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Abstract  

Regulatory T (Treg) cells are distinguished by the expression of the master transcription factor 

forkhead box P3 (Foxp3), which plays a pivotal role in facilitating their immunosuppressive 

function, thereby maintaining peripheral tolerance. However, mounting evidence underscores the 

dynamic adaptability of Treg cells known as plastic differentiation, usually characterized by the 

co-expression of lineage defining transcription factors of distinct pro-inflammatory effector T 

(Teff) cells subtypes (e.g. T-bet for Th1, GATA3 for Th2 and RORγt for Th17). However, while 

the plasticity enhances Treg cell’s suppressive function, complete differentiation with the loss of 

stable Foxp3 expression leads to overwhelming inflammatory syndrome. Previous studies show 

how environmental factors, including cytokines, alarmins and metabolites reprogram Treg to 

acquire Teff cell phenotypes. Within the complex milieu of the tumor microenvironment, there is 

a small subset of Foxp3+ Treg cells that secret IFNγ. Our previous research elucidated that by 

disrupting the CARMA1-BCL10-MALT1 (CBM) signalosome complex in Foxp3+ Treg cells 

amplify IFNγ secretion without enhancing T-bet expression, leading to curbing of tumor growth. 

We also demonstrated that IL-18 can promote IFNγ secretion in IL-12 stimulated reprogrammed 

Treg cells. Given that Foxp3 normally suppresses IFNγ expression through its interaction with 

AML1/Runx1, while T-bet facilitates IFNγ expression by direct binding to the Ifng locus in Th1 

cells, we hypothesize that there is a specific epigenetic remodeling mechanism enables tumor 

infiltrating Treg to secret IFNγ in a T-bet independent manner. By characterizing the epigenetic 

changes of IFNγ producing Treg cells and comparing them with Th1 cells, coupled with paired 

deletion of cis-regulatory regions on IFNγ locus using CRISPR-Cas9 and the identification of the 

transcription factors that bind to these cis-regulatory regions, we delineated that a unique 

epigenetic regulatory program is required for Treg cells to facilitate IFNγ expression. By 
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investigating the epigenetic mechanism of IFNγ expression and Treg reprogramming, we can 

potentially identify novel therapeutic strategies to rewire tumor-infiltrating Treg cells into IFNγ-

secreting entities which hold the promise of bolstering their efficacy in controlling tumors and 

enhancing the anti-tumor immune response. 
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Background 

1.1 Introduction of regulatory T cells-- immune homeostasis and tolerance 

Immune system is constantly reactive in nature, keep sensing and responding to the 

environmental factors. The diversified repertoire of adaptive immune system enables effective 

and efficient response against invading pathogens which protects us from infections. However, 

this process also needs to be tightly regulated to prevent overreactions which promote the 

inflammation and eventually leads to immunopathology and tissue damage. Therefore, it is 

crucial to have strategies that restore the immune system to its homeostatic state with a balanced 

level, diversity and functional competency of the immune cells being maintained. Since the 

immune system is constantly encountering both self and non-self-antigens in its steady state, it is 

also critical to ensure that the immune system is not mounting inflammatory response against the 

self-antigens or other non-pathogenic factors. Together, tolerogenic mechanisms are necessary to 

induce immune system unresponsiveness, ensuring the maintenance of homeostasis1,2. 

 

Immune tolerance is referred to as a regulated state of the immune system in which it remains 

unresponsive to self-antigens or immunogenic antigens. Immunological tolerance consists of two 

major mechanisms: (1) central tolerance and (2) peripheral tolerance. Central tolerance involves 

the deletion of self-reactive thymocytes through clonal deletion1,3. However, many autoreactive T 

cells escape deletion and enter the periphery where they can recognize self-antigens and give rise 

to autoimmune disorders like type-1 diabetes, multiple sclerosis, and rheumatoid arthritis4,5. To 

minimize the possibility for autoimmunity, these autoreactive T cells are tolerized in the 

periphery through multiple mechanisms including induction of anergy, deletion by apoptosis and 
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direct cell suppression established by a set of functionally distinct CD4+ T cells named 

regulatory T (Treg) cells5.  

 

1.2 Treg cell discovery 

Treg cells were initially being described in 1969 by a group of Japanese scientists through the 

thymectomy of neo-natal mice which resulted in decreased circulating immune cells and severe 

autoimmune reactions6. This finding was followed by another group of researchers from Yale 

University, indicating that injecting the thymectomized mice with a large quantity of thymic cells 

would rescue the inflammatory response towards foreign cells.  It was hypothesized that some 

“shut-off substances” were produced by the transferred thymus lymphocytes that suppressed the 

immune response7. However, sequencing studies did not reveal genes responsible for producing 

the suppressive molecules in T cells, and the lack of a definitive marker to distinguish this group 

of special lymphocytes from the other T cells suspended the progression in this field. It was not 

until 1995, when Sakaguchi and his group finally identified surface marker CD25 (IL-2 receptor 

alpha chain) expressing CD4+ T cells in the thymus was essential in suppressing the autoimmune 

response in those mice that received the thymic cells after thymectomy. Demonstrations revealed 

that thymectomized mice, when injected without a suspension of CD25+ T cells, initiated the 

development of autoimmune conditions. Yet, administering a fresh dose of CD25+ T cells 

successfully halted the progression of the autoimmune response8. This significant breakthrough 

promoted renewed interest in the field to study the functional significance of the entities now 

identified as regulatory T cell (Treg).  
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In 2001, another significant advancement in Treg research was made by identifying the X-

chromosome-encoded gene, Foxp3 as the key regulatory gene in Treg cell development. Bennett 

and colleagues revealed that the genetic determinants of the IPEX (immune dysregulation, 

polyendocrinopathy, enteropathy, X-linked) syndrome in humans were caused by mutations of 

the Foxp3 gene in human which is the orthologous gene mutated in scurfy mice9. Further studies 

done by three independent groups revealed that Foxp3 expression is essential for the 

development, differentiation, and suppressive function of the Treg cells. Deficiencies in Treg 

cells, either through mutation of the foxp3 gene or defects in other key pathways like IL-2 

signaling, result in significant autoimmunity in both mice and humans (e.g., IPEX, type-1 

diabetes10,11,12.  

 

1.3 Treg cell development 

In addition to the Treg cells’ essential role in autoimmune disorders, they are also involved in 

various physiological processes, including but not limited to maternal-fetal tolerance, allergy, 

tumor, barrier tissue homeostasis, and repair. These variable functions are carried out by a 

heterogenous population of different Treg subsets13. Treg cells generally arise from two distinct 

ontogenetic trajectories with the majority of Treg cells developing in the thymus (thymic-derived 

Treg, tTreg), and some Treg cells developing in the periphery and, particularly within the 

mucosa, from conventional T cells following interleukin (IL)-2 and transforming growth factor β 

(TGFβ) exposure (peripheral-derived Treg, pTreg)13,14. Nevertheless, all Treg cells are 

characterized by the expression of the master transcription factor forkhead box P3 (Foxp3), 

which is critical for their immunosuppressive function and, thus, the maintenance of peripheral 

tolerance. 
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1.3.1 Thymic Treg development 

T cell production depends largely on thymic development. The hematopoietic stem cells migrate 

from the bone marrow to the thymus and undergo a series of selections based on their surface 

marker expressions and TCR affinity to the self-antigens presented by the medullary thymic 

epithelial cells. In the thymus, the immature thymocytes express both CD4 and CD8 are referred 

to as double positive (DP) thymocytes. During the thymic development, these DP precursor cells 

are instructed by the combination signal from TCR and CD4/CD8 binding then are committed to 

one of the lineages and become CD4 or CD8 single positive (SP) T cells15. Thymic Treg cells 

arise from the CD4 SP precursor cells. The development of tTreg and its unique repertoire 

feature was demonstrated by Martha et al, using a transgenic mice model. In this study, they 

revealed that by crossing introducing neoself-antigen to a TCR transgenic mice, the neoself-

antigen specific T cells were not deleted while inducing the formation of regulatory T cells that 

bear this autoreactive TCR. It was demonstrated that only the thymocytes that bore high-affinity 

TCR for the self-peptide undergo the selection into Treg cells while the low-affinity TCR bearing 

thymocytes were selected towards another developmental trajectory16.  

 

Treg cell lineage commitment in the thymus mainly depends on a “two-step model” that requires 

the signaling from both the TCR/CD28 and cytokine stimulation. Strong TCR signaling by the 

thymic antigen in CD4 SP precursor cells induces the expression of CD25. However, the affinity 

and duration of the TCR signal are critical in the commitment to the tTreg lineage. Either too 

weak or too strong signaling leads to the lineage commitment towards conventional T cell or 
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clonal deletion. Following the induction of CD25, IL-2 signaling promotes the survival of Treg 

cells and enhances the lineage commitment through induction of Foxp3 gene4,17.  

 

Since Foxp3 expression defines Treg cell identity and function, the expression of Foxp3 must be 

regulated rigorously. Comparative gene studies have revealed that other than the promoter 

region, there are three cis-regulatory elements on the Foxp3 locus that regulate the gene 

expression18,19,20. Indeed, it has been demonstrated that the Foxp3 promoter exhibits low 

transcriptional activity while the cis-regulatory regions predominantly regulate the Foxp3 

expression. The pioneer study done by the Rudensky group described the role of each of the 

three Foxp3 conserved non-coding DNA sequence (CNS) elements in defining the Treg cell 

lineage differentiation21. It was demonstrated that CNS3 plays an indispensable role in the Treg 

cell generation since the deletion of CNS3 results in a significant decrease in both Treg cells 

generated in the thymus and the periphery. CNS2 which contains CpG islands that are highly 

demethylated is required for maintaining stable Treg lineage commitment in the progeny cells. 

Transcription factor c-Rel binds to these CNS elements to promote the Foxp3 expression. c-Rel 

has been shown to directly bind to promoter and CNS3, forming enhanceosome, and demethylate 

CNS2 to promote the Foxp3 expression22,23.  

 

1.3.2 Peripheral Treg (pTreg) development 

Treg cells can also arise in the periphery from conventional T cells through stimulation by a 

number of different environmental factors including cytokines, microbiota, and metabolites24,25. 

The most well-defined mechanism in generating pTreg from conventional T cells is through in 

vitro TGF-β stimulation which induces the Foxp3 expression in CD4+ Foxp3- mature T cells26. 
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Prolonged exposure to low doses of nonself-antigen also triggers the differentiation of mature T 

cells into pTreg cells to induce tolerance against the antigen27.  

 

Collectively, evidence has been showing that pTreg cells mainly serve as the player in mediating 

immunological tolerance in the periphery. Lack of pTreg leads to uncontrolled inflammation in 

mucosal surfaces including the gastrointestinal tract and the airways28. For example, gut-residing 

CD103+ DC produces TGF-β and retinoic acid to promote the pTreg generation to maintain 

homeostasis where immune cells direct encounter with microbiota and foreign antigens29,30. 

Metabolites produced by the microbes such as butyrate also enhance the pTreg differentiation31.  

 

Since all Treg cells are defined by their Foxp3 expression, it becomes interesting how Foxp3 is 

induced in these mature conventional T cells to endow them suppressive functions to mediate 

immunological tolerance. Cis-regulatory regions on the Foxp3 locus also play pivotal roles in 

triggering Foxp3 transcription in pTreg cells. CNS1, although has minimal impact on the tTreg 

development, is essential in pTreg cell induction. In CNS1 knockout mice, a significant decrease 

in pTreg frequency was observed in gut-associated lymphoid tissue and mesenteric lymph 

node21. Transcription factors Smad3 and NFAT directly bind to CNS1 upon TGF-β and TCR 

stimulation to promote the Foxp3 expression and pTreg generation32.  

 

Despite the suppressive functions and the role in maintaining immune homeostasis, the 

heterogenous population of Treg cells and their non-redundant role in recognizing antigens 

endow Treg cell ability to establish immunological tolerance at different functional sites.  
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1.4 Treg cell function 

Stable Foxp3 expression endows Treg cells with potent immunosuppressive functions. There are 

multiple mechanisms that Treg cells use to suppress and control immune response. These 

mechanisms can be mainly divided into four different categories: 1) inhibitory cytokine, 2) 

cytolysis, 3) metabolic disruption and, 4) targeting dendritic cell3.   

 

Inhibitory cytokines like TGF-β and IL-10 secreted by Treg cells are key mediators of Treg cell 

suppressive functions in vitro. Evidence has shown that in mouse allergy and asthma models, the 

adoptive transfer of antigen-specific Treg cells is capable of inducing IL-10 production in CD4+ 

effector T cells thus controlling the inflammation33. However, it is still of debate whether IL-10 

directly produced by Treg cells is necessary for the suppression. Evidence suggested that 

transferring IL-10-deficient Treg cells to the same disease model was able to suppress the 

inflammation with increased IL-10 secretion34. However, in another disease model like cancer, 

IL-10 secreted by Treg cells seems to be essential in suppressing the anti-tumor activities35. 

TGF-β is not only important for the pTreg generation and Treg lineage stability which ensure 

Treg suppressive function but also is directly involved in the Treg-mediated suppression against 

effector T cells36.  

 

Activated Treg cells exhibit cytotoxic activities through the expression of granzyme which 

endow them with the ability to suppress through direct cytolysis. Considering the general notion 

that CD4 T cells are non-cytotoxic, it is quite surprising that Treg cells are capable of mediating 

their suppressive function through cytotoxicity. It has been shown that Treg cells can utilize 

granzyme B and perforin to kill NK and CD8 T cells in tumor microenvironment37.  
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Metabolic disruption or the competition against metabolites/nutrients with effector T cells is 

described as one of the suppressive mechanisms mediated by Treg cells. Since Treg cells exhibit 

a high level of CD25 (IL-2 receptor) which endows the Treg cells with the ability to take over the 

surrounding IL-2, this results in the apoptosis of surrounding effector T cells due to the lack of 

surviving signals thus suppressing the immune response38. More recently, a new mechanism has 

been suggested to suppress effector T cell function through adenosine nucleoside catalyzed by 

Treg cell surface receptors CD39 and CD73. Adenosine nucleotides bind to adenosine receptor 

2A on effector T cells to inhibit their function, and proinflammatory cytokine secretion, and in 

reverse, promote the suppressive cytokine production in the effector T cells39. It has also been 

demonstrated that Treg cells can transfer the inhibitory cyclic AMP (cAMP) into effector cells to 

suppress their function40.  

 

Other than directly targeting effector T cells, Treg cells also develop mechanisms against 

dendritic cells (DC) to indirectly suppress their activation to effector T cells. It has been shown 

that CTLA-4 expressed on Treg cells bind to DC’s co-stimulatory molecules CD80/86 and 

downregulates their expression through trans-endocytosis to prevent DC maturation41. Another 

Treg surface molecule, lymphocytes-activation gene 3 (LAG3) is suggested to be a CD4 analog. 

LAG3 is able to bind MHC class II on DC with high affinity to prevent their maturation and 

interaction with effector T cells42. Overall, Treg cells mediate their suppressive function through 

a wide array of mechanisms to maintain the homeostasis.  

 

1.5 Treg cell instability, plasticity, and fragility  
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Maintaining stable Foxp3 expression is essential for Treg lineage commitment and suppressive 

functions. However, growing evidence suggests Foxp3 expression is not always so stable, and 

some Treg cells can lose Foxp3 expression to become ex-Treg. These ex-Tregs perform 

suboptimal suppressive functions with decreased secretion of suppressive cytokines and lowered 

expression of inhibitory receptors43. Using a lineaging-tracing model, Zhou and his group 

examined the stability of Treg cells and demonstrated the generation of an ex-Tregs population. 

In this study, they used mice with a green fluorescent protein (GFP)-Cre recombinase fusion 

protein inserted downstream of the Foxp3 promoter. These mice were then crossed with Rosa26-

Lox-Stop-Lox-YFP mice, in which the YFP could only be expressed through Cre-mediated 

excision of the LoxP flanked stop cassette. This fate-mapping model allows the tracing of all the 

Treg cells that are currently expressing Foxp3 (GFP+YFP+) and the Treg cells that have lost 

their Foxp3 expression and become exTregs (GFP-YFP+)44. These exTreg cells exhibit 

downregulated suppressive capacity while acquiring pro-inflammatory phenotypes by gaining 

the ability to produce pro-inflammatory cytokines like IFN-g. Here, we refer to this loss of 

Foxp3 expression in Treg cells as Treg instability.  

 

Effector T cells can differentiate into different T helper cell subtypes (Th1, Th2, Th17, etc.) upon 

TCR stimulation and environmental factors, including cytokines45. Growing evidence shows 

although Treg cells do not differentiate into distinct subsets, they maintain some level of functional 

plasticity, which allows them to perform optimal suppressive functions in specific contexts and 

maintain homeostasis. This functional plasticity of Treg cells is characterized by Treg cells 

adopting the phenotypes of distinct inflammatory Teff lineages, largely by co-expressing the 

lineage-defining transcription factors of their target Teff subsets (e.g. T-bet for Th1, GATA3 for 
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Th2, and RORt for Th17) alongside Foxp346. In doing so, Treg cells gain the necessary machinery 

that enables their migration and co-localization with their target Teff cells (e.g., CCR4, CCR6, and 

CXCR3)47. Indeed, abrogating the capacity for Treg cells to adopt Teff-like phenotypes is often 

detrimental to the outcome of the disease. For example, Treg cell-specific deletion of GATA3 leads 

to inflammation and impaired homeostasis in the periphery48, and the co-expression of RORγt in 

Treg is important in maintaining homeostasis in the colon by suppressing the Th17-mediated 

inflammatory response against the gut microbiota49. 

 

However, Treg cells can also present in a state without loss of Foxp3 while gaining a pro-

inflammatory phenotype with the secretion of IFNγ. These fragile Tregs were initially defined by 

the Vignali group representing a small fraction of tumor-infiltrating Tregs in the tumor 

microenvironment. These fragile Treg which produce IFNγ has been shown to promote antitumor 

activity and lead to tumor rejection. It was proposed that the responsiveness of a tumor to anti-

tumor treatment was largely dependent on the fragility of the tumor-infiltrating Tregs50.   

 

1.5.1 Treg instability  

Although Foxp3 is critical for Treg cell lineage stability and suppressive function, some Treg cells 

can have decreased Foxp3 or even loss of Foxp3 expression51. These Treg cells with unstable 

Foxp3 expression that acquire effector T cell phenotypes and become proinflammatory are referred 

to as ex-Tregs. Several mechanisms have been suggested to contribute to the generation of ex-

Tregs. It remains controversial if the ex-Tregs are generated through an intrinsically unstable 

nature of Foxp3 expression or the chromic stimulation of the inflammatory environment.   
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The loss of Foxp3 expression was initially demonstrated by Yang et al. using a Th17 reporter 

mouse. Evidence has shown that Treg cells and Th17 cells are reciprocally regulated through the 

balance between TGFβ  and IL-6 stimulation. TGFβ  is required for both Th17 and Treg generation 

by inducing the expression of both IL-17 and Foxp3. However, the synergic effect of IL-6, which 

induces STAT3, induces the downregulation of Foxp3 expression and reprograms the 

differentiation n towards Th17 cells52. Ex-Tregs differentiate into Th2 cells have also been 

identified in the mouse helminth infection and airway allergies model. Using the fate-tracing model, 

Pelly et al. demonstrated that a significant amount of Treg cells lose their Foxp3 expression under 

chronic gut infection and acquire Th2 effector functions to contribute to the Type 2 immunity 

against helminth infection53.  

 

However, this notion of stable Foxp3+ Treg cells being converted to exTreg is recently being 

challenged by the “heterogeneity model” proposed by Miyao et al. It is suggested in this model 

that the Treg cells that lose their Foxp3 expression originate from an intrinsic uncommitted group 

of Foxp3+ Treg cells induced in the lymphogenic environment54.  

 

It is now widely recognized that epigenetic mechanisms regulating the foxp3 locus maintain Treg 

lineage commitment and function. DNA methylation of one of the conserved non-coding regions 

(CNS2) on the foxp3 locus, called Treg specific demethylated region (TSDR), accounts largely for 

this epigenetic regulation of foxp3 gene stable expression and is also being proposed by Miyao et 

al. as a marker of Treg cell identity full committement55,54. However, it has also been suggested 

that epigenetic regulation of the foxp3 gene alone is insufficient for Treg cell fate determination 

and functional stability. Ohkura et al. demonstrated that Treg lineage stability not only requires the 
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stable expression of Foxp3 but also a Treg cell type-specific CpG hypomethylated pattern56. 

Therefore, it remains controversial how to define exTregs and the mechanism for generating 

exTregs.  

 

1.5.2 Treg plasticity 

Treg plasticity refers to a state in which Foxp3+ Treg cells acquire the phenotype of Th cell 

subtypes by co-expressing their master transcription factor while maintaining their lineage stability 

and suppressive functions. It has been shown that these Th-like Tregs acquire an enhanced ability 

to co-localize and suppress the corresponding Th cell subsets and maintain the homeostasis of 

different tissues through the transient adoption of Th-like phenotypes.  

 

A few environmental and host factors shape Treg cell functional adaptation, including cytokines, 

alarmins, and metabolites. In particular, the polarizing cytokines IL-4, IL-12, IL-6, and TGFβ play 

an indispensable role in promoting Th2, Th1, and Th17-like phenotypes in Treg cells, largely by 

inducing expression of GATA3, T-bet, and RORγt/STAT3, respectively57,58,59. Growing evidence 

indicates that the IL-1 family alarmins (e.g., IL-18, IL-1β, and IL-33), which are released by the 

epithelial, endothelial, and innate immune cells during tissue damage, can modulate the plasticity 

of Treg cells. It has been shown in an Influenza A (IAV) infection model, that IL-18 promotes Treg 

homing to the lungs with the co-expression of T-bet and CXCR3, resulting in better homeostatic 

control60.  In a murine T cell-mediated colitis model, IL-33 promoted the expansion of functionally 

stable Th2-like Treg cells in the colon that maintained high levels of Foxp3 expression. Therefore, 

IL-33 enhances the accumulation of ST2+ GATA3+ FOXP3+ Treg cells61,62. In a contrasting 

manner, IL-1β receptors (IL1R1) identify a subset of RORγt+ Treg cells that acquire a Th17 
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phenotype with a lower level of Foxp3 expression. In vitro, RORγt+ Treg cells developing in Th17 

conditions expressed higher levels of IL1R1 and the addition of IL-1β enhanced the survival of 

these RORγt+ Treg63. Nevertheless, the underlying mechanisms by which IL-1 family alarmins 

promote Treg functional adaptation remain unclear. 

  

1.5.3 Treg reprogramming 

It has been shown that between Treg plasticity, in which Tregs co-express both Foxp3 and Th-

lineage defining transcription factors, and Treg instability, in which Tregs lose their Foxp3 

expression and suppressive function to become completely proinflammatory, there is a state in 

which Treg fragility is achieved by maintaining stable Foxp3 expression while gaining the ability 

to produce proinflammatory cytokines. As mentioned above, Vignali et al. have demonstrated that 

in the tumor microenvironment, there is a small fraction of tumor-infiltrating Treg cells that are 

able to secrete IFNγ while maintaining the stable Foxp3 expression. The fragile Tregs play an 

important role in mediating the anti-tumor activity and leading to tumor rejection50.  

 

A recent paper from our lab further demonstrated that knocking out the CARMA1-BCL10-MALT1 

(CBM) signalosome downstream of the TCR signaling cascade in Treg cells promotes the 

generation of these IFNγ producing, Foxp3+ fragile Treg cells, which results in better tumor 

control and halted tumor growth. It was found that although TCR stimulation was required for 

Treg activation and maintenance of Foxp3 expression, it prevented IFNγ secretion in Foxp3+ Treg 

cells. Similar to Vignali’s study, we also found out that while these Treg cells acquired the ability 

to secrete IFNγ, they maintained stable Foxp3 expression. More surprisingly, the IFNγ expression 
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was independent of the co-expression of T-bet, which suggested a regulation programme that was 

different from Th1 mediated IFNγ expression in these fragile Treg cells64.  

 

1.6 Epigenetic regulation of IFNγ expression  

The differentiation of CD4+ T cells is largely controlled by the effector or regulatory cytokines 

released within the environment. These cytokines signal through different sets of transcription 

factors to induce the differentiation of CD4+ T cells into different effector or regulatory lineages. 

An essential cellular process that transforms these external stimulations into cell intrinsic change 

is orchestrated by transcription factor networks, which exert effects on target genes via epigenetic 

mechanisms. This involves modifying histones or DNA conformation to activate or suppress 

specific elements within gene loci. As T-lineage differentiation progresses, these epigenetic 

changes become ingrained in the genome, stabilizing the transcriptomes of mature T cells and 

passing on their functional characteristics to subsequent generations through a heritable 

programme of gene expression65.  

 

1.6.1 Epigenetic mechanisms of gene regulation 

he ability of transcription factors to bind to gene regulatory sites depends on their concentration, 

where they are within the cell, post-translational modifications, and the state of the chromatin they 

target. Factors like nucleosome positioning and compaction, DNA interactions, histone 

modifications, and DNA methylation contribute to the epigenetic environment that influences how 

transcription factors operate. Unlike genetic information, which is fixed in the DNA sequence, 

epigenetic information involves changes in chromatin state and DNA methylation, affecting gene 

expression in specific contexts within a cell. Since epigenetic mechanisms do not alter the DNA 
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sequence, this regulatory information can be inherited, yet it remains flexible because it can be 

removed or replaced through various modifications66,67,68,69 .  

 

DNA methylation is one of the key mechanisms of epigenetic modification and also the only one 

proven to be heritable across generations. DNA methyltransferase 1 (DNMT1) mediates the 

transformation of DNA methylation patterned from parental to progeny DNA strand70. Methylation 

at the promoter or distal regulatory regions can directly inhibit the transcription of genes by 

preventing the transcription factor from binding, thus inhibiting the recruitment of RNA 

polymerase 271.  

 

Histone modification is another key mechanism in epigenetic regulation of gene expression. 

Different forms of histones (H2, H3 and linker histone H1) can be incorporated into the 

nucleosome and modified by acetylation72. Acetylation changes the charge of the histone and 

lessens the histone-DNA connections. This leads to increased mobility of the nucleosome which 

facilitates transcription factor binding and gene expression73. Recent genome wide studies have 

identified a combination of histone modifications can be recognized by key transcriptional 

regulatory proteins. Acetylated histone H3 and H4 are often found in the actively transcribed genes. 

In contrast, methylated H3K27 characterizes the condensed, silent genes74.  

 

1.6.2 Transcription factor network of Th1 cell development 

The combination of TCR and cytokine stimulation induces Th cell subset differentiation. In Th1 

cell differentiation, IFNγ and IL-27 released by innate lymphocytes within the environment bind 

to their corresponding receptors and activate STAT1. STAT1 then induces the lineage-defining 
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transcription factor T-bet to promote Th1 differentiation, the production of IFNγ and the expression 

of IL-12 receptor-β2 (IL-12Rβ2). IL-12Rβ2 complexes with IL-12Rβ1 to form IL-12R, which 

further receives signals from IL-12 that activate STAT4. Together, STAT4, T-bet, and Runx3 work 

together to reinforce the IFNγ secretion and form the positive feedback loop that reinforces the 

Th1 lineage commitment. 

 

1.6.3 Epigenetic regulation of IFNγ and Th1-lineage commitment  

Genome wide studies have identified several regulatory elements and CNS in the mouse Ifng locus, 

including enhancers CNS-34, CNS-22, CNS-6, CNS+18-20 and CNS+2975. It has been indicated 

that CD4+ T cells secrete low level IFNγ in their naïve state, suggesting that the Ifng locus is in 

poised state. Genomic studies revealed that naïve CD4+ T cells Ifng locus are demethylated at the 

promoter, CNS-34, CNS-22, CNS+29, and CNS+46 regions76,77. In a contrasting manner, the 

repressive histone mark H3K27 has been identified between these regulatory regions. Th1 

differentiation leads to an increase in permissive histone marks in the regulatory regions as well 

as a loss of repressive H3K27 markers across the Ifng locus leading to the expression of IFNγ78,79.  

 

It has been shown that STAT1, STAT4, and STAT5 all work together to modify the epigenetic 

landscape. Although STAT1 does not directly bind to the Ifng locus, it was hypothesized that 

STAT1 promotes the transcription of IFNγ through T-bet expression. STAT5 could directly bind to 

the Ifng locus in the enhancer regions CNS-6, promoter and CNS+18-2080. STAT4 also directly 

bind to the Ifng locus at the promoter and CNS-22 region to promote gene expression through 

epigenetic modification81.   
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2 Result  

 

2.1 Materials and Method 

Mice. C57BL/6/J mice were purchased from Jackson Laboratories. Animals were housed in 

specific-pathogen-free facilities at the Massachusetts General Hospital (MGH) and all 

experimental studies were approved and performed in accordance with guidelines and regulations 

implemented by the MGH Institutional Animal Care and Use Committee (IACUC). 

Preparation of single cell suspension. Mice were anesthetized using isoflurane and subsequently 

asphyxiated with CO2. Spleens and peripheral lymph nodes (inguinal, brachial, axillary, 

mesenteric and cervical) were harvested and mechanically crushed through a 40-micron strainer. 

Red blood cells were lysed using ACK lysing buffer and the resulting total lymphocytes were 

passed again through a 40-micron mesh to obtain the single cells.  

Lymphocyte purification. The single cell suspension was subjected to a 2-step Magnetic 

Activated Cell Sorting (MACS) using CD4+ CD25+ Regulatory T Cell Isolation Kit (Miltenyi 

Biotec). First, non-CD4 cells were labeled with the biotin-conjugated negative selection antibody 

cocktail and the was subsequently bound by anti-biotin microbeads. The non-CD4 cells were 

depleted using MACS column. The pre-enriched CD4+ single cell suspension was then stained 

with CD25-PE and labeled by anti-PE biotin beads to positive select for the CD4+ CD25+ Treg 

cells using MACS column. The CD4+ CD25- population was collected as naïve CD4 T cells. The 

enriched CD4+ CD25+ Treg population were further stained with CD44, CD62L, CD4 and Nrp1 

to enrich for the Nrp1+ cTreg cells using Fluorescent Activated Cell Sorting (FACS).  

Cell culture. Treg cells sorted through FACS were collected and plated in a 1:4 ratio with 

CD3/CD28 activation beads and IL-2 (2000IU) in complete DMEM at 37 °C for 3 days. On day 

3, half of the cell media was exchanged with fresh complete DMEM and IL-2 (2000IU) and 
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continued being incubated at 37 °C for another 48 hours. On Day 5 of the culture, Treg cells were 

collected to perform nucleofection. After nucleofection, the cells were culture in a 1:2 ratio with 

CD3/CD28 activation beads for another 24 hours stimulated with IL-2 (2000IU) in complete 

DMEM. On Day6 of the culture, the beads were removed, and the corresponding cytokine 

stimulations were added: IL-12 (25ng/mL), IL-18 (25ng/mL), or IFNγ (25ng/mL) for 48 hours in 

complete DMEM. 

Flow cytometry. Cell suspension collected was first stained with Zombie Red Fixable Viability 

dye (BioLegend) in PBS for 10 min at RT. The surface staining was performed using the following 

antibodies: CD4, CXCR3, and CD25 for 20 min at 4C. The intracellular proteins were stained for 

60 min in 4C with the following antibodies: Foxp3 and IFNγ. Data were acquired using the BD 

Fortessa X-20 flow cytometer or BD Fortessa flow cytometers and analyzed using FlowJo software. 

CrisprCas9 deletion of cis-regulatory regions: sgRNA generation. Pairs of crRNAs 

flanking the intended deletion region were selected using the CRISPick online platform 

(https://portals.broadinstitute.org/gppx/crispick/public). Two primers per crRNA were designed 

and ordered from Integrated DNA Technologies (IDT) to generate sgRNA fragments by 

overlapping PCR, following the instructions of the GeneArt Precision gRNA Synthesis kit 

(Thermofisher). In vitro transcription and subsequent sgRNA purification were carried out 

following the instructions of the GeneArt Precision gRNA Synthesis kit (Thermofisher). 

Nucleofection. (180 pmol) sgRNA were complexed with (60 pmol) TrueCut Cas9 Protein v2 

(Thermofisher) at room temperature for 10 minutes to form the ribonucleosome complex (RNP). 

100,000 to 600,000 cells were resuspended in 20 uL primary cell nucleofection solution (P3 

Primary Cell 4D-Nucleofector X kit S (Lonza) and mixed with the RNP complex. DN-100 pulse 

was used for nucleofection. Post-nucleofection, the nucleofection solution was quenched with 
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100 uL of T cell medium and left to recover in a 37oC incubator for 20 minutes. Nucleofected 

cells were then seeded in 96-well plates with 1.5 uM of Alt-R HDR Enhancer V2 (IDT) for 24 

hours. 

Statistical analysis. Statistical analysis for non-sequencing data was performed using GraphPad 

Prism software. Data were analyzed by applying unpaired two-tailed Student’s t test, and one-

way analysis of variance (ANOVA) with Bonferroni correction, as indicated in the figure 

legends. All statistical analysis performed for sequencing data is mentioned elsewhere in the 

methods section. 
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2.2 Result 

 

2.2.1  IL-12 and IL-18 stimulation induce IFNγ expression in fragile Treg through an 

epigenetic mechanism. 

Previously, both the Vignali group and our lab have described the presence of IFNγ+ Foxp3+ 

Treg cells with aborted suppressive capacity in the tumor-microenvironment (TME). However, it 

was still not clear which environmental factors in the TME induced this fragile phenotype of 

Treg cells and endowed them with IFNγ secretion capacity while staying phenotypically stable. 

As previously indicated, IL-12 could induce IFNγ production in Treg cells both in vivo and in 

vitro82,83. However, these Treg cells generally lost their Foxp3 expression and became exTregs. 

Therefore, we started by investigating which cytokines presented in the TME induced the IFNγ 

secretion in Foxp3+ Treg cells through in vitro screening assays. We enriched CD4+ CD25+ 

CD44+ CD62Lhi Nrp1+ cTreg cells using FACS from mouse spleen and lymph nodes. The cells 

were activated with anti-CD3/CD28 beads for 3 days and primed with IFNγ for another 3 days to 

recapitulate the cytokine stimulatory environment in TME. Then these Treg cells were subjected 

to pro-cytokine stimulation using a cytokine panel that was commonly found in TME in 

combination with IL-12. It was found that although IL-12 alone could induce some IFNγ 

secretion in Foxp3+ Treg population. This was significantly enhanced by the synergic effect of 

IL-18 or IL-33 (Fig. 1a). The combination of IL-18 and IL-12 led to a more robust production of 

IFNγ in the Foxp3+ Treg cells and was able to recapitulate the fragile Treg phenotype observed 

previously by Di Pilato et al. in CBM complex knockout Treg cells (Fig. 1b). To further 

investigate the epigenetic programme that regulates the IFNγ production in Foxp3+ Treg, we 

performed a bulk-ATAC-seq to compare the epigenetic landscape of Ifng locus of IFNγ+ Foxp3+ 
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Treg with the unstimulated Nrp1+ cTreg, eTreg cells and Th1 cells. After 6 days of TCR 

stimulation with anti-CD3/CD28 beads, Foxp3+ Treg gained accessibility at CNS-28.5, +19 and 

+36 (Fig, 1c). These regions became inaccessible as the TCR stimulation was removed after Day 

6. As previously demonstrated by Di Pilato et al., CBM complex downstream of the TCR 

signaling cascade prevented IFNγ secretion in Foxp3+ Treg cells. Therefore, it was hypothesized 

that these regions on Ifng locus that were accessible after TCR stimulation played a repressive 

role on IFNγ expression. In contrast, some regions gained accessibility as the TCR stimulation 

was removed and the cytokine stimulation was administered. We found these regions that gained 

accessibility aligned with the accessible regions of Th1 Ifng locus, which indicated their potential 

roles in enhancing the IFNγ expression in Treg cells through the combined stimulation of IL-12 

and IL-18. Overall, it was shown through the bulk-ATAC-Seq data that there were potential 

epigenetic mechanisms regulating IFNγ locus accessibility to enhance or repress IFNγ 

expression. 

 

2.2.2 CRISPR-Cas9 knockout approach validation in Th1 cells 

To examine the functional role of these regions, we exploited CRISPR-Cas9 knockout approach 

to permanently remove these potential enhancer or silencer regions in Treg cells. There are two 

major components of the CRISPR-Cas9 system, which includes a Cas9 nuclease and a sgRNA. 

sgRNA is formed by hybridizing tracrRNA and crRNA. crRNA include a 20-nt sequence 

complementary to the targeting sequence and a sequence of protospacer adjacent motif (PAM). 

tracrRNA hybridizes with crRNA and Cas9 nuclease to form the ribonucleoprotein (RNP) 

complex84. Cas9 nuclease makes a double-stranded break (DSB) at the targeting site which could 
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be repaired. by non-homologous end joining (NHEJ) or homology directed repair (HDR)85,86. 

NHEJ usually  

 

 

 

 

Figure 1. Treg reprogramming in vitro through epigenetic mechanism. a, Graphic illustration of the in vitro 

culturing system to evaluate Treg reprogramming. b, Cytokine panel for the induction of Treg reprogramming. The 

percentage of Foxp3+ IFNγ+ population after 9-days culture according to a is shown. c, Representative flow 

cytometry analysis of IL-12, IL-18 induced Foxp3+ IFNγ+ reprogrammed Treg phenotype. d, Bulk ATAC-seq 

analysis of Treg cells IFNγ locus accessibility at each time point across the 9-day culturing system as new stimulus 

(TCR or cytokine) is administrated. All data generated by Kazuhiro Taguchi 
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results in the insertion or deletion of nucleotides which disrupts gene expression due to 

frameshift mutation87. HDR requires a DNA template to direct the repair leads to the insertion of 

desired sequences at the DSB85. In our CRISPR-Cas9 knockout, we aimed to remove a large 

fragment of sequence, which required two cuts made simultaneously at both sides of the 

regulatory regions and being repaired at the same time. To prevent the two DSBs being repaired 

at different time points, we utilized a small molecule called HDR enhancer to delay the NHEJ.  

 

Since Treg cells are delicate and non-proliferative in nature, we first aimed to optimize our 

CRISPR-Cas9 approach using Th1 cells to ensure an efficient, accurate, and non-cytotoxic 

approach for regulatory region editing on Ifng locus. We first validated the nucleofection 

efficiency, to isolated naïve CD4+ T cells and stimulating them in vitro to induce Th1 

differentiation using IL-12 for 3 days (Fig, 2a). On the day of nucleofection, crRNA targeting 

both downstream and upstream of the targeting regulatory regions were hybridized with 

fluorescent ATTO-tracrRNA to form the sgRNA. Then the sgRNA complexed with the Cas9 

nucleus to form the RNP, which was delivered into Th1 cells through electroporation. The 

nucleofection efficiency of both upstream and downstream sgRNA were represented by the 

percentage of ATTO488 or ATTO550 positive cells. Using the DN100 program and P3 primary 

cell nucleofector® solution, we were able to yield a high percentage of successfully nucleofected 

cells with equal nucleofection efficiency of upstream and downstream gRNA. It was interesting 

that in the no-RNP control group, there were also ATTO positive populations, indicating the 

strong auto-fluorescence of the Th1 cells (Fig, 2b). After validating the nucleofection efficiency, 

we validated the editing efficiency of these sgRNA pairs targeting the potential silencer region in 
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Th1 cells (Fig, 2c). The editing efficiency of each sgRNA pair ranged from 60-90%, according to 
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Figure 2 continued  
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the qPCR. By knocking out the promoter region of the Ifng locus, the IFNγ production of Th1 

cells decreased from 50% to 20%, indicating the essential role of the promoter region in 

mediating IFNγ expression. Knockout of the silencer regions CNS-28.5 and CNS+19 resulted in 

a significant increase in IFNγ secretion in Th1 cells, which suggested a repressive role of these 

regulatory regions in IFNγ expression in Th1 cells. However, knockout of CNS+36 did not result 

in any change in IFNγ expression.  

 

2.2.3 CIRSPR-Cas9 mediated removal of the silencer regions in Treg cells 

No RNP Control Ifng_p Ifng_-28.5 Ifng_+19 Ifng_+36

IFNg

T-
be

t
d

Figure 2. CIRSPR-Cas9 validation in Th1 cells. a, Graphic illustration of the in vitro culturing system to perform CIRSPR-

Cas9 knockout in Th1 cells to validate nucleofection efficiency. sgRNA was formed by complexing crRNA targeting either 

downstream or upstream sequence with ATTO-tracrRNA. ATTO580 labeled the upstream sgRNA and ATTO488 labeled the 

downstream sgRNA. b, Representative flow cytometry analysis of the nucleofected Th1 cells. c, Graphic illustration of the in 

vitro culturing system and workflow of the CRISPR-editing in Th1 cells. d, Representative flow cytometry analysis and of the 

CRISPR-KO of potential silencer regions in Th1 cells. Relative percentage of IFNγ+ population in Th1 cell population after 

CIRSPR-KO targeting each regulatory region was shown in the bar graph. Editing efficiency validated by qPCR and calculated 

using Ct value through 2^-(∆∆Ct). (n=3 or n=2) 
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After the efficiency and accuracy of the double cut approach were validated in Th1 cells, we aimed 

to remove the silencer regions (CNS-28.5, CNS+19 and CNS+36) in Treg cells to see if they played 

a repressive role in IFNγ expression. We initially started with a 10-day stimulation protocol in 

which the Nrp1+ Treg cells were stimulated with TCR stimulation and IL-2 for 6 days, with half 

of the medium being exchanged on day 3. RNPs targeting the silencer regions were delivered into 

Treg cells on day 5 through electroporation. After the electroporation, Treg cells were stimulated 

with TCR beads and IL-2 for another day. On day 6 of the culture, TCR stimulation was removed, 

and the combination of IL-12 and IL-18 was added to the culture to induce Treg reprogramming 

and IFNγ production for 3 days (Fig, 3a). It was expected that by removing these silencer regions 

on Ifng locus, which was hypothesized to repress IFNγ expression, the IFNγ secretion capacity of 

Treg cells would increase. However, removing these silencer regions did not result in increased 

expression of IFNγ (Fig, 3b-c). In contrast, the removal of these regions leads to decreased IFNγ 

expression to a comparable level as the promoter knockout.  

 

Previous ATAC-seq demonstrated that silencer regions were only accessible after 3 days of TCR 

stimulation (Fig, 1c). As the TCR stimulation was removed, the silencer regions became 

inaccessible and stopped contributing to repressing IFNγ expression. Therefore, we changed our 

culturing protocol and continued the TCR stimulation for the entire duration of the culture to keep 

the silencer region accessible. Therefore, by removing the accessible silencer regions that were 

actively repressing the transcription of IFNγ, we expect to observe an increase in IFNγ secretion.  

However, continuation of the TCR stimulation completely repressed the IFNγ expression and was 

not rescued by removing the silencer regions (Fig, 3d).   
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As the ATAC-seq data indicated, addition of IFNγ to the culturing system on day 3 resulted in the 

inaccessibility of the silencer regions (Fig, 1c). Since the combination of IL-12 and IL-18 induced 

IFNγ secretion, which could potentially stimulate Treg cells in an autocrine feedback loop to 

repress the silencer regions, we decided to change the culturing system again by adding anti-IFNγ 

antibodies for the last 3 days of the culture. The addition of the anti-IFNγ antibody led to 

approximately 20% of the IFNγ+ population in the control condition without CRISPR editing, 

which was lower than approximately 30% of the IFNγ+ population without the anti-IFNγ antibody 

(Fig 3b, 3e). This demonstrated that autocrine IFNγ produced by Treg cells through IL-12+IL-18 

stimulation promoted the IFNγ expression in a feedback loop. However, removing the silencer 

regions again did not lead to an increase in IFNγ expression but, in contrast, a decrease in IFNγ 

expression (Fig, 3e).  
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Figure 3. CIRSPR-Cas9 removal of silencer regions in Treg cells. a, Graphic illustration of the in vitro culturing 

system to perform CIRSPR-Cas9 knockout in Treg cells. b, Representative flow cytometry analysis of the CRISPR-

edited Treg cells. c, Graphic illustration of the in vitro culturing system and workflow of the CRISPR-editing in Th1 

cells. c, Relative percentage of IFNγ+ population in Treg cell population after CIRSPR-KO targeting each silencer 

region was shown in the bar graph. d-f, Representative flow cytometry analysis and of the CRISPR-KO of silencer 

regions in Treg cells through different stimulation protocol. (n=3) 
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To investigate how the opposite result was acquired, we reverted to the original Treg culturing 

protocol to eliminate the effect of all cytokines. After 6 days of TCR stimulated survival and 

proliferation, we continued to culture Treg in IL-2. It was hypothesized that without cytokine 

stimulation, the non-edited control group would not acquire any IFNγ expression since the Treg 

reprogramming was not initiated. We expected that removing the silencer region would grant Treg 

cells ability to express IFNγ without cytokine mediated reprogramming. However, in contrast to 

our hypothesis, Treg cells with silencer removal did not gain capacity to express IFNγ (Fig, 3f).  

 

2.2.4 CIRSPR-Cas9 mediated removal of the enhancer regions in Th1 cells 

Other than the silencer regions, regulatory regions with potential enhancing roles were also 

identified. Our bulk-ATAC-Seq data showed a few regions on the Treg cells Ifng locus became 

accessible as the TCR stimulation was removed while the cytokine stimulation was administered, 

leading to the epigenetic landscape of the IFNγ expressing Treg cells. These regions were also 

accessible in Th1 cells (Fig, 1d) which further supports the permissive function of these regions in  

driving IFNγ secretion. To functionally validate the role of these regulatory regions, we designed 

paired gRNA flanking CNS-34, CNS+40, and CNS+46 to permanently remove these potential 

enhancer regions and measure the change in IFNγ expression levels in Th1 cells (Fig, 4a, b). In 

the control condition, around 90% of the Th1 cells are IFNγ+. Removal of the promoter, CNS-34, 

CNS+40 and CNS+46 significantly impaired IFNγ expression. Interestingly, deletion of the 

CNS+40 did not reduce the IFNγ level as robustly as removing the other enhancer peaks, 

suggesting a less significant role of the CNS+40 in driving the IFNγ secretion in Th1 cells (Fig, 

4c). Follow-up experiments validating the functional role of these regions in Treg cells are still 

ongoing.  
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Figure 4. CIRSPR-Cas9 removal of enhancer regions in Th1 cells. a, Graphic illustration of the in vitro culturing 

system to perform CIRSPR-Cas9 knockout in Th1 cells. b, Table of the silencer and enhancer candidates identified 

through ATAC-seq. c, Representative flow cytometry analysis and of the CRISPR-KO of enhancer regions in Th1 cells. 

(n=3) 
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3 Discussion 

 

3.1.1  Identification of regulatory regions on Ifng locus 

Through our in vitro culture system, we were able to induce the IFNγ producing Treg cells 

phenotype. This in vitro culturing system involved a stepwise stimulation of TCR and cytokines. 

To investigate the epigenetic changes along this induction process, ATAC-seq was performed at 

each stage. With 3 days of TCR stimulation, CNS-28.5, CNS+19 and CNS+36 gained accessibility. 

As the TCR stimulation was removed and the cytokine stimulation was added, these regions 

became inaccessible. Since our previous studies indicated that TCR stimulation prevented the IFNγ 

expression, we hypothesized that these regions played repressive role in IFNγ expression. ATAC-

seq data also indicated these regions were inaccessible in Th1 cell which further confirm the 

possible repressive role of these regulatory regions. Functional validation using CRISPR-Cas9 

confirmed that by removing these repressive regions, Th1 cells acquired an elevated capacity in 

expressing IFNγ.  

 

However, it was surprising that removing the same regulatory regions in Treg cell does not lead to 

increase in IFNγ expression through several trial of different induction protocol. This divergent 

result in Th1 and Treg cells could be due to the fragile nature of Treg cell. Since CRISPR-Cas9 

induce severe cytotoxicity88, it might impact the Treg cell response to cytokine stimulation and 

capacity of cytokine expression. There are several ways to further improve and mitigate the Cas9 

toxicity. First, we could substitute Cas9 protein with a less cytotoxic form such as dCas9 or Cpf189 

or induce the endogenous CRISPR-Cas9 system to express crRNA90. Introducing exogenous 

repairing system to minimize the cytotoxicity caused by DSB or using a CRISSPR-associated 
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transposases mediated approach to realize gene editing91,92 were also less cytotoxic approaches 

comparing to the conventional way of the CRISSPR-Cas9.  

 

Another possible cause of the opposite outcome could be the length of the regulatory region being 

removed. In this study, we aimed to completely remove the entire regulatory regions through 

CRISPR-Cas9. Therefore, we designed crRNAs targeting to make cut at both upstream and 

downstream sequence of the identified regulatory regions instead of cutting within the regulatory 

region. This leads to the requirement of removing a long fragment of sequence on the IFNγ locus 

which was around 800bp in each regulatory region knockout. The initiative to design crRNA 

targeting outside (i.e. upstream and downstream) of the regulatory region was to ensure the 

complete removal of the regulatory region. Unlike promoter region, which is essential for the gene 

expression, the regulatory region play an additive role in enhancing or repressing the gene 

expression. Therefore, perturbing the function of enhancer or silencer regions was thought to be 

not robust enough to exhibit functional outcomes (i.e. detectable change in IFNγ expression).   

 

However, removing a long fragment of sequence may impact the interactions between different 

regions on the Ifng locus thus affecting the gene expression. Previous studies done by Cui et al, 

have demonstrated the repressive role of CNS-28.5 on Ifng locus in IFNγ expression. They 

demonstrated that GATA3 directly bind to this region to repress the IFNγ expression to control the 

reciprocal regulation between Th1 and Th2 cells. CNS-28.5 interreacted with the enhancer regions 

to prevent their interaction with the promoter region. In this way, the CNS-28.5 repress the IFNγ 

expression by restraining the interaction between each enhancer regions93. They have also 

performed functional validation in vivo by generating CNS-28.5 knockout mice with deletion of a 
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156-bp fragments within CNS-28.5. The knockout mice had increased Th1 cell population and an 

elevated capacity in expressing IFNγ, confirming the repressive role of CNS-28.5. Since CNS-

28.5 regulates IFNγ expression through restring interactions within the gene locus, it was suspected 

that the opposite result acquired in our study could be due to the removal of long fragment of 

sequence that also impact the interaction of other regions. Functional validation carried by Cui et 

al, also only involved the removal of a short fragment within the CNS-28.5 region. Therefore, we 

could further improve our study by redesigning crRNA targeting a shorter fragment within the 

regulatory region, instead of excising the entire region.  

 

3.1.2 CRISPR-Cas9 optimization  

To examine the functional role of the regulatory regions in Treg cells, we employed a double cut 

CRISPR-editing approach which involved making two cuts at both sides of the regulatory region. 

There are several methods for delivering the CRISPR-Cas9 construct. Delivery of lentiviral vector 

expressing Cas9 and sgRNA and electroporation of gRNA/Cas9 construct were the most prevalent 

ones used in primary human T lymphocytes94,95. Recently, electroporation of the RNP complex 

which consists of Cas9 and in vitro transcribed or synthesized sgRNA, became popular for 

CRISPR-Cas9 gene editing due to its convenience. The efficiency in primary human T cells 

yielded around 50-90% base on different target genes96,97. In our study, we referred to the RNP 

delivery protocol in primary mouse T cell optimized by Akiko et al, to achieve an editing efficiency 

up to 80%98.  

 

Although the efficiencies were high, but this approach did not result in complete KO of the 

regulatory region. To further improve the editing efficiency, one potential approach was to make 
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RNP complex consisting of the fluorescent labeled ATTO crRNA and select the transfected cells 

using FACS based on their fluorescent label. However, since electroporation in Treg cells reduced 

cell viability and cell state, experiencing another around of cell sorting would be detrimental to 

Treg cells. It also worth to notice that the editing efficiency was also dependent on the design of 

individual gRNA (Fig, 2d). Therefore, a better design of the gRNA would also potentially improve 

the editing efficiency.  

 

For the future experiment, we could also potentially use CRISPR interference (CRISPRi) instead 

of the genetic knockout using CRISPR-Cas9. Since CRISPRi involved an RNA-based method 

which silence the gene transiently, it did not delete the gene which leads to cytotoxicity. In this 

way we could potentially improve the low viability of edited Treg cells. However, since the 

targeting region in our study are enhancer or silencer regions which only play additive effect on 

the level of gene expression, interfering the transcription of the regulatory regions could be not 

robust enough to observe a functional difference. Therefore, alternative approaches for functional 

validation of regulatory regions were still required.  

 

Recently, Li et al, described a new strategy that specifically targeted the enhancer epigenetic 

function through CRISPR-Cas9 approach. In this newly described method, they fused dCas9 with 

histone acetyltransferase core domain to promote the activation of enhancer region, Inhibition of 

the enhancer effect could be achieved through fusing dCas9 with lysine-specific demethylase to 

remove the enhancer associated H3K4100. This new strategy could be potentially applied in our 

study to carry out more precise epigenetic modulation to validate the functional effect of identified 

regulatory regions.  
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3.1.3 Future direction 

After validating the enhancer knockout in Th1 cells, we would continue to perform the editing in 

Treg cells using the same protocol as the repressor editing. It was expected that the enhancer 

knockout in Treg cells would reduce the IFNγ expression but in a less extent than the promoter 

knockout. Also, better approaches to minimize the cytotoxicity and increase the accuracy in 

CIRSPR editing could be applied to improve the methodology.  

 

To further investigate the in vivo effect of these regulatory regions, we could exploit the use of 

Cas9-transgeneic mice. The development of Cas9-trangeneic mice made an advancement in 

improving the efficiency, specificity and the cytotoxicity of CRISPR-mediated gene editing in 

primary mouse cell lines99. By directly delivering gRNA into the Cas9 transgenic mouse, we would 

functionally validate effect of regulatory region knockout on IFNγ expression in vivo. Along with 

the tumor injection, we could further study the effect of Ifng locus regulatory region knockout in 

tumor progression. 

 

To further investigate the epigenetic landscape of the Ifng locus, we could perform Chromatin 

Immunoprecipitation (ChIP)-Seq to analyze the histone modification in complement to the ATAC-

Seq data. In this study, we have performed our functional validation based on ATAC-Seq result 

which measured the accessibility of transposition to define the open chromatin region. By 

performing ChIP-seq targeting the histone modification, we can gain additional insight on the 

enhancer or silencer associated histone modifications of the regulatory regions identified through 

ATAC-Seq.  
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