed for tetramer analysis.  Student’s t-test was performed for 

TEC and lymphocyte analyses. * denotes p≤0.05, ** denotes p≤0.01 and *** 

denotes p≤0.001. 

 

Acknowledgements 

We thank Nancy Manley for kindly providing FoxN1-Cre knock-in mice 

and the NIH Tetramer Core Facility for providing tetramer reagent. We also 

thank members of the Anderson Lab for critical reading of the manuscript, and 

we thank members of the Ansel Lab and the “miRNA in the Immune System 

Interest Group” for helpful discussion and technical assistance. This work was 

supported by the US National Institutes of Health (AI097457, M.S.A. and 

R56AI106923-01, L.T.J.), the UCSF Program for Breakthrough Biomedical 

Research (funded in part by the Sandler Foundation, M.S.A.), the Swiss 

Foundation for Grants in Biology and Medicine (PASMP3-124274/1, L.T.J), and 

the UCSF Medical Scientist Training Program (I.S.K). Flow Cytometry data 

were generated in the UCSF Parnassus Flow Cytometry Core which is 

supported by the Diabetes and Endocrinology Research Center (DERC) grant, 

NIH P30 DK063720. The authors declare no financial or commercial conflict of 

interest. 

 

  



98 
 

Figure 4.1. miRNA profiling in TECs identifies miR-205 as highly 

expressed in mTECs 

(A) Thymic subsets were purified from 4-5 week old NOD wildtype mice for 

miRNA profiling by microarray analysis. The heatmap depicts the union of 

differentially expressed miRNAs from any comparison (FDR <0.05) with an 

absolute log2 fold change >1 relative to the signal intensity of CD45+ cells. (B) 

Plot depicts average log2 fold change (FC) between mTEC vs CD45+ cells on 

the y-axis and average log2 signal intensity across all samples on the x-axis. 

Red dots indicate genes that are differentially expressed in mTECs vs CD45+ 

cells with an FDR <0.05. (C) Thymic stromal subsets were FACS-purified from 

4-6 week old B6 wildtype mice to confirm the expression of miR-205 in mTECs 

by qPCR analysis. All reactions were standardized to sno202 and then 

normalized to CD45+ cells with error bars depicting mean ±SD. 
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Figure 4.1 
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Figure 4.2. miR-205 is expressed during thymic ontogeny and maintained 

in the adult thymus 

(A) X-gal staining was performed on e14.5 miR-205lacZ embryos to identify 

patterns of miR-205 transcription. The diagram on the left indicates the 

orientation of the tissues that were sectioned for analysis. (B) Whole-mount X-

gal staining was performed on a dissected e18.5 miR-205lacZ embryo (left) and 

positive lacZ reporter activity was observed in the thymus (arrow). A dissected 

and stained miR-210lacZ embryo (right) is shown as a negative control for lacZ 

activity in the thymus. (C) Thymic sections from an e18.5 miR-205lacZ embryo 

were cut and then stained with X-gal. Arrows indicate positive lacZ reporter 

activity in a subset of cells in the thymus. (D) in situ hybridization for miR-205 

was performed on frozen thymic sections from 6-8 week old B6 wildtype mice. 

Serial sections were hybridized using either a miR-205 probe or a scramble 

probe. Image pairs from two samples are shown. Scale bars = 200 µm. (E-F) 

Sorted thymic subsets from either Aire+/+ (E) or Aire-/- (F) mice were analyzed 

by qPCR for miR-205 expression. Both genotypes carried the Aire-GFP (Adig) 

allele to facilitate the sorting of Aire+/GFP+ and Aire-/GFP- mTEC subsets. 

Reactions were standardized to sno202 and then normalized to CD45+ cells 

with error bars depicting mean ±SD. 
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Figure 4.2 
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Figure 4.3. Validation of miR-205 ablation in TECs 

(A) mTECs from 4-6 week old miR-205CTRL and miR-205ΔTEC mice were sorted 

to analyze miR-205 expression by qPCR. Reactions were normalized to 

sno202 and normalized to CD45+ cells. Values depict mean ±SD. Data is 

representative of two independent experiments. (B) in situ hybridizations were 

performed using a miR-205 probe on frozen thymic sections from 4-6 week old 

miR-205CTRL and miR-205ΔTEC mice to confirm the uniform deletion of miR-205 

in mTECs. Scale bars = 200 µm (top), and 100 µm (bottom). 
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Figure 4.3 
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Figure 4.4. miR-205 deficient thymi appear phenotypically normal under 

homeostatic conditions 

(A) Frozen thymic sections from 6-week old miR-205ΔTEC and littermate control 

mice were assessed for expression of keratin-5 (K5, red), keratin-8 (K8, green), 

claudin-3 (Cld-3, red), and Aire (green). Top = K5 and K8, scale bars = 200 µm. 

Middle = K8 and Cld-3, scale bars = 200 µm. Bottom = K5 and Aire, scale bars 

= 50 µm. (B) Enumeration of total mTEC and cTEC cellularity in 5-month old 

mice by flow cytometry. cTECs were defined as CD45-, EpCAM+, Ly51+, MHC 

II+ events. mTECs were defined as CD45-, EpCAM+, Ly51-, MHC II+ events. (C) 

Subset composition was assessed by flow cytometry of mTECs as defined in 

(B). (D) Quantification of total TEC cellularity and assessment of the 

proliferation marker Ki67 for the mTEC subsets shown in (C). mTEC subsets 

were defined as mTEClo (MHC IIlow, Aire-), mTEChi (MHC IIhi, Aire-), and Aire+ 

(MHC IIhi, Aire+). Data in (B-D) are shown as mean ±SEM of 8 samples per 

group and representative of at least two independent experiments. (E) Total 

thymic cellularity from 4-month old mice was assessed by flow cytometry. Plots 

show thymocyte subsets: CD4-CD8- double negative (DN), CD4+CD8+ double 

positive (DP), CD4+ single positive (SP), and CD8+ SP thymocytes. Relative 

frequencies are shown as a proportion of all thymocytes with the exception of 

Treg cells, which are shown as a proportion of CD4+ SP thymocytes. Data are 

shown as mean ±SEM of 3 samples and are representative of at least 3 

independent experiments. White bars in (B-E) indicate miR-205ΔTEC mice, black 

bars indicate littermate controls.   
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Figure 4.4 
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Figure 4.5. Central and peripheral tolerance is maintained in miR-205-

deficient mice 

(A) Total splenic cellularity from 4-month old mice. Indicated lymphocyte 

subsets are shown as a proportion of all splenocytes with the exception of Treg 

cells (CD4+ CD25+ Foxp3+) and activated-memory phenotype T cells (CD44hi 

CD62Llo), which are shown as a proportion of their respective T cell 

populations. Splenocyte data are shown as mean ± SEM of 3 samples per 

group, and are representative of at least 3 independent experiments. White 

bars indicate miR-205ΔTEC mice, black bars indicate littermate controls. (B) Mice 

were immunized with P2 peptide and then harvested 10 days later and 

analyzed by flow cytometry following a tetramer pulldown assay. Plots are pre-

gated on DAPI-, NK1.1-, CD11b-, CD11c-, F4/80-, B220-, CD3+ events. Absolute 

numbers of P2-specific cells are inset within the flow cytometry plots and 

plotted below. Tetramer data are pooled from 8-10 samples per group from two 

independent experiments. IRBP-/- mice were included as a positive control for 

immunization and tetramer pulldown   
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Figure 4.5 
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Figure 4.6. miR-205 deficient TECs show comparable sensitivity and 

recovery potential in response to poly(I:C) mediated thymic involution 

(A) 4-week old mice were treated with varying doses of poly(I:C) at day (-3) and 

day (0) before being harvested at day 4 of their recovery for enumeration of 

total thymic cellularity. (B) Mice were treated with 250µg of poly(I:C) as 

conducted in (A) and then harvested at 12 days of recovery to enumerate total 

thymic cellularity. (C) Enumeration of total mTEC and cTEC cellularity in 4-

week old mice shown in (B). cTECs were defined as CD45-, EpCAM+, Ly51+, 

MHC II+ events. mTECs were defined as CD45-, EpCAM+, Ly51-, MHC II+ 

events. (D) Subset composition was assessed by flow cytometry of mTECs as 

defined in (C). Quantification of total TEC cellularity and assessment of the 

proliferation marker Ki67 for the mTEC subsets shown on the left. Data in (B-D) 

are shown as mean ±SEM of 7 samples per group and are representative of at 

least two independent experiments. Gray bars in (B-E) indicate untreated miR-

205CTRL mice, gray bars indicate poly(I:C) treated miR-205CTRL mice, and red 

bars indicate poly(I:C) treatedmiR-205ΔTEC mice.  
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Figure 4.6 
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Figure 4.7. Radiation-induced thymic stress does not reveal a role for 

miR-205 in TECs 

(A) 6-week old mice were exposed to sub-lethal total body irradiation and then 

harvested at either 15 or 30 days recovery to enumerate total thymic cellularity. 

(B) Enumeration of total mTEC and cTEC cellularity from mice shown in (A). 

cTECs were defined as CD45-, EpCAM+, Ly51+, MHC II+ events. mTECs were 

defined as CD45-, EpCAM+, Ly51-, MHC II+ events. (C) Subset composition 

was assessed by flow cytometry of mTECs as defined in (B). (D) Quantification 

of total TEC cellularity and assessment of the proliferation marker Ki67 for the 

mTEC subsets shown in (C). Data in (B-D) are shown as mean ±SEM of 10 

samples per group pooled from two independent experiments. For data in (B) 

and (D) blue bars indicate untreated miR-205CTRL mice, gray and black bars 

indicate treated miR-205CTRL mice, red and orange bars indicate treated miR-

205ΔTEC mice. * denotes p≤0.05, Student’s t-test. 
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Figure 4.7 
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Figure S4.1. Gating strategy for FACS-purification of thymic subsets for 

microarray analysis 

(A) Thymic subsets were purified from 4-5 week old NOD wildtype mice for 

miRNA profiling by microarray analysis. cTECs were defined as CD45-, 

EpCAM+, MHC II+, Ly51+ events. mTECs were defined as CD45-, EpCAM+, 

MHC II+, Ly51- events. CD45+ cells were defined as EpCAM-, CD45+ events. 
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Figure S4.1 
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Figure S4.2. Overview of miR-205 conditional knockout targeting 

construct 

(A) The endogenous miR-205 locus was targeted with a construct containing 

both a promoter-less lacZ reporter as well as a neomycin cassette. To generate 

conditional knockout mice, targeted mice were crossed to Rosa26-FLP mice 

(miR-205fl/fl), and then bred to FoxN1-Cre mice to ablate miR-205 in TECs 

(miR-205ΔTEC). 
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Figure S4.2 
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Chapter 5: Discussion and Concluding Remarks 

 

 T cell development takes place in a two-step process that is critically 

dependent on thymic epithelial cell (TEC) function [1, 5]. Early T cell 

progenitors first undergo positive selection in the cortex, a process by which 

they rearrange functional TCRs and select for clones which recognize self-

MHC molecules on cortical thymic epithelial cells (cTECs) [1, 5]. Positively 

selected thymocytes then migrate to the medulla where they encounter 

medullary thymic epithelial cells (mTECs) and dendritic cells in order to go 

through negative selection [2]. To prevent autoimmunity, mTECs display a 

diverse repertoire of tissue-restricted antigens (TSAs), whose expression is 

normally limited to peripheral tissues, in order to purge the T cell repertoire of 

self-reactive thymocytes [7-10]. As a result of direct antigen presentation by 

mTECs or indirect presentation by dendritic cells [7-10], self-reactive 

thymocytes undergo deletion or are recruited into the regulatory T cell lineage 

[11-19]. This process of negative selection is necessary to prevent 

autoimmunity, as demonstrated by mouse models with defects in the thymic 

medulla [20-25]. The ectopic expression of TSAs in the thymus is largely 

dependent on autoimmune regulator (Aire), which is expressed in a mature 

subset of mTECs [11, 32, 34-36]. The importance of this process is 

underscored by the development of multi-organ autoimmunity in both patients 

and mice with defective AIRE expression [26, 27, 31, 32, 96].   
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While central tolerance protects against the development of 

autoimmunity, this process also reposes a challenge for generating a robust 

tumor-specific immune response [16, 85]. Since many tumor antigens are 

expressed as TSAs in thymus, high-affinity effector T cells capable of 

recognizing tumor self-antigens may be purged from the developing T cell 

repertoire [86-89]. Thus, the development of methods that selectively and 

transiently deplete Aire-expressing mTECs may be an attractive method to 

enhance tumor-specific immune responses. Prior work has implicated RANK-

RANKL cytokine crosstalk between thymocytes and mTECs as critical for the 

mTEC development [47, 48, 52-54]. However, it remains unclear whether these 

pathways are required for TEC maintenance in the adult thymus and whether in 

vivo RANKL blockade can be applied therapeutically to target the mTEC 

compartment.  

 Within the thymus, mTECs represent a dynamic population with 

continuous cycling and turnover [34, 68]. Models of TEC ablation and recovery 

have also shown that mTECs have robust proliferative potential and can quickly 

regenerate in response to thymic injury [37, 62, 69]. However, the precise 

regulation of these processes and their impact on thymic function remain 

largely unknown. Thus, further work is necessary to identify novel genes and 

signaling pathways necessary for maintaining mTEC homeostasis.  
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RANKL blockade transiently depletes mTECs to suppress central 

tolerance 

 In Chapter 2, we performed a series of experiments to show that in vivo 

RANKL blockade could deplete mature mTECs and be utilized to enhance anti-

tumor immunity. We began by testing the hypothesis that in vivo anti-RANKL 

antibody would disrupt thymocyte-mTEC cytokine crosstalk and lead to a 

depletion of mature mTECs. This loss of mature, Aire+ mTECs was evident 

both by flow cytometry and histology, but more importantly, it was reflected at 

the functional level whereby Aire-dependent TSA transcripts were 

correspondingly absent. Consistent with a defect in negative selection, we 

observed an increase in the overall number of CD4 SP thymocytes. 

Interestingly, we also observed a reduction in thymic Tregs. This observation is 

consistent with previous reports suggesting that Treg induction depends on the 

ability of Tregs to encounter their cognate antigens [16, 19, 37]. Using TCR 

transgenic models of negative selection, we showed that RANKL blockade 

could rescue self-reactive cells from thymic deletion. Furthermore, we extended 

these findings to the polyclonal repertoire by using a previously described 

immunization-based approach to amplify and detect T cells that are normally 

deleted in an Aire-dependent manner [15].  

An important observation with RANKL blockade was that the positive 

selection of thymocytes was maintained even in the absence of mature mTECs. 

This finding was critical to the use of anti-RANKL as a therapeutic agent 

because in order to rescue self-reactive T cells from thymic deletion, the cortex 
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must be capable of supporting ongoing positive selection. The selectivity of 

anti-RANKL’s ability to target mature mTECs separates this approach from 

earlier models of TEC manipulation. Previous work has utilized agents such as 

corticosteroids and inflammatory cytokines to disrupt TEC development [60, 62, 

64]. Although these therapies inhibit TEC function, they fail to show specificity 

in targeting mTEC development as they often rely on thymocyte depletion to 

indirectly affect TECs. 

Lastly, the ability of mTECs to recover after withdrawal of anti-RANKL is 

consistent with the robust regenerative potential of mTECs and cTECs in the 

adult thymus [37, 62, 69]. Interestingly, we observed enrichment of the 

immature mTEClo population prior to the initiation of mTEC recovery. This 

observation is consistent with recent reports which describe a putative slow-

cycling TEC progenitor cell which resides in this phenotypic MHC IIlo TEC 

population [73, 75]. The recovery of mTECs and recommencement of thymic 

negative selection after this repopulation are important considerations for the 

use of anti-RANKL as a therapeutic agent because they highlight the transient 

nature of this targeted therapy. Together, these findings demonstrate the 

efficiency of in vivo RANKL blockade in achieving transient suppression of 

tolerance induction in the thymus.  

 

Manipulation of central tolerance can enhance anti-tumor immunity 

 After demonstrating the transient suppression of Aire+ mTECs with in 

vivo RANKL blockade in Chapter 2, we went on to show that manipulating 



120 
 

central tolerance could be used therapeutically to enhance the immune 

response to cancer. We took advantage of a TCR transgenic model in which T 

cells recognizing the melanoma antigen TRP-1 undergo thymic deletion in an 

Aire-dependent manner [88, 98]. We treated these mice with anti-RANKL and 

showed that TRP-1 cells could be rescued from thymic deletion (Figure 5.1A). 

We went on to challenge these mice with tumors to demonstrate that this 

thymic rescue of tumor self-antigen specific T cells could result in increased 

survival in response to melanoma. Indeed, mice treated with anti-RANKL 

showed a statistically significant increase in survival and also showed evidence 

of increased T cell infiltrates within their tumors. Interestingly, TRP-1 mice 

treated with anti-RANKL also showed evidence of autoimmune depigmentation, 

or vitiligo, which further supports to notion that melanocyte antigen-specific T 

cells had escaped thymic deletion in these mice.  

 We next extended these findings to the polyclonal repertoire and 

challenged wildtype mice with tumors after treating them with anti-RANKL. 

Similar to our findings in the TRP-1 TCR transgenic model, mice treated with 

anti-RANKL showed a statistically significant increase in survival. We next 

hypothesized that using combination therapy to target both central and 

peripheral tolerance could lead to even greater benefits in survival. To test this 

hypothesis, we combined anti-RANKL treatment with GVAX (vaccination with 

irradiated, GM-CSF secreting B16 tumor cells) and anti-CTLA [101, 102]. We 

observed a striking increase in the overall survival when mice received these 

combination therapies. Interestingly, the additive nature of the survival benefit 
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attained from GVAX and anti-CTLA4 suggests that these two therapies act in 

the periphery through independent mechanisms and also reinforces our 

hypothesis that anti-RANKL mediates its effect by targeting central tolerance 

(Figure 5.1B). Although autoimmunity is a dangerous potential consequence of 

this approach, these treatments may also be an attractive new method to help 

break tolerance for cancer immunotherapy. 

 

MicroRNAs in TECs are critical for supporting central tolerance 

 In Chapter 3 of this work, we explored the role of canonical miRNAs in 

supporting central tolerance. We utilized a floxed Dgcr8 conditional allele in 

combination with a FoxN1-Cre knock-in allele to generate TECs deficient for 

canonical miRNAs. We harvested thymi from mice with DGCR8-deficient TECs 

and observed a dramatic loss of thymic cellularity which mapped to both the 

TEC and thymocyte compartments. Interestingly, the phenotype in these mice 

worsened with age as they gradually lost the ability to maintain Aire+ mTECs 

and showed evidence of disorganized thymic architecture. Although these mice 

did not develop spontaneous autoimmunity, we hypothesized that continued T 

cell output from miRNA-deficient thymi would allow for the escape of self-

reactive T cells. Using an immunization-based approach, we were able to 

expand and detect IRBP-specific T cells in the periphery of these mice and 

show that these cells could provoke autoimmune uveitis. The absence of 

spontaneous disease in mice with clear defects in negative selection suggests 

that intact peripheral tolerance mechanisms may be sufficient to keep escaped 
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self-reactive T cells in check. Indeed, these observations are consistent with an 

earlier report that describes a critical perinatal window of Aire expression that is 

necessary to protect against spontaneous autoimmunity [97]. Indeed, the lack 

of spontaneous autoimmunity in both DGCR8-deficient TECs as well as anti-

RANKL treated mice is consistent with these earlier findings. Both of the 

models we present here represent a model of acquired Aire-deficiency relative 

to this critical perinatal window. It is therefore likely that each of these models 

depicts a scenario in which self-reactive T cells are capable of escaping into the 

periphery but may require additional stimulation in the periphery to overcome 

tolerance.  

 Lastly, in Chapter 4 we profiled miRNA expression in TECs with the 

hope of identifying a specific miRNA responsible for part of the phenotypes 

observed in our DGCR8-deficient TEC model. We performed microarray 

analysis to identify miRNAs expressed differentially in mTECs relative to 

thymocytes and chose to focus our studies on miR-205. We characterized the 

expression pattern of miR-205 and observed high expression levels throughout 

embryonic development and onwards in the post-natal thymus. Its expression 

was preferential for mTECs relative to cTECs, and it appeared slightly enriched 

in immature mTECs. We utilized a miR-205 conditional allele to target its 

ablation in TECs to characterize the role of miR-205 in TEC biology, but we 

were unable to detect a phenotype under homeostatic conditions. Several 

groups studying miRNA knockouts have reported similar negative findings 

under homeostatic conditions [132], so we utilized thymic stress models 
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including poly(I:C) administration and sub-lethal irradiation to yield clues as to 

the potential role of miR-205. Despite these models of thymic involution and 

recovery, we were unable to observe any differences in miR-205 deficient 

TECs and control mice. Therefore, although miR-205 is highly expressed in 

mTECs, its role in the post-natal thymus remains unclear.  

  

Concluding Remarks 

 Therapeutic manipulation of thymic function yields significant promise in 

improving outcomes in human disease. We have shown in this work the proof 

of principle experiments that highlight the potential benefit of transiently 

suppressing central tolerance as a means to enhance the anti-tumor immune 

response. Given the current interest in targeting peripheral tolerance 

mechanisms in cancer immunotherapy [92, 100], it remains to be seen whether 

the suppression of central tolerance could be used to complement such existing 

therapies. Indeed, we provide evidence that anti-RANKL, GVAX and anti-

CTLA4 show an additive survival benefit in a melanoma tumor model. 

Furthermore, while we used anti-RANKL to disrupt thymocyte-mTEC 

interactions and suppress central tolerance, one can easily imagine a scenario 

in which agonist signaling through the TNFSF signaling pathway might enhance 

mTEC function. In agreement with this hypothesis, we observed an increase in 

Aire+ mTECs and thymic Tregs in OPG-deficient mice that lack negative 

feedback for RANK signaling. Furthermore, it remains to be seen whether such 

agonist TNFSF signaling could be used in combination with known agents such 
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as KGF and IL-22 which have both shown to be useful in driving TEC 

proliferation [61, 70, 71]. Lastly, further work is needed to identify novel genes 

and pathway that are critical for TEC biology. For example, although it is now 

clear that miRNAs are required in TECs to maintain proper thymic function, [81-

84], the identities of the specific miRNAs that mediate these effects and the 

pathways they regulate remain unclear.  
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Figure 5.1. Manipulation of central tolerance by RANKL blockade 

(A) Schematic showing the impact of anti-RANKL on central T cell tolerance in 

the thymus. RANKL blockade depletes the Aire+ mTEC population along with 

its expression of tissue-specific antigens. As a result, antigen-specific T cells, 

including those specific for tumor antigens, are able to escape thymic deletion. 

The rescue of these tumor self-antigen specific T cells results in an enhanced 

anti-tumor immune response and increased survival in response to tumor 

challenge. Model slide is adapted from work by Zhu, M. et al. [88] (B) Cancer 

immunotherapy is currently focused on breaking peripheral tolerance as a 

means to enhance anti-tumor immunity. There is a great deal of interest in 

developing combination therapies to further enhance the efficacy of these 

treatments. Along these lines, we propose a combination therapy which targets 

both central and peripheral tolerance as a means to promote anti-tumor 

immunity.  
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Figure 5.1 
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Appendix: Selected Protocols 
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Thymic Stromal Cell Isolation 

Reagents and Materials 

DMEM (High Glucose) 

DNase I (Roche, 10104159001) 

Liberase TM (Roche, 5401127001) 

Percoll PLUS (Sigma) 

Glass Pasteur Pipettes (Fisher Brand, 9’’ pipettes, 13-678-8B) 

Transfer pipettes 

70um Cell Strainers 

 

DNase 1: reconstitute with 1mL water to yield 100mg/mL 

Liberase TM: reconstitute one 50mg bottle with 10mL water, gently shake 

while on ice for ~10-15’ and then freeze down either 288uL or 576uL aliquots 

 

Digestion Media: 

DMEM (High Glucose)   15 mL  30 mL  60 mL 

2% HI FBS    300 uL 600 uL 1.2 mL 

100 ug/mL DNase I    15 uL  30 uL  60 uL 

Liberase TM    288 uL 576 uL 864uL 

 

Percoll Densities: 

1.124 

 Percoll Stock  9 mL  27 mL  36 mL  45 mL 

 10x PBS  1 mL  3 mL  4 mL  5 mL 

1.115 

 1.124 Percoll  9.274 mL 18.548 mL 27.822 mL 37.096 mL 

 1x PBS  0.726 mL 1.452 mL 2.178 mL 2.904 mL 

1.065 

 1.124 Percoll  5.24 mL 10.48 mL 15.72 mL 20.96 mL 

 1x PBS  4.76 mL 9.52 mL  14.28 mL 19.04 mL 
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Tissue Isolation and Digestion 

1. Harvest thymi into separate small Petri dishes with 5 mL digestion 

media. If harvesting many thymi, keep everything on ice until ready to 

proceed, otherwise RT is fine.  

2. Mince thymi with new, clean razor blades.  Wipe down between samples 

and replace every 2-4 samples when you notice dulling. 

3. Transfer minced organs and media to labeled 15 mL conical tubes using 

glass Pasteur pipettes. Use 2-3 mL digestion media to rinse remaining 

tissue from Petri dishes and then add to the conical tubes. 

4. Place 15ml conicals containing minced thymi into a 37°C water bath. 

5. Mix with medium-speed pipettor every 6 min for a total of 36 min 

6. Spin down cells at 1300 rpm for 5 min at 4°C. 

7. Resuspend thoroughly in 5 mL cold AutoMACS buffer (1x PBS, 0.5% 

BSA, 2mM EDTA) with transfer pipettes to stop digestion, leave on ice 

for 10’ minutes.   

8. Spin down cells at 1300 rpm for 5 min at 4°C. 

 

Percoll Gradients 

9. Resuspend cells in 4 mL dense (1.115) Percoll and transfer through a 70 

uM cell-strainer into new, FBS-coated tubes. 

10. Create a Percoll gradient by gently layering 2 mL of light (1.065) Percoll 

onto the heavy fraction, followed by 2 mL of 1x PBS.   

11. Spin the tubes for 30 minutes at 2700 rpm, 4°C, with the break set to 0 

and the acceleration set to 5 (half of max on our setting) 

12. During the spin, the stromal cells will settle at the boundary between the 

light Percoll and 1x PBS, while the lymphocytes will be between the light 

and heavy Percoll fractions. See Below.  
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13. Once the gradients finish spinning, remove them as gently as possible 

and aspirate the desired cells using a transfer pipette. The stromal 

fraction will be a visible layer of cells between the PBS and the light 

(1.065) Percoll layers, and the thymocyte fraction will be a visible 

layer of cells between the light and heavy Percoll layers.   

14. Use transfer pipettes to collect the “stromal” TEC fraction into a new 

15mL conical tube containing 8mL FACS buffer. 

15. Assuming a collection volume of ~2mL, mix each of the new tubes 

containing ~10mL of sample and take a 100ul aliquot for cell counting on 

the ViCell 

a. Use 100ul sample + 900ul PBS, use “default” cell type 

b. Over time we’ve found that ~half of the cells are lost in the next 

wash, so factor this in when back-calculating cell numbers 

c. We have found that if you perform an extra wash and count the 

same sample before/after the 2nd wash, the “after” count will be 

roughly half of the “before” count.  

d. When sorting, you need fairly large quantities of antibody so it’s 

worth the effort to perform the 2nd wash and use that count so as 

not to waste antibody reagents 

16. Spin down collected samples and resuspend in 3.5mL FACS buffer 

17. Use transfer pipette to filter into a filter-top FACS tube  

18. Spin down, then resuspend pellet in 100uL 2.4G2 blocking buffer and 

incubate on ice for 10 min 
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a. When you have finished calculating cell counts, adjust volume of 

any samples as needed 

 

Antibody Staining 

2.4G2 blocking buffer (1:50 dilution of 1mg/ml stock in FACS buffer) 

FoxP3 Transcription Factor staining kit (eBioscience) 

Aire-e660 (eBioscience) 

Ki67-PE (BD Biosciences) 

 

1. Generally, resuspend 107 cells in 100uL 2.4G2 and quickly vortex. 

2. Incubate on ice for 10 min. Prepare antibody mix. Unless specified, each 

antibody is diluted 1:100 in FACS buffer such that the final 

concentrations will be 1:200 when added to the samples. 

3. Add 100uL antibody mix per sample and quickly vortex. Incubate 

covered on ice for 30-45 min. 

a. If preparing compensation tubes and staining dense fraction 

thymocytes, keep in mind that the CD8 epitope is cleaved off by 

most Collagenase D based enzymes such as Liberase.  

4. At the end of the incubation, top off tubes with chilled FACS buffer and 

spin down to conduct the first wash.  

5. After decanting supernatant, resuspend in 500uL of diluted Fix Reagent. 

6. Incubate covered on ice for 30 min. 

7. Wash twice with 2.5mL diluted Perm Buffer. Be sure to increase 

centrifuge to 1400 rpm since fixed cells are much smaller. 

8. Make 1:100 dilution of intracellular antibodies in Perm Buffer. Both Aire 

and Ki67 work well in these conditions. 

9. After the 2nd Perm Buffer wash, resuspend each sample in 100uL 

intracellular antibody mix. These antibodies represent a 1:100 final 

concentration. 

10. Incubate covered on ice for 30-45 min. 

11. Wash twice with 2.5mL diluted Perm Buffer. 
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12. Wash once with FACS buffer. 

13. Resuspend in 200-300uL FACS buffer and filter into a mini FACS tube. 

 

Modifications for TEC Sorting / Enhanced TEC Recovery 

1. This modified protocol has proven to yield slightly more than 2x the 

number of mTECs  that one can normally obtain when following the 

standard protocol 

2. When harvesting different genotypes for two independent sorts on the 

same day, consider off-setting the harvest times. If you harvest both 

together, one sample will essentially be dying off in the ice bucket while 

the other is running on the sorter.  

 

3. Digestion buffer and Percoll gradients are the same. 

4. However, this time you will harvest thymi into DMEM with 2% FBS. 

5. Pool together 5-6 thymi per dish and mince until ~1-2mm chunks remain. 

6. Transfer minced thymi into one 15 mL conical per dish.  

7. Vortex vigorously for 10-15” and allow large chunks to settle. 

a. You can also give this a quick pulse spin in the centrifuge such 

that only the larger stuff settles. 

b. Some people repeat this step to get rid of even more thymocytes. 

8. Carefully transfer all of the supernatant into a new 15mL conical. The 

supernatant contains the released thymocytes and can be discarded. 

9. Add 3-4mL digestion buffer to the remaining chunks of minced thymi. 

Resuspend with glass Pasteur pipette and incubate in 37°C water bath 

for a total of 12 min 

a. Mix aggressively at 4 min and 10 min, and allow the undigested 

chunks to settle before the 12 min mark (or do the quick spin to 

force down the remaining undigested tissue) 

b. After 12 min collect all of the supernatant and transfer into a 15mL 

conical on ice. Mix in modified AutoMACS buffer (adjust to 5mM 

EDTA) in a 1:1 ratio to quench the digestion. 
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10. Add 3-4mL new digestion media to the remaining chunks of undigested 

tissue, repeat this entire process two more times (total 3 rounds of 

digestion, 36 mins) 

11. Pool together all of the “collected” fractions and spin down. Resuspend 

in regular AutoMACS and follow the regular stromal prep protocol.  

12. When harvesting the percoll gradients, pool light fraction cells into one 

15mL conical. Top off with FACS buffer to fill the tube. Filter everything 

into a new 15mL tube and spin down. Do not take an aliquot to count 

yet. 

13. Resuspend pellet in 10mL FACS buffer and filter into a new 15mL 

conical. 

14. Take an aliquot for cell counting. Then spin down the tubes while the 

counts are going.  

a. These counts should be accurate because they are being done 

after the 2nd wash step. No need to adjust the counts.  

15. Proceed with antibody staining, except wash twice at the end of the 

surface antibody staining. 

16. Sort cells using 100um nozzle. Sample gating strategy is shown below.  
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RNA Preparation: qPCR Analysis / Total RNA / 

Microarray / RNAseq 

Pelleting and Cell Lysis 

1. Collect cells in a 1:1 mix of DMEM:FBS 

2. For low cell numbers it is better to sort into 1.5mL Eppendorf tubes to 

minimize loss of cells while pelleting. When using the 100µm nozzle on 

the BD Aria3u, expect to recover cells in ~100µl of sheath fluid per 30k 

cells. This may change over time so be sure to check your collection 

tube every ~100k cells or so.  

3. Spin down sorted cells in the large swing bucket centrifuge for 10 min, 

~2000rpm 

4. Pellet will be at the bottom of the tube rather than along the side. 

Aspirate most of the media using a P1000 and leave about 50µl media 

5. Spin down for ~10-20sec in benchtop centrifuge at 8000g 

6. Pellet will now be at side of tube. Aspirate remaining media with P200 or 

P20 

7. Flick the pellet to disrupt the clump of cells and proceed with the protocol 

below which is most appropriate for your downstream application 
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RNA Prep using Qiagen RNeasy Plus Micro Kit 

Note: This RNA prep method works best for 1-500,000 cells and is successful 

when its RNA is used to make cDNA for qPCR Analysis. It has not been very 

good for microarray/RNAseq. We get strange Nanodrop readings and many of 

our samples to fail the array core’s QC analysis. It works beautifully, however, 

when used to produce RNA for downstream cDNA synthesis and qPCR 

analysis.  

 

Reagents Not Supplied in Kit 

14.3 M β-Mercaptoethanol (commercial β-ME usually at 14.3M) 

70% Ethanol (RNase-Free) 

80% Ethanol (RNase-Free) 

QiaShredder Columns (Qiagen) 

 

1. Prepare Lysis Buffer during this step, need 350µl per sample: 

a. Add 10µl β-Mercaptoethanol per 1ml Buffer RLT Plus 

2. Flick the pellet to break up clump of cells and add 350 µl Lysis Buffer 

3. Pipette to mix, then transfer lysate into QiaShredder Column and spin for 

1’ at max speed to homogenize the sample  

a. Homogenized lysates can be stored at -80ºC for several months. 

Before use, recommended to completely thaw in 37ºC bath for a 

couple minutes or just at room temperature 

4. Make sure benchtop centrifuge is at RT (don’t drop below 20ºC) 

5. Transfer lysate to gDNA Eliminator spin column, spin 30” @ >8000g 

6. Discard column, save flowthrough. Add 350µl 70% Ethanol and mix by 

pipetting 

7. Transfer to RNeasy MinElute spin column. Spin 15sec @ >8000g 

8. Discard flowthrough. Add 700µl Buffer RW1. Spin 15sec @ >8000g 

9. Discard flowthrough. Add 500µl Buffer RPE. Spin 15sec @ >8000g 

10. Discard flowthrough. Add 500µl 80% Ethanol. Spin 2min @ >8000g 
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11. Transfer spin column to new 2ml collection tube. Leave lid open, spin 

5min @ full speed 

a. Orient open lids carefully to prevent breakage. Leave space 

between samples. 

12. Transfer spin column to new 1.5ml collection tube (Epi). Add 13µl water 

to center of membrane. Close lid, spin 1min @ full speed. Yields ~11µl 

a. Some options: 

b. Re-eluting with the flow-through can increase yield, as can using 

pre-heated water for the original elution 

c. If proceeding for SuperScript RT reaction and planning on 

performing a double reaction, consider eluting with 17ul water to 

yield ~16ul for the RT Rxn 

 

cDNA Synthesis for qPCR Analysis  

SuperScript III First-Strand Synthesis kit (Invitrogen, 18080) 

 

Notes: each 1x reaction has an upper limit for RNA input. We’re assuming here 

that sorted cells (TECs in particular) will not give you enough RNA to saturate 

the upper limit of RNA input.  

 

Generally following the manufacturer’s protocol, with the following 

modifications: 

1. Set up a double-sized reaction such that everything is scaled up 2x 

2. This allows you to use all of your eluted RNA from the Qiagen method: 

a. Step 1 = 16ul RNA + 2ul dNTP mix + 2ul Oligo(DT)20 

3. Set up reactions in a PCR strip to ensure adequate temperature cycling, 

change the caps each time you need to open the tubes to add reagents 

4. Final yield should be 40ul reaction + 2ul RNase H =42ul cDNA for use in 

qPCR analyses. Depending on the cellularity that went into the RNA 

prep, may need to dilute out the cDNA before use.  
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Preparing Total RNA using TRIzol Reagent  

Adapted from Invitrogen’s protocol and Lukas Jeker 

 

Reagents Needed 

TRIzol (Invitrogen) 

Chloroform 

Isopropanol 

70% Ethanol (RNase-Free) 

Glycoblue Glycogen (Ambion) 

 

1. Flick the pellet to break up clump of cells and add 500ul TRIzol 

2. Mix with pipette and then vortex for ~30” to lyse/homogenize 

a. Proceed ahead or freeze in -80 

3. Cool down centrifuge to 4°C before starting! 

4. Thaw samples, vortex 15” 

5. 10’ room temp (RT) 

6. Samples in 500µl Trizol: add 0.1ml chloroform 

7. Shake 15”  set up in sandwich between 2 epi racks and shake 

vigorously 

8. 3’RT 

9. 15’ @ 4°C 12’000g 

o Label new tubes in this step 

10. Transfer 260µl aqueous phase to new eppendorf tube 

o aspirate with a pipette tip very slowly and gradually tilt the epi 

while aspirating in order to maintain the interface 

o can try to follow up with a smaller pipette tip very carefully 

o the key is to release the pipette in one smooth motion to avoid 

any drawback through the interface 

11. Add 1ul GlycoBlue Glycogen, vortex 

12. Add 260µl isopropanol, vortex 1-2” 

13. Precipitate @ -20°C 1h 
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14. Spin 10’ @ 4°C 12’000g 

o Label new tubes in this step 

15. Remove sup (without touching the pellet) 

16. Wash once with 500ul of fresh 75% Ethanol, transfer to new 0.5ml tube 

(will facilitate resuspension in low volumes) 

17. Vortex 

18. Spin 5’ @4°C 7500 g, aspirate 450µl 

19. Spin 5’ @4°C 7500 g 

20. Aspirate any remaining ethanol with p200 and p20 tips 

21. Lay out paper towels on the bench and lay the tubes on their side to air 

dry 

a. Be careful not to over-dry as the pellets will not go into solution 

22. dissolve in 10µl H2O 

23. Incubate 10’ at 55°C 

24. Return to ice, quick spin, freeze in -80 

 

Preparing RNA for Microarray/RNAseq 

Quick - RNA Miniprep (Zymo Research, R1054S) 

 

Notes: We used this kit for RNAseq analysis in Fall 2013 and it gave very good 

results with respect to the RNA’s QC and also in terms of the quality of data 

that came out the other end. We followed the manufacturer’s protocol with the 

following details: 

 

1. Use 300ul Lysis Buffer, pipette to mix  and vortex 

2. Use Spin-Away Filters for lysate clearance and gDNA removal 

3. Do not perform on-column DNase I treatment! 

4. Elute in 30ul of pre-heated water  
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IRBP Peptide Immunization and Tetramer Pulldown for 

FACS Analysis 

Protocol adapted from Ruth Taniguchi by Imran Khan and Maria Mouchess 

 

Peptide/CFA for Immunization 

1. Thaw peptide stock, dilute 1:10 in PBS  

2. CFA = IFA + lyophilized H37Ra resuspended to 4mg/ml 

a. Will not dissolve, but get into suspension before using 

3. Mix diluted peptide in 1:1 ratio with CFA 

4. Final should be 100ug of peptide in 100ul CFA mix, generally a good 

idea to make some extra emulsion because of loss in loading syringe(s) 

a. Sample dilution for immunizing 5 mice (make 1ml for “10 mice”): 

b. 50ul reconstituted peptide + 450ul PBS + 500ul CFA = 1ml 

5. Mix together in 50ml conical 

6. Sonicate 10-15” on max intensity, spin 30” full speed in tabletop 

centrifuge 

a. Repeat 2-3 times as needed, the emulsion should be one 

homogenous mixture without any liquid phase separation 

7. Load about 200ul into 1ml syringe, then invert the syringe in an empty 

50ml conical and spin 30” full speed in tabletop centrifuge 

a. Cut a piece of bacterial culture tube to sit inside the 50ml conical 

b. The butt of the syringe should be suspended in the conical as 

shown below. With centrifugation the bubbles to rise to the top so 

you can easily expel them and continue filling the syringe 
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8. Once the bubbles are cleared, eject the newly formed fraction of air and 

finish loading  the syringe 

9. Load 25g needle on syringe and expel the air within the deadspace 

10. Inject 50ul emulsion subcutaneously in each side of the chest wall 

a. Inject slowly and wait a few seconds before withdrawing needle 

b. Optional: anesthetize mice with 50-70ul Ketamine/Xylaxine. This 

is to help ensure a smooth immunization, not for surgical 

analgesia 

11. Analyze mice 8-10 days later for tetramer analysis (we typically go for 10 

days) or 21 days later for uveitis induction 

 

Day of Harvest 

1. Set up one small 6cm petri dish with 70um cell strainer for each mouse, 

fill with 5ml DMEM 

a. Harvest both LN/SPL into filter, store on ice until finished 

harvesting all mice (unless specified, everything is on ice from 

here) 

b. Mash LN/SPL through filter using 3ml syringe plunger, transfer to 

15mL conical, wash with additional 5mL media 

c. Spin down all tubes (5’ @ 1350rpm), aspirate as much of 

supernatant as possible 

 

2. Resuspend pelleted cells in 200ul Tetramer Block using P1000, pipette 

as best you can to resuspend and get rid of the clumps 

a. Vortex a few times and get rid of all clumpy stuff hanging on to the 

edge of the tube 

b. Use a P1000 set at ~250ul to draw up cells, click pipette until you 

get the final volume and write down the volume on the tube 

c. Add 1:100 dilution of tetramer (stock at 1mg/ml) to each sample 

(i.e. 2.5ul for 250ul) 
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d. Vortex all samples and store in dark at Room Temp for 1 hour, 

vortex every 15-20 minutes 

 

3. Top off tubes with FACS buffer and spin, aspirate Supernatant 

a. Resuspend in 200ul FACS buffer and remove any clumps 

b. Vortex anti-APC microbeads prior to use 

c. Add 50ul anti-APC microbeads, vortex 

d. Incubate for 30 minutes on the cold room rocker, cover with foil to 

keep dark 

e. During incubation get the MACS columns ready by placing a cell 

strainer on each column and washing with 3ml FACS buffer 

(discard flowthrough) 

 

4. Top off tubes with FACS buffer and spin, pour off supernatant 

a. Resuspend in 3ml FACS buffer (keep tube) and apply to columns 

through the filter. Discard flowthrough 

b. Once columns are loaded and sample is no longer flowing 

through, wash each sample tube with 6ml FACS buffer and apply 

to column 

c. Apply 3ml for a final wash directly to the filter on the columns 

d. Label new 15ml conical for collection tubes 

e. Remove columns from the magnet and place on new collection 

tubes, elute “positive fraction” from columns with 5ml FACS buffer 

using plunger 

 

5. Label up tubes and label vicell cups for cell counting 

a. Counting tubes: 100ul of “positive fraction” + 100ul FACS buffer 

b. Vicell cups: 200ul positive fraction + 800ul PBS/FACS buffer (1:5 

dilution) 

c. Spin down positive fraction for antibody staining 
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d. Label new FACS tubes for cell staining, aliquot 10.5ul antibody 

mix to each tube 

 

6. Aspirate supernatant, be careful to leave extra ~25ul or so near the 

bottom 

a. Resuspend in 100ul 2.4G2 block, transfer 100ul to staining tubes 

b. Collect all remaining cells for comp. controls 

c. Stain on ice for 30-60’ (CD3 staining seems to work better with 

45’+ staining) 

 

7. Wash cells for FACS analysis 

a. Resuspend samples in ~300ul and filter into mini tubes for FACS  

b. Set up FSC and SSC such that you can see both counting beads 

and your lymphocyte population in the same plot, this will be 

important for the FloJo analysis in order to backcalculate the total 

cell number. SSC will need to be on log scale so you can see 

both beads and lymphocytes together! 

i. See sample gating below 

c. Add DAPI and collect all events in sample tube 

d. For counting tubes, add 25ul counting beads just prior to FACS 

analysis (be sure to note the lot number and concentration for 

counting beads) 

e. Collect counting samples until you have ~5-8,000 beads 
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Calculating absolute number of total tetramer+ cells 

1. Load both positive fraction files and bead event files into Flojo under 

different groups 

2. After gating lymphocytes for the positive fraction and completing the full 

analysis, drag the lymphocyte gate and apply to your “bead sample” 

group 

3. Open up the FSC v SSC plot for bead samples and you should now see 

the lymphocyte gate on there 

4. Draw a gate around the bead events and apply to all samples 

5. Create two different statistics tables and export the following information 

to generate the final statistics: 

Bead samples 

% beads 

% lymphocytes 

 

Positive fraction samples 

% singlets 

% T cells 

% CD4+ 

% CD4+ CD44hi Tetramer+ 

% CD8+ 

% CD8+ CD44hi Tetramer+ 

6. Absolute # of events collected for a given sample: assuming 100ul out of 

5ml positive fraction was used for count tubes (1:50 dilution), and that 

25ul of beads were used with a lot concentration of 2.6 x 104 beads/25ul 

 

Absolute # lymphocytes = 2.6 x 10
4
 x (%lymphocytes / %beads) x (50) 

 

Total Tet+ = (Absolute # lymphocytes) x (%singlets) x (%Tcells) x (%CD4+) x (CD4+ %Tet+) 

 

7. To generate the “limit of detection” statistic (LOD), repeat the above 

calculations to generate the total number of CD8+ tetramer+ events  

a. For an MHC II tetramer there shouldn’t be any, so this accounts 

for the “stickiness” of the tetramer/background noise 

b. LOD = mean + 3 x St. Dev of the CD8+ tet+ events in all samples 
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c. This will likely change between experiments and tetramer batches 

so keep this in mind when plotting multiple data sets together 

 

Sample Gating: 
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Reagents and Materials for Immunization/Tetramer Analysis 

Peptide/CFA 

IRBP P2 peptide = PLGGG GQTWE GSGVL PCVGT, >80% purity 

Resuspend lyophilized peptide in DMSO at 20mg/ml, freeze aliquots 

IFA = Incomplete Freund’s Adjuvant (BD Difco, #263910) 

M. Tuberculosis H37 Ra (BD Difco, #231141) 

 

Ketamine/Xylaxine 

Inject 50-75ul intramuscularly depending on degree of desired sedation and 

weight of the mouse 

Ketamine stock = 100mg/ml 

Xylaxine stock = 20mg/ml 

To make 1ml working stock:  

200ul Ketamine 

125ul Xylaxine 

675ul sterile saline 

 

Tetramer Block 

20ml FACS buffer 

400ul FBS 

400ul Rat/Mouse serum (we typically use only rat, but can use half and half) 

400ul 2.4G2 (from a 1ug/ul stock) 

 

Antibody Mix (per 100ul stain/sample) 

2.5ul CD3-PerCP  

1ul CD4- APC-Cy7 

1ul CD8-A700 

1ul CD44- FITC 

5ul Dump-PacBlue (CD11b, CD11c, F4/80, NK1.1, B220) 

(DAPI) 

 

Anti-APC microbeads (Miltenyi, 130-090-855) 

MACS LS Separation Columns (Miltenyi, 130-042-401) 

70um Cell strainer (Fisher, 352350) 

CountBright absolute counting beads (Invitrogen, C36950) 
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microRNA in situ Hybridization 

Protocol Adapted from Anastasia Mavropoulos and Helene Favre, optimized for 

the mouse thymus with the use of LNA-probes from Exiqon 

 

Tissue Preparation 

1. Harvest tissue, soak in 4% PFA/DEPC-PBS in 15mL conical, agitate 

overnight at 4°C (agitation on the slow rocker in the cold room is fine, 

just keep it moving around) 

2. In the morning wash once with DEPC-PBS and then soak in 30% 

sucrose/DEPC-PBS 

3. Continue agitation at 4°C, bring up to 24 hours total 

a. Alternatively, harvest tissue into 4% PFA for 2 hours at 4°C with 

agitation 

b. Fixation time may vary by size of tissue, 2 hours works fine for the 

thymus and prevents over-fixation which can cause the tissue to 

become brittle and crack during the sectioning 

c. Wash quickly with DEPC-PBS and then incubate with 30% 

sucrose/DEPC-PBS for 7-8 hours at 4°C with agitation 

4. Freeze down in OCT 

5. Sections can be cut and kept frozen at -80°C for several months, or cut 

fresh before starting. For the thymus, 8-10 µm sections work fine.  

 

Pre-treatment of Sections 

1. Warm slides @RT for 1 hour 

2. Add 1mL 4%PFA/DEPC-PBS across the sections for additional fixation, 

incubate 10 min @RT 

3. Wash 3x with DEPC-PBS. Set up Acetylation. [wash = incubate, no 

agitation] 

4. Acetylation: Set up in fume hood using a magnetic stir plate. Use a 1 

Liter glass beaker to immerse slide holder. You will need to angle the 
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slide holder such that it is submerged in solution and gives clearance for 

the magnetic stir bar 

a. 500mL DEPC-H2O + 6.8mL triethanolamine + 900ul conc. HCL, 

mix with stir bar.  

b. Immerse slides and add 2 x 640ul acetic anhydride dropwise with 

constant stirring. Leave for 10 mins. [Do not drip too close to the 

tissue, don’t want it to touch the tissues directly. Not all of it will go 

into solution and this is normal] 

5. Wash slides in DEPC-PBS for 5 mins @RT. 

6. Add 1mL Proteinase-K solution across the slides, incubate 10 min @ RT 

7. Wash 3x with DEPC-PBS 

8. Place slides in humidified chamberSet up near incubator. 

a. Soak paper towels in the chamber with 50% Formamide/5xSSC 

[final concentrations] 

b. Add 1mL hyb solution across the tissue sections 

c. Pre-hybridize for 3 hours @57°C [hyb temp of probe being used] 

9. Prepare probe 

a. Add 1ul probe to 100ul hyb solution per slide, denature at 80°C 

for 10 mins, then store on ice for another 2 mins 

b. Dab off the pre-hyb solution from the slides without touching the 

tissues. Use a kimwipe to dry off extra solution from around the 

tissues. Add 100ul hyb solution across slide 

c. Place small and medium coverslips across the tissues to ensure 

that the entire slide is completely covered. Incubate 12-16 hours 

@57°C. [hyb temp for your probe] 

d. Set up 2x and 0.1x SSC in incubator o/n so they are at the 

appropriate temperature for the stringency washes tomorrow 

 

Stringency Washes and Antibody Incubation 

1. Set up glass trough with pre-heated 2x SSC 
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2. Immerse each slide one by one into the trough and lightly shake it 

around while holding the edge to help the cover slip slide off on its own 

3. Wash in 2x SSC at 57°C for 60 mins. [hyb temp for probe] 

4. Wash in 1x SSC @RT for 10 mins 

5. Wash in 0.5x SSC @RT for 10 mins 

6. Wash in 0.1x SSC @57°C for 45 mins 

7. Block in 1% goat serum in PBST for 2 hours [either 1mL across the slide 

or in slide mailer] 

8. Incubate w/ 1:5000 dil. anti-DIG-AP antibody diluted in blocking buffer 

a. Can use 100ul + coverslip or 10-20mL in slide mailer to avoid 

tissue tearing 

b. Incubate overnight at 4°C 

 

Visualization of Digoxigenin 

1. Wash three times in PBST @RT for 30 mins each [minimum time, can 

leave overnight each time] 

2. Wash twice with Alk Phos Buffer @RT for 5 mins 

a. First wash without levimasole, and then add in levimasole for 

second wash 

3. For every mL of Alk Phos buffer add 20ul of NBT/BCIP solution. 

4. Develop in the dark for 0.5-20 hours and check frequently for 

development 

a. Immerse slides in PBST to pause development, and switch back 

to NBT/BCIP to continue development later as needed 

b. Can develop at 37°C to speed up development, but err on the 

side of caution as you proceed with the development because you 

can always continue the development, but you can’t unstain the 

tissue once it’s done 

c. You should be checking the scramble probe’s staining to make 

you’re your background is not getting too high. The double-DIG 

labeled probes will develop much faster than single-labled probes   
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Reagents and Materials for in situ hybridization protocol 

 

Materials  

 Glass staining trough with slide holder/rack 

 Large glass beaker (1-2L, autoclaved) 

 Plastic slide mailers 

 Stir-bars 

 Hybridization chamber:  we use the plastic Tupperware-like boxes because 

they create a tight seal when closed and will not allow evaporation 

 Formamide (cheap kind to soak paper towels in hyb. chamber) 

 For glass items that cannot be autoclaved or obtained as RNase-free, 

incubate them overnight in 1% SDS or clean with RNase-ZAP and DEPC-

H2O 

 

Tissue Preparation  

 4% PFA in DEPC-PBS 

 DEPC PBS = 500ml DEPC bottle + 55mL 10x PBS 

 30% Sucrose in DEPC-PBS, filter sterilized 

 Proteinase-K: 5µg/ml final working concentration 

o Roche 03115879001, UCSF CCF ROCZR160 

o Resuspend in DEPC-PBS 

 

Acetylation 

Makes ~500mL, scale up as needed: 

6.8mL  Triethanolamine 

900ul   Conc. HCl 

1280ul  Acetic anhydride 

500mL  DEPC-H2O 
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Hybridization Buffer 

25mL   Formamide (Ambion AM9342) 

12.5mL  20x SSC 

0.5mL  500mM EDTA 

1mL  50x Denhardts 

50ul  Tween-20 

100ul  50ug/ul Heparin  

500ul  100ug/ul CHAPS 

1mL  50mg/ml torula RNA 

10mL  DEPC-H2O 

 

Stringency Washes and Antibody Incubation 

 20x SSC, Invitrogen 4L box from UCSF CCF is fine 

 PBST = D-PBS (UCSF CCF: CCFAL003) w/ 0.1% Tween-20 (500ul into 

500mL bottle) 

 Goat Serum 

 Anti-DIG-AP (UCSF CCF ROCZR223) 

 

Visualization of Digoxigenin 

 Alkaline Phosphatase buffer: 

100mM Tris pH9.5 

50mM MgCl2 

100mM NaCl 

0.1% Tween-20 

 Levimasole (Sigma L9756 tetramisole hydrochloride), use 1-2mM final 

o Dissolve 250mg in 10.38mL diH2O for 100mM stock, stable ~1 mo. 

at 4°C 

 NBT/BCIP solution (UCSF CCF ROCZR263)  
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Immunofluorescence: Aire, Cytokeratins, and tdTomato 

Prepare Tissue 

1. Harvest thymi carefully so as not to squeeze the tissue and create internal 

creases and tears of epithelial tissue 

2. If there is no cytosolic protein to detect, freeze down thymi in OCT 

a. For cytosolic proteins such as RFP (driven by the Rosa26 in many of 

our fate-mapping lines), it is critical to harvest thymi into 2% PFA 

b. Harvest into 5mL of 2% in a 15mL conical 

c. Wrap tubes in foil and lay them horizontally on the cold room rocker for 

2-3 hours 

d. Pour off the PFA and quickly rinse tissue in PBS 

e. Transfer tissue to 30% Sucrose/PBS solution and return to the cold 

room rocker for 2-3 hours 

f. For the last hour, transfer tubes to the 4-degree fridge in a vertical 

orientation so you can see whether the thymi are still floating, or 

whether they have equilibrated with the sucrose and sink to the bottom 

g. Pour off sucrose solution once equilibrated and freeze down in OCT 

3. Use cryostat to cut 8µm sections and air dry for about 30 minutes.  

4. For “standard” staining which do not require PFA perfusion  (Aire, K5, K8, 

etc.), fix the slides now in ice-cold 100% Acetone (Stored in Coplin Jar in the -

20) for 10 minutes. 

5. Air dry slides for 1 hour after fixation. 

6. Can either use immediately or store in -80 for later use. Can also store in 4-

degree fridge to be used within a day.  

 

Antibody Staining 

1. If removing slides from freezer, air dry for 30 mins. 

2. Clean off the excess OCT from the edges of the slide and use the 

ImmunoPen to draw a boundary around each section. 

3. Once the pen has dried, wash in PBS for 3 x 5 mins to remove excess OCT. 
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4. Block sections in 10% Goat serum in PBS. 

5. Place slides in humid staining chamber. Incubate 30 min at RT.  

6. Dilute primary antibodies in 3%BSA/PBS. 

7. Add antibody mix to the slides in a 1:1 ratio. Incubate for 1 hour at RT or 

overnight in the cold room. 

8. Wash 3 x 5 mins with PBS. 

9. Dilute secondary antibodies in 3%BSA/PBS. Add antibody mix to slides and 

incubate 45-60 min at RT, covered and protected from light. 

10. Wash 2 x 5 mins with PBS. 

a. Add 1:2000 dilution of DAPI in PBS to the slides, incubate 5 mins at RT 

(optional) 

11. Wash 1 x 5 mins with PBS. 

12. Mount slides using CalBiochem FluorSave reagent and coverslips. 

 

Antibodies 

Rabbit anti-DsRed (Clontech, Living colors DsRed polyclonal, 632496)- 1:500 final 

Rat Anti-Aire unconjugated (eBioscience, clone 5H12, 14-5934-82 )- 1:200 final 

Rabbit anti-K5 (abcam, ab53121)- 1:500 – 1:1000 final 

Chicken anti-K8 (abcam, ab107115) 1:500 final 

Secondaries: all are goat antibodies from Invitrogen, all used 1:500 final 
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Preparation of Splenocytes for Adoptive Transfer 

Reagents 

DMEM (High glucose) 

ACK lysis buffer 

HBSS 

Anti-CD25 hybridoma supernatant (clone 7D4) 

Rabbit Complement, 3-4wk old (Pel-Freeze Biologicals, 31061-3) 

 

1. Set up Petri dishes with a cell strainer and 5mL DMEM. 

2. Harvest 2-3 donor spleens per Petri dish. Transfer everything from 

bench to the cell culture hood.  

3. In hood, use the base of a syringe to mash the spleens. Mix vigorously 

to disrupt any clumps and transfer solution to a 15mL conical. Wash the 

dish with another 5mL DMEM and transfer.  

4. Spin down tubes 1200 rpm for 5 min at 4ºC 

5. Carefully aspirate supernatant and add 2mL sterile ACK lysis buffer. 

Incubate at RT for a few minutes with gentle agitation until RBC lysis is 

evident. 

6. Add 8mL of sterile DMEM to quench the reaction and spin down. 

7. Resuspend cells in 2mL DMEM (without FCS). 

a. Remove a small aliquot for FACS analysis of pre-depletion cells 

8. Add 2 mL of anti-CD25 supe. Incubate on ice 25 min, mixing every 5 

min. 

a. Place 10mL sterile DMEM into 37ºC water bath to pre-heat 

9. Add 10mL pre-warmed DMEM and 1mL Rabbit Complement to cells. 

Incubate in either 37ºC incubator with rotator, or in 37ºC water bath for 

50 min. If using water bath invert the tubes every 5 min.  

10. Spin down cells after 50 min incubation. 

11. Resuspend in 10mL HBSS, pass cells through a cell strainer 

12. Spin down cells again, resuspend in 10mL HBSS. 
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a. Take aliquots for counting and FACS analysis.  

13. Spin down cells again and resuspent in desired volume of HBSS for 

injections 

14. For injections, anesthetize mice using 50-70uL Ketamine/Xylaxine 

intramuscularly 

a. Inject 100-200uL cells via retro-orbital injection using an insulin 

syringe 
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