








 

Figure 13: Early differentiated genes show a higher than average number of activating histone 
modifications and Tn5 peaks count. 

A, Box plot representing the intensity of H3K4me1 (in term of log2CPM+1) of different categories of genes. 
B, Box plot representing the intensity of H3K4me3 (in term of log2CPM+1) of different categories of genes. 
C, Box plot representing the intensity of H3K27Ac (in term of log2CPM+1) of different categories of genes. 
D, Box plot representing the intensity of ATAC peaks (in term of log2CPM+1) of different categories of 
genes. Abbreviation: CPM – count per million. T2, T4, T24 – time 2h, 4h and 24h. Non-DE – None 
differentially expressed genes. 
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Figure 15: IL15 induce dynamic 5hmC changes in IELs  

A, Quantification of the number of 5hmC peaks called at each time point during IEL stimulation (FDR < 
0.05). n = 3 biological replicated. B, 5hmC profile across the gene body of all reference genes. The genes 
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Figure 15, continued: are color coded based on the quantile of their expression levels from RNA-Seq data. 
TSS, transcription start site; TES, transcription end site. C, Genomic distribution of all 5hmC peaks 
overlapping with UCSC RefGene database. Regulatory regions (promoters, active enhancers, etc.…) are 
defined from ENCODE data of histone marks for CD8+ T cells. D, Differential 5hmC regions (DHMRs) at 
each time point. The gain and loss of 5hmC are based on the comparison to the 0h time point. E, 
Supervised hierarchical clustering analysis of all the 5hmC peaks based on the temporal pattern of the 
peaks. 5hmC DHMRs are clustered into 3 distinct groups: loss at 2h, gain at 2h and gain at 2-4h. F, The 
dynamic change of average 5hmC peaks for each cluster over time. G, Representative 5hmC peaks from 
each DHMR cluster. 
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4.4 The correlation between DHMRs and DEGs 

 In order to understand the roles of 5hmC in transcriptional regulation of IL15 signaling, we carried 

out enrichment analysis to connect 5hmC dynamics to RNA expression levels. We investigated if any of 

the 6 clusters based on RNA expression (from figure 8B) is enriched for any category of 5hmC dynamics 

(from figure 15E). For example, for 5hmC loss categories: enrichment in 5hmC loss = (# induced 2h 

genes that are associated with 5hmC loss / # genes that are associated 5hmC loss) / (# induced 2h genes 

genome-wide / # genes genome-wide). In figure 16A, all the genes associated with dynamic 5hmC are 

more likely to be differentiated than genes without dynamic 5hmC. Therefore, differentially expressed 

5hmC seems to be a good predictive mark for DEGs. Of note, genes with dynamic 5hmC are likely to be 

differentiated at early time points rather than at 24h. Next, DHMRs are classified as 5hmC loss, 5hmC gain 

at 2h, 5hmC gain at 2-4h. DEGs are classified as “induced 2h”, “induced 4h”, “induced 24h”, “repressed 

2h”, “repressed 4h” and “repressed 24h” based on gene expression patterns. For the genes that loss 

5hmC, especially loss 5hmC at 2h and 4h, they are more likely to be enriched in the categories “induced 

at 2h” and “induced at 4h”. There is slight enrichment (more than chance) for the “repressed at 2h”. 

However, there is no enrichment for DEGs at 24h time point. In figure 16B, for the genes that gain 5hmC, 

they are strongly enriched in “repressed at 2h” and “repressed at 4h”, and slight enriched in “induced at 

2h” and “induced at 4h”. There is no enrichment for DEGs at 24h time point.  

 Generally, 5hmC has been shown to act via two distinct mechanisms102. First, 5hmC can be an 

intermediate marker for the demethylation process, in which 5mC can be oxidized to 5hmC, 5fC and 5caC 

and be excised out via TDG/BER155. However, 5hmC can also be a stable epigenetic mark for binding of 

transcriptional factors, histone remodifying enzymes or “readers”93,156. 5hmC can also act to disrupt the 

5mC patterns, and 5mC binding proteins157. For example, 5hmC peaks can act as binding sites to recruit 

HDAC2 complexes to repress the expression of IL6 in macrophage, and there has been no demethylated 

regions detected in that system158. In our dataset, there are two emerging categories of dynamic 5hmC in 
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figure 17. The genes that loss 5hmC are enriched for induced genes at early time point. On the contrary, 

genes that gain 5hmC are enriched for repressed genes at early time point. The observations can be 

explained based on the how 5hmC can act to affect gene expression. For the genes that loss 5hmC, they 

may undergo demethylation process in which 5hmC is oxidized further and lost. Demethylation removes 

repressive 5mC marks, and opens up the genes for transcription. Hence, loss of 5hmC can be associated 

with induced genes. Now, on the other end, genes that gain 5hmC may gain and maintain the marks. In 

fact, many genes in our data set has gained these 5hmC at 2h, and still have them at 4h and 24h. These 

5hmC peaks may be stable, and function as binding sites of repressive transcriptional factors to shut down 

gene expression. In such mechanism, gain in 5hmC can be associated with repressed genes. Of course, 

many genes that gain 5hmC can also be at the early stage of demethylation. In fact, gain in 5hmC is also 

enriched for induced genes, but not as strongly as repressive genes. 

 Altogether, our data indicate important trends of differential 5hmC peaks. Loss in 5hmC 

associates with early induced genes, suggesting demethylation at these loci. Gain in 5hmC associates with 

repressed genes, suggesting a different mechanism: 5hmC can be used as binding sites for repressive 

complex or to inhibit gene expression. Finally, change in 5hmC predicts well change in gene expression. 
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Figure 16: Enrichment analysis of 5hmC DHMRs 

A, Genes with dynamic 5hmC are more likely to be differentially expressed. B, Enrichment analysis on loss 
vs. gain 5hmC peaks. Formula: calculated fold enrichment of induced 2h genes that are associated with 
5hmC loss = (# induced 2h genes that are associated with 5hmC loss / # genes that are associated 5hmC 
loss) / (# induced 2h genes genome-wide / # genes genome-wide). C, Enrichment analysis on loss at 2h vs. 
loss at 4h vs. loss at 24h. 
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Figure 17: The overlap between 5hmC dynamic peaks, H3K27Ac and ATAC peaks 

A, The average signal of H3K27Ac at 0h or 4h post IL15 stimulation when overlapped and centered on 
dynamic 5hmC peaks. The dynamic 5hmC peaks are classified into loss of 5hmC, gain of 5hmC at 2h and 
gain of 5h at 2h and 4h. B, The average signal of ATAC peaks when overlapped and centered on dynamic 
5hmC peaks. The dynamic 5hmC peaks are classified similar as in A.  
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CHAPTER 5: THE ROLES OF TET 2 DEMETHYLASE AND 5-HYDROXYMETHYLCYTOSINE  

5.1  Tet family in IELs and their expression levels during the signaling cascade 

 Due to the dynamic changes that we observed in 5hmC, we decided to investigate the molecular 

mechanism in which 5hmC was generated in IELs. Currently, there has been only one known mechanism 

in which 5hmC is generated: through the Tet family of demethylases. In order to zoom in to the relevant 

Tet in the system, we performed qPCR to learn the baseline expression of each Tet in the family. In figure 

18, Tet1 is the Tet with the lowest expression. During the course of IL15 stimulation, Tet1 is strongly 

repressed, and the repression of Tet1 has been maintained throughout 24h. Therefore, Tet1 does not 

have the sufficient expression to drive the generation of new 5hmC. We shifted our focuses to the other 

members of the family: Tet2 and Tet3. Tet2 is expressed at highest level among the Tet proteins, 4 folds 

more abundant than the Tet3 transcripts. During IL15 stimulation, both Tet2 and Tet3 are slightly 

upregulated at 2h, and the expression levels of both Tets are quickly restored back to the baseline at 4h. 

At 24h post IL15 stimulation, both Tet2 and Tet3 are slightly repressed. 

 On the other hand, the family of Dnmt proteins are methylases, which capable of methylating the 

DNA. During IL15 signaling, Dnmt 3a is upregulated early on, peaking at 4h. Dnmt3b and Dnmt1 is not 

upregulated until after 24h. Dnmt 1 is a maintenance methylase. During cell division, the new strands of 

DNA are synthesized without methylation marks on them. Therefore, Dnmt1 may be upregulated to 

establish the 5mC patterns on newly synthesized DNA strand. Altogether from the data, we can see both 

the demethylases and methylases’ expression levels altered during IL15 signaling – signifying that Tet and 

Dnmt families may be involved under IL15 signaling. 
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Figure 18: Expression of Tet family at base line and during the course of IL15 stimulation in IELs 

A, The expression levels of Tet1, Tet2, Tet3 at base line level in IELs. The relative expressions are measured 
by qPCR and normalized to GAPDH. B, The expression levels of Tets and Dnmts during the course of IL15 
stimulation. 

5.2  Tet2 knock down (siTet2) and the baseline differential expressed genes 

  In order to learn the direct role of Tet protein in the generation of 5hmC and the regulatory roles 

of Tet in controlling transcriptions under IL15, we knocked down Tet2 via siRNA. Tet2 is the most 

expressed among the Tet protein, and Tet2 has been implicated in various biological processes involved 

5hmC, making Tet2 the ideal target to investigate. To investigate DEGs in siTet2 versus siCtrl, we 

performed RNA-Seq for 5 biological replicates (5 short termed IEL lines) at 4 different time points (0h, 2h, 

4h and 24h). In figure 19, we observed 1170 DEGs due to siTet2 at the baseline prior to IL15 stimulation. 

These DEGs are Tet2 regulated genes, independent with IL15. Tet2 is an important epigenetic regulator; 

therefore, it has not been a surprise to see 1170 DEGs due to the lack of Tet2. In figure 19A, gene ontology 

analysis of these DEGs points to important processes necessary for the package and maintenance of DNA’s 
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integrity and structure. In addition, lacking Tet2 affects many DEGs in cell cycles such as those necessary 

for cell cycle check points, cell cycle phase transition, replication, regulation of cyclin dependent activity, 

mitotic nuclear division. Interestingly, iNKT and CD4+ T cells in Tet2 knock out mice has been shown to be 

defective in cell cycle regulators106, DNA structure, and histone modifications105. Therefore, Tet2 may be 

fundamental important for DNA structure and cell cycle related genes in many cell types. In figure 19B, 

we list the top DEGs at baseline in siControl and siTet2 as representative examples. 

 

Figure 19: The baseline effects of siTet2 in IELs 

A, The gene ontology of pathways affected due to the knock down of Tet2 at the baseline condition 
compared to scramble siControl construct. B, Representative differential expressed genes between siCtrl 
and siTet2. Each column is one short term IEL line. Each line is a DEG. N = 5 biological replicates. 
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5.3  Tet2 knock down (siTet2) and the roles of Tet2 in IL15 signaling 

 After understanding the baseline consequences of Tet2 knock down, we investigated the possible 

roles of Tet2 in IL15 signaling. We performed RNA sequencing for both siCtrl and siTet2 for n = 5 shorted 

term IELs cell lines in all 4 time points: at 0h, 2h, 4h and 24h. From Figure 20B, at 0h, baseline, we had 

1170 DEGs between siCtrl and siTet2. At 2h, the difference was 172 DEGs. At 4h, there was 125 DEGs. 

Finally, at 24h there was no difference between the siCtrl and siTet2. From the data, the impact of Tet2 

knock down is primarily on the transcriptional program of the early time points at 2h and 4h and not at 

the 24h. In addition, from figure 20B, we observed that there were more downregulated genes than 

upregulated genes. In order to understand better the Tet2 dependent genes in IL15 signaling pathway, 

we performed GO and KEGG analysis for these DEGs at 2h and 4h.  

 At 2h, the primary role of IL15 (from RNA-Seq data) is to mount an immune response to IL15 

ligand. With Tet2 reduction, interestingly, the differential pathways between siCtrl and siTet2 are 

interferon gamma mediated signaling pathway, chemotaxis, leukocyte chemotaxis, and defense response. 

We looked deeply at the DEGs, and from figure 20D, in interferon gamma pathway, we saw higher level 

of relevant genes in this particular pathway: IFNG, IRF7, IRF5, MX1, ISG20, and MYD88. All the IFNg related 

genes are normally upregulated during IL15 signaling. In the knock down of Tet2, these genes are 

upregulated even further – for example, at the transcript level, IFNG has twice as much transcript in the 

siTet2 condition relative to the siCtrl at 2h. The evidences pointed to a hyper responsive state of IELs, in 

which they started to upregulate IFNg related genes at abnormally high levels. In similar fashion, many 

chemotaxis receptors have been upregulated at a higher level in Tet2 knockdown than the control: CCR1, 

CCR5, CCL3, and IL2RB. Of note, none of the anti-apoptotic genes regulated by IL15 were disturbed by the 

knock down of Tet2. The levels of BCL2, BCL-XL, and MCL1 remained the same in siTet2 versus siCtrl IELs. 

The data suggests Tet2 may be important specifically in immune related pathways like chemotaxis, IFNg 

related pathway or defense response and not important for survival pathways. On the other hand, in 
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siTet2 IELs, the downregulated genes are mainly cell cycle regulators and microtubule regulators  such as 

WEE1 (G2 check point kinase), SKP2, APC, CKAP2 and TPPP. With many cell cycle regulators 

downregulated, the siTet2 IELs should be susceptible to a higher level of uncontrolled proliferation. This 

hypothesis will be tested in the next session. At 4h, there were 125 DEGs between the siTet2 and siCtrl. 

Most of the DEGs were downregulated and belong to cell cycle regulators – confirming the importance of 

Tet2 in controlling cell cycle check points such as CENPE, CENPF, KIF11, and PSRC1.  

 Altogether, in IL15 stimulated CD8+ T cells, 296 genes (1.8% of total IL15 regulated genes) are 

differentially expressed upon siTet2 knockdown (FDR<0.5). Of note, the knock down level of Tet2 is from 

28% to 33%. Therefore, the number of IL15 regulated and Tet2 dependent genes may be underestimated. 

Genes that are upregulated upon siTet2 are pro-inflammatory genes. In particular, genes associated with 

IFN pathway (IFNg, IRF7), and defense responses pathway (Gzmb). Genes that are downregulated upon 

siTet2 knock down are cell cycle related genes. 
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Figure 20: The role of Tet2 in IL15 signaling pathway of IELs 

A, The level of knock down of Tet2 by Accell siRNA at each time point (2h, 4h, and 24h post IL15 
stimulation). B, Volcano plots to represent the differentially expressed genes (DEGs) in siTet2 compared 
to siCtrl at each time point. Black dots represent non-differentially expressed genes, blue dots represent 
down regulated genes, and red dots represent up regulated genes (FDR <. 01). C, GO analysis for DEGs in 
siTet2 compared to siCtrl at 2h and 4h post IL15 stimulation. D, Heat map of top DEGs at 2h and 4h. Each 
column represents one short termed IEL line. Each line represents one DE gene. N = 5 biological replicates 
for siCtrl and for siTet2. E, The overlaps between the DEGs in siTet2 at each time point with the total genes 
differentially regulated by IL15, and with the set of 5hmC dynamic genes. 
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5.4  Functional consequences of Tet2 knockdown in IELs 

 Due to the downregulation of many cell cycle regulators such as P53, CCNK1A, and CCNK1C in the 

Tet2 knock down conditions, we investigated the functional consequence of knocking down Tet2 in term 

of proliferative capability of IELs. We stained the actively divided cells with edU (5-ethynyl-2'-

deoxyuridine), an analog of thymidine. During the synthesis of new strands of DNA in actively dividing 

cells, edU will be incorporated into the DNA, and these cells can be stained and detected via flow 

cytometry. In figure 21A, without the presence of IL15, both siCtrl and siTet2 IELs did not enter division, 

and the percentages of edU+ cells were at background levels at 1.25% and 1.07% respectively. Upon IL15 

stimulation, after 48h of incubation with IL15, the cells were stained for edU to look at the percentage of 

cells that were actively dividing at that particular time. For siCtrl IELs, 21.0% of the total cells were 

synthesizing new DNA strands. The correspondent percentage for siTet2 IELs was 29.4%. Therefore, 48h 

post IL15 stimulation, siTet2 IELs proliferated at higher rate than siCtrl IELs. In figure 21B, we repeated the 

experiments for n = 8 replicates, and siTet2 IELs did proliferated statistically faster. In figure 21C, we also 

looked at the absolute number of cells post 48h of IL15 stimulation. The total numbers of siTet2 IELs were 

also higher than siCtrl IELs 48h post IL15 stimulation. Of note, the amount of final cell counts of both siTet2 

and siCtrl did not differ much from the starting amount of IELs prior to IL15. It was due to the fact that 

many IELs died during the initial exposure to IELs. Only the survived IELs started to divide and increase in 

number. Altogether, it seemed that the loss of cell cycle regulators translated into a faster proliferative 

rate for siTet2 IELs. With reduced levels of cell cycle regulators in siTet2, the IELs presumably can enter S 

phase and G1 phase easier, and divide at a faster rate. The observation has been in according to the 

literatures. Tet2 knockout mice are susceptible to develop T cells lymphoma159. Loss of Tet2 in 

hematopoietic cells can also lead to hypermethylated enhancers on crucial tumor suppressor genes, 

leading to the loss of these regulators and the faster rate of population doubling160. Further investigation 
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needs to be done to examine the mechanism in which the knock down of Tet2 affected the expression of 

these cell cycle regulators, and if hypermethylation played any role in silencing these regulators.     

 

Figure 21: Proliferation rate of siTet2 IELs 

A, The proliferation rate of untreated and IL15 treated (48h post stimulation) IELs in either siCtrl or siTet2 
background. EdU is the nucleoside analog of thymidine and is incorporated to newly synthesized DNA. B, 
The percentage of edU+ IELs 48h post IL15 treated IELs in either siCtrl or siTet2 background for n = 7 
biological replicates. C, The absolute number of cells 48h post IL15 stimulation in either siCtrl or siTet2 
background. n = 5 biological replicates. The number of starting IELs is 50,000 cells. 
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CHAPTER 6: DISCUSSION AND FUTURE DIRECTIONS 

6.1  Overview 

 We began our studies by examining the transcriptomic changes during the course of IL15 signaling 

in IELs. By using short termed IEL cell lines generated from patients’ biopsies, we demonstrated that IL15 

was a potent cytokine, capable of controlling as much as 6462 genes during a 24h period. Beside known 

roles in anti-apoptosis, cytotoxicity, proliferation, we showed that IL15 was involved in the regulation of 

metabolism and the processing of various RNA species (including long noncoding RNAs). Since the 

mapping of IL15-mediated transcriptomic changes in the mouse peripheral blood CD8+ T cells32, this is the 

first transcriptomic map of in vitro IL15 signaling in human intestinal CD8+TCRαβ+ T cells. 

 There is a large body of literature that demonstrated the roles of epigenetic during T cells’ 

development, differentiation and responses to pathogens59,104,149. However, T cells do not stop functioning 

after the activation and differentiation processes. IELs are the prototypical cells of tissue resident, 

terminally differentiated CD8+ T cells. At this stage, IELs no longer differentiate, but they continue to 

encounter the changing local mucosal environment with various immunological or stress signals such as 

IL15. By performing ATAC-Seq on IELs, we demonstrated that the chromatin accessibility of IELs is stable, 

with no change during the short time period after IL15 signaling. At 24h, the whole IEL’s chromatin 

landscape is altered nonspecifically due to cell division. Using native histone pull down, followed by next 

gen sequencing, we demonstrated that the 4 histone marks (H3K4me1, H3K4me3, H3K27Ac, and 

H3K27me3) are mainly preset, and stable during the course of IL15 stimulation.  Different combinations 

of these 4 histone marks can have predictive power on how the correspondent genes would change during 

the IL15 signaling, similar to what have been known about the histone code74,75. 
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 Next, by using modified sugar to label and pull down 5hmC, for the first time, we obtained 5hmC 

map in IELs during IL15 signaling. We demonstrated that 5hmC peaks are widespread in IELs with around 

70,000 total 5hmC peaks on average. 5hmC peaks locate mostly in the enhancer elements, and 5hmC 

levels on gene body correlate well with gene expression levels. We then demonstrated that 4.6% of total 

5hmC peaks change dynamically during the course of IL15 signaling. Loss of 5hmC is associated with 

induced genes, and gain of 5hmC is associated with repressed genes, suggesting different mechanisms 

may operate via 5hmC to regulate gene expression. Lastly, we investigated the role of Tet2 in IL15 

signaling. We demonstrated that by knocking down of Tet2, many important pathways associated with 

DNA packaging, and chromatin integrity were affected. During the response to IL15, Tet2 knockdown IELs 

have more proliferative capability due to the reduction of cell cycle regulators. Furthermore, in term of 

the magnitude of the response to IL15, Tet2 knockdown IELs upregulate higher level of transcriptions of 

IFN related pathway compared to the control IELs. Altogether, the data suggest that there are a subset of 

genes, mainly cell cycle related and IFN related are controlled both by Tet2 and IL15.  

6.2 The model: preset versus altered epigenetic landscape in IL15 signaling 

 We set out to explore possible epigenetic changes when IELs responded to IL15. At the end, our 

data and analysis reveal a model in which the chromatin and histone modifications on IELs are mostly 

preset and do not change significantly in response to IL15. Among all the epigenetic marks, 5hmC is the 

one that changes the most. Yet, even this change is small – 4.6% of total 5hmC peaks. Therefore, we can 

conclude that on the global scale, the epigenetic landscape (in term of chromatin accessibility, histone 

modifications and 5hmC) is stable and preset in IELs during IL15 signaling. However, we do not rule out 

the involvement of epigenetic regulation in a small subset of important genes such as cell cycle related 

and IFN related genes. The impact of Tet2 knockdown on the transcription levels of this subset of genes 

suggests that these genes may be indeed regulated via Tet and 5hmC. 
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 Our results are in agreement with previous reports on similar systems. Epigenetic seems to be 

mostly important for differentiating system, in which cells undergo identity change108. When the 

differentiation ends, the epigenetic landscape seems to be stable and one may consider the epigenetic 

landscape as a part of molecular signatures made up the identity of the cells. For example, the chromatin 

Figure 22: Model - Epigenetic landscape during IL15 signaling in IELs 
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landscape (revealed by ATAC seq) is changed most significantly during the activation of naïve T cells into 

effector T cells149. In vitro differentiation assays of Th0 into Th1 and Th2 reveal significant changes in 5hmC 

and 5mC, with demethylation occurs at specific loci: IFNg for Th1 differentiation, an IL4 for Th2 

differentiation104. The phenomenon is not limited to T cells as naïve dendritic cells show global 

demethylation and alteration of histone modifications upon tuberculosis infection150. On the other hand, 

once the cells are terminally differentiated, the chromatin accessibility seem to be stable. During the 

course of chronic viral infection, the ATAC landscape does not vary between day 8 and day 27 post 

infection122.  Furthermore, there are evidences that the epigenetic landscape is also maintained by 

complex machinery to establish the necessary stability for differentiated T cells to function121. In this 

study, we demonstrated that in IELs, as terminally differentiated T cells, the response to IL15, a cytokine, 

does not involve global changes of epigenetic landscape. 

 In term of evolutionary viewpoint, there are advantages associated with operating on a preset 

epigenetic landscape. IELs are tissue resident CD8+ T cells at the front line of the immune system to protect 

the integrity of the mucosal barrier and the surrounding epithelial cells7. IL15 has been thought as a stress 

signal, presented by antigen presenting cells and epithelial cells to activate IELs and license them to kill11,14. 

Therefore, acting on a preset landscape, the IELs can control its transcriptomic program quickly to mount 

fast proinflamatory responses to protect the intestinal environment. Our data indicate that for important 

effector genes such as BCL2, BCL-XL, IFNG, GZMB, and PRF1, there are strong ATAC-Seq peaks at the 

promoter sites with relevant activating histone marks: H3K4me3 and H3K27Ac. The epigenetic signatures 

point toward accessible chromatin at steady state, ready for the binding of STAT3/STAT5 transcriptional 

factors upon the binding of IL15 to its receptors. Phosphorylation of JAK/STAT can occur within minutes 

of ligand-receptor interaction161, and in combination with a preset chromatin landscape, the signal 

cascade can be fully activated rapidly. As a result, IELs can react and protect in a timely manner. 
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 There are apparent limitations to our in vitro system: the fact that the short term IELs are not ex 

vivo cells, and they are cultured in 100u of IL2. We performed experiments on short term IELs (as opposed 

to long term IELs in culture medium) to preserve as much as possible the epigenetic of in vivo IELs. Freshly 

isolated and sorted IELs from patients’ biopsies were stimulated one time to make short term IEL cell lines. 

All subsequent experiments were done on these cell line stocks. We had done quality controls to 

investigate the difference between the short termed IEL lines and the ex vivo IELs counterpart in term of 

ATAC-Seq data. There are more ATAC-Seq peaks on the ex vivo IELs, especially on the enhancer sites, 

reflecting the loss of a portion of epigenetic signatures during the course of making short termed IEL lines. 

However, there are a large percentage of overlapped and conserved ATAC peaks (>70%) between the ex 

vivo and in vitro IELs, reflecting the preservation of the chromatin accessibility landscape (unpublished 

data). Due to the requirement of large amount of cells as starting materials, we cannot compare the 5hmC 

and the histone landscapes between the ex vivo and in vitro short termed IELs. Next, in order to culture 

the IELs and ensure their survival, we used medium with 100 units of interleukin 2. In the absence of IL2 

or IL15, CD8+ TCRαβ T cells will start to enter apoptosis and die. However, IL2 does have overlapping 

functions with IL1532, and the exposure of IELs to IL2 raise the possibility that the epigenetic has already 

been changed in culture prior to the stimulation of IL15. To address this concern, first, the in vitro system 

is still relevant because in the physiological conditions, IELs have been shown to exist in the intestinal 

environment with low level of IL15 (similar to the exposure to low dose of IL2 in culture medium)44. 

Second, there was a starvation period of 48h to remove all the effect of IL2 prior to the addition of IL15. 

However, to truly address this problem, future experiments should be done on ex vivo IELs to show that 

the chromatin accessibility, 5hmC and histone landscape of ex vivo IELs does not change much upon IL15 

stimulation, similar to the in vitro short term IELs.  
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6.3 The roles of 5hmC – demethylation intermediate or stable epigenetic mark? 

 Since the discovery that the Tet proteins can oxidize 5mC to 5hmC, 5fC and 5caC in the progressive 

steps of demethylation, 5hmC is traditionally thought as a transient intermediate mark of 

demethylation86,162. The gain and the loss of 5hmC are thought to be direct consequences of Tet mediated 

demethylation on specific loci, for example the NANOG locus in stem cells163,164. However, recent 

biochemical studies on the half-life of 5hmC, the dynamics of Tet2 – 5hmC complex, and the independent 

roles of Tets from demethylation have revealed an alternative function for 5hmC93,99,158,165. 5hmC can act 

as a stable epigenetic mark, and a binding site for multimeric protein complexes, including the binding of 

TET2, SALL4A or HDAC proteins99,158. In the context of IL15 signaling, we demonstrated that there were 

two distinct categories of dynamic 5hmC: dynamic gain and dynamic loss of 5hmC. The locations and the 

potential roles of these two classes of dynamic 5hmC are distinct, suggesting that 5hmC can indeed be a 

marker of two different mechanisms. 

 The loss of 5hmC has occurred primarily on open chromatin, evident in the overlap between 5hmC 

peaks and ATAC peaks. The loss of 5hmC also occurred at poised or activated regulatory sites, evident in 

the overlap with the H3K27 acetylation marks. Finally, the loss of 5hmC was associated with early induced 

genes, suggesting that losing 5hmC could promote transcription. The observation fit the concept of 5hmC 

as an intermediate mark of demethylation. Loss of 5hmC can be the result of further oxidation to 5fC and 

5caC and subsequent removal of 5mC. Therefore, loss of 5hmC can signify the concurrent removal of 

suppressive methylation marks. Happening on primed locations with euchromatin landscape and 

activating histone mark H3K27Ac, demethylation can promote the binding of RNA polymerase II 

machinery and initiate the transcription. However, with our current data, we cannot make the full 

statement here without further experiments. Specifically, for these loci, a site specific methylation assay 

such as bisulfite sequencing is needed to pinpoint with base resolution the demethylated cytosine. In 
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addition, POLR2 CHIP-Seq can be done to show the differential binding of POLR2 in these loci before and 

after the loss of 5hmC.  

 On the other hand, the gain of 5hmC has different and distinct features. Gain of 5hmC did not 

occur on open chromatin, but on heterochromatin, evident in the lack of overlap with ATAC peaks. These 

loci did not enrich for induced genes, but they did for early repressed genes. How can one make the 

connection between 5hmC and repression of gene expression? If 5hmC can be a stable epigenetic mark, 

gain in 5hmC would generate binding sites for 5hmC “readers”. These readers can be repressive 

transcriptional factors which in turn can shut down transcription. Indeed in a study, 5hmC acted to recruit 

the binding of HDACs to repress IL6 expression post lipopolysaccharide (LPS) stimulation in 

macrophages158. In addition, Tet2 has been shown to be a tumor suppressor gene in hematopoietic 

disorders166. The binding of Tet2 on 5hmC sites in these system does not initiate, but repress transcription 

presumably through the recruit of other Tet2 partners that are repressive transcriptional factors.  

Alternatively, the gain of 5hmC can be simply the first step prior to the loss of 5hmC due to further 

oxidation to 5fC and 5caC.  However, we did not observe any changed in ATAC peaks associated with gain 

of 5hmC. Demethylation has been shown to open up chromatin, and preferentially occur at euchromatin. 

Therefore, it is unlikely that these gain of 5hmC can lead to demethylation. However, similar to the case 

of 5hmC loss, one can only reach a definite answer after performing experiments to quantify the 

methylation status of these loci at base resolution, presumably through whole genome or site specific 

bisulfite sequencing. 
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6.4 Tet2 and Tet3 in IL15 signaling cascade  

 

  

 Having established the dynamics and locations of 5hmC, we also connected the 5hmC epigenetic 

mark to Tet proteins. Reduction in the level of Tet2 (by siTet2) impacted as much as 296 genes (FDR < 

0.05, n = 5 biological replicates), confirming the importance of Tet2 in the signaling cascades of IL15. 

However, considering that IL15 controls as much as 6462 DEGs, the 296 Tet2-regulated DEGs seem to be 

a small amount of genes. 212 out of 296 genes are controlled by both IL15 and Tet2, representing 71% of 

Tet2-regulated genes in IELs, yet only 3.2% IL15-regulated genes. In order to understand the experimental 

results, we took into account the following limitations and interpretations. First, in many literatures, there 

have been reports of redundancy between Tet2’s and Tet3’s functions in normal development and 

hematopoietic stem cell emergence167-169. Both Tet2 and Tet3 are expressed at high levels in IELs. Reducing 

only Tet2 will most likely not be able to reveal all the DEGs controlled via 5hmC and Tets because Tet3 can 

still compensate the loss of Tet2. Second, the loss of Tet2 is not complete. Due to the difficulties in 

transfecting short termed cell lines (made from primary IELs from biopsies), the maximum level of Tet2 

reduction was only around 25-33%. Therefore, the number of 296 DEGs due to siTet2 was an 

underestimation from the actual number of total Tet2-regulated genes. The fact that we underestimated 

Figure 23: The overlap between Tet2 controlled genes and dynamic 5hmC genes 
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the total number of Tet2 controlled genes, and we still observed 296 Tet2 dependent genes reflects the 

importance of Tet2 in IL15 signaling. 

 Next, we asked if Tet2 operated through dynamic 5hmC, or through pre-existed 5hmC. We 

overlaid the Tet2-regulated DEGs with dynamic 5hmC peaks, and we saw little overlap: 63 genes out of 

296 genes. Or in other words, 21% of Tet2 regulated genes showed dynamic 5hmC. 79% of Tet2 regulated 

genes did not show any change in 5hmC. How did we integrate this information to reflect the potential 

functions of 5hmC? First, the 63 genes that were both Tet2 dependent and had dynamic 5hmC (purple 

session in figure 23) may depend on Tet2 to generate these necessary dynamic 5hmC for transcription. 

They could be genes that were demethylated post IL15. Without Tet2, the 5hmC patterns could not be 

change, and demethylation could not occur, and the transcription of these genes was suppressed. 

However, to provide direct evidence for this mechanism, one will need to do 5mC profiling and show 

active demethylation post IL15 on these loci. Yet, demethylation could be a sound explanation on why 

these genes were both dependent on Tet2 and dynamic 5hmC.  

  In contrary, 233 out of 296 genes, or 79% of Tet2 regulated gene did not show dynamic 5hmC 

patterns (blue session in figure 23). These genes were dependent on Tet2 for proper transcription, yet 

without Tet2, the 5hmC did not change. Therefore, for these genes, Tet2 did not act through alteration of 

5hmC or in other word, Tet2 did not act through demethylation and oxidation of 5hmC. To explain this 

fact, these may be the sites in which Tet2 was important as “a reader” to bind to 5hmC and recruit other 

transcriptional factors without exerting any demethylation activity. Without Tet2, transcriptional factors 

may not be properly recruited, and transcription was impacted. Yet, because Tet2 acted as recruiting or 

adapter protein, the 5hmC pattern was not necessarily altered by Tet2. To understand better, we 

attempted Tet2 CHIP-Seq to identify Tet2 binding sites throughout IELs genome. We also attempted Tet2 

IP followed by mass spec to identify Tet2 binding partners. However, both attempts were unsuccessful 

due to the unavailability of good CHIP graded Tet2 antibodies at the current time. Future experiments 
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would need to be done to fully understand if indeed Tet2 bind to these sites, and methylation assay could 

be done to prove that the binding of Tet2 did not necessary mean demethylation for such sites. Finally, 

there was a novel interesting observation in the literature that may explain these Tet2 dependent genes 

with no dynamic 5hmC. Tet2 may act on RNA instead of DNA for certain genes. In fact, Tet2 had been 

shown to generate 5hmC on RNA170. Therefore, certain genes may be Tet2 dependent when we could not 

observe any impact of Tet2 on 5hmC on the DNA level. 

 Finally, there were 2499 genes with dynamic 5hmC peaks and they were not dependent on Tet2 

at all (yellow session in figure 23). To explain them, these genes may be dependent on Tet3, and Tet3 

could potentially be the enzymes that generate the dynamic 5hmC on these genes. Another explanation 

may be due to the fact that our Tet2 knock down was incomplete. The number of siTet2 DEGs may 

underestimate the real number of Tet2 dependent genes. Many of the 2499 genes may still dependent 

on Tet2, yet only with full knockdown of Tet2 or even with the double knock down of Tet2/Tet3 that we 

may observe the impact of siTets on the transcription of these genes. Finally, 5hmC may be an epigenetic 

marker that correlate well with gene expression, yet plays no regulatory role. The appearance of dynamic 

5hmC does not necessary mean that these genes were dependent on Tet2 for their transcriptional 

activation and progression. 

6.5 Future directions 

 While our work addressed the question if certain epigenetic markers such as 5hmC, histone 

modifications or chromatin accessibility were involved in IL15 signaling process, it also raised a new set of 

important questions. 

 First, what exactly is the mechanism in which Tet2 and 5hmC control gene expression? We have 

identified the subset of genes that are controlled by Tet2 and have 5hmC peaks. However, we have not 

pinpointed if 5hmCs act as a demethylation intermediates or binding sites for transcriptional factors to 
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regulate gene expression. In order to answer these questions, one needs to perform whole genome 

methylation assays such as bisulfite whole genome sequencing or 5mC IP (MeDIP) at various time points. 

One can overlap and track the changes in 5hmC and observe the pattern of 5mC. If 5hmCs act as 

intermediate markers for demethylation, one would expect to see change in methylation at these specific 

loci, and without Tet or 5hmC, there would be no change in methylation, and subsequently gene 

expression. Candidates for methylation tests can be genes that are Tet2 dependent and dynamic 5hmC 

dependent such as IFNg, GZMB and cell cycled related genes. On the other hand, if there is no change in 

5mC even though the genes are Tet2 dependent, 5hmCs can be marks to recruit transcriptional factors. 

In this case, further assays need to be performed to identify the 5hmC binding proteins. Alternatively, one 

can look at our dynamic 5hmC data, and perform CHIP for candidate TFs (such as IRF1 or RUNX1), and 

then overlap the TFs binding sites, 5hmC sites, TET2 binding sites to prove the presence of such TFs at the 

dynamic 5hmC loci.    

 Second, what are the roles of Tet2 and possibly Tet3 in generating these 5hmC patterns? In order 

to answer this question, one needs to perform 5hmC IP in the siTet2 and siTet3 IELs. With the reduction 

on level of Tet2 or Tet3, one can expect alterations in the 5hmC landscape. Then one can attribute specific 

dynamic 5hmC loci to either Tet2 mediated, Tet3 mediated or both. It would be interesting to correlate 

such 5hmC alterations to change in gene expression changes in siTet2 and siTet3. How much would a 

change in 5hmC necessary to alter gene expression? We have siTet2 upregulated gene sets (IFN and 

defense related genes), and siTet2 down regulated genes (cell cycle specific). Lacking Tet2 altered the 

gene expression levels of these two sets of genes in opposite directions. Would the altered 5hmC 

landscape in siTet2 explain this phenomenon? In addition, there are many literatures that reveal the 

redundancy of Tet2 and Tet3106,167. One would be able to answer if Tet2 and Tet3 operate on largely 

overlapping sets of genes in the context of IL15 and IELs as well.   
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 Third, our in vitro, short termed IEL cell lines are crucial for the study of IL15 signaling and 

epigenetic because the system can provide enough materials for CHIP-Seq and 5hmC-Seq (10ug in term 

of DNA required), it has its own limitation: the need to culture IELs in IL2 contained medium, and the 

potential epigenetic changes from the ex vivo IELs. Therefore, in the future, we must establish the 

difference and similarity between in vitro and ex vivo IELs in term of gene expression, and epigenetics 

(when the technology allows us to sequence histone marks and 5hmC marks with low amount of DNA 

inputs from ex vivo cells). Because in ex vivo, IELs were naturally exposed to steady state low level of IL15 

in the intestinal tract, it would be important to see if that would make the IELs primed to IL15 response 

similar to our in vitro system. 

 Forth, one of the limitation of the study is the difficulty to transfect short term IELs and knock 

down Tet2 to a significantly low level. Therefore, our identification of 296 Tet2 dependent genes may 

underestimate the true number of genes. In addition, our system is an in vitro system; therefore, it is hard 

to put the relevant of Tet2 knock down IELs in the context of a full physiological system. The next logical 

step would be to use mouse models to further investigate 5hmC, IELs and IL5. With a Tet2, Tet3 or 

Tet2/Tet3 knock out mice, we can explore the redundancy and unique roles of each Tet in the 

physiological function of IELs. In addition, we have the mouse model of celiac disease, in which IL15 is 

expressed at a high level in the intestinal compartment. It will be valuable to understand if the IELs in IL15 

high, Tet2 knock down mice have more proliferative capability and hyperactive immune response. It 

would also be interesting to see how these phenotypes would affect the whole intestinal compartment 

as a whole. Such study can further expand the impact of the research and answer relevant questions. 

 Fifth, we have studied and proved that during the short term of 4h post IL15 stimulation, even 

though the list of IL15 mediated, differential expressed genes is vast and diverse, the epigenetics in 

termed of histone modification, chromatin accessibility and 5hmC seem to be stable. We have not 

addressed if epigenetic changes can occur during long time exposure with IL15. In fact, a recent 
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publication has shown that genomic instability and hypermethylation can occur after a month of constant 

exposure to high level of IL15123. As in many disease models, IL15 has been dysregulated for a long time 

prior to the onset of the diseases such as the cases of celiac disease and type 1 diabetes44. Therefore, it is 

valuable to look at the long term changes caused by IL15 to IELs in both gene expression and epigenetic 

landscape. Only then we may gain valuable insights on how IL15, long term epigenetic changes and disease 

development can be related.  

 Last but not least, we have demonstrated that for control patients, IELs chromatin and epigenetic 

are mostly stable during IL15 signaling. It would be interesting to push this one level further, and look at 

the epigenetic landscape at steady state and during IL15 signaling from IELs of patients from celiac disease, 

the autoimmune disorder in which the self-destruction of the villi are carried out by IELs. Celiac disease is 

a complex autoimmune disorder in which environments and epigenetics may play important roles in 

disease development and progression171. By obtaining the differences in gene expression, chromatin 

accessibility, histone modifications, and methylation associated marks, we may be able to understand if 

there are disease specific, epigenetic changes that enable the IELs to kill nonspecifically in celiac disease. 

Ideally, we can also perform gene expression and epigenetic analysis on ex vivo control IELs versus disease 

specific IELs to reserve best the epigenetic landscape of the in vivo IELs. 

6.6 Conclusion 

 There has never been transcriptomic and epigenetic maps of human intestinal IELs at steady state 

and during IL15 signaling. In our work, we generated short term IEL cell lines, and used a combination of 

RNA-Seq, histone CHIP-Seq, ATAC-Seq and 5hmC-Seq to map out various epigenetic marks, and 

characterize the epigenetic changes and transcriptomic changes occurred in IELs during IL15 stimulation. 

We demonstrate that on a global level, the histone marks and the chromatin accessibility are stable 

throughout IL15 signaling process. Yet, a small fraction of genes have dynamic 5hmC, dynamic H3K4me1 
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and altered expression levels upon Tet2 knockdown, suggesting the involvement of epigenetic controlled 

for these specific gene sets (cell cycle related and IFN related genes). Finally, the steady state histone 

landscape of IELs is marked with activating marks such as the combination of Tn5, H3K4me3 and H3K27Ac 

that enable IELs to stay in an activating and primed state of cytotoxic effector T cells. 
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