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ABSTRACT OF THE DISSERTATION

Multi-layered epigenetic control of T cell fate decisions

by

Bingfei Yu

Doctor of Philosophy in Biology

University of California San Diego, 2018

Professor Ananda Goldrath, Chair

CD8" T cells are a central component of the adaptive immune system.
Upon infection, a naive CD8% T cell will differentiate into a heterogeneous pop-
ulation of effector T cells composed of terminal-effector and memory-precursor
CD8" T cells. Terminal-effector T cells rapidly decay after pathogens are erad-
icated while memory-precursor T cells survive during the contraction phase to
become memory T cells, providing long-term protection from reinfection. Sim-
ilar to the heterogeneity of effector T cells, memory T cells can also be divided

into central-memory, effector-memory and tissue-resident memory subsets based on
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trafficking, location, proliferation potential and cytotoxic function. These memory
subsets collaborate together to enhance the pathogen clearance and vaccine effi-
cacy. The differentiation of a naive CD8" T cell into a specific effector or memory
subset is influenced by cell-extrinsic environmental signals and cell-intrinsic factors
including transcription factors (TFs), epigenetic modification and chromatin orga-
nization. Considerable advances have been made to identify key TFs that regulate
these T cell fate decisions. However, the TF-mediated transcriptional network re-
sponsible for specific subset differentiation and how epigenetic modifications and
chromatin configuration modulate CD8% T cell fate determination is still largely
unknown. To address these questions, we deciphered epigenetic landscapes in effec-
tor and memory CD8*' T cells in response to bacterial infection by characterizing
the genome-wide histone modification, chromatin accessibility and transcriptional
program. Integrative analysis of epigenomics data showed that subset-specific en-
hancers established by key TFs foreshadow the specific lineage differentiation. To
better identify cruicial TFs from multilayered epigenetic landscapes, we developed
a webpage ranking-based algorithm (PageRank) to rank the importance of TFs
from transcriptional network and identified a novel function of two TFs: YY1 and
Nr3cl to regulate terminal-effector and memory-precursor subset differentiation,
respectively. By leveraging the PageRank analysis and chromatin accessibility
data, we developed a computational screen to predict key TFs for tissue-resident
memory T cell differentiation. Combining this approach with shRNA functional
screen, we identified the role of Runx3 in programming tissue-residency signatures
in non-lymphoid tissues and tumors. Finally, we discovered a novel role for the

genome organizer CTCF in CD8' T cell fate decisions illustrating the impact of

Xiv



chromatin organization on effector and memory T cell differentiation. Taken to-
gether, we uncovered a multi-layered regulation of chromatin state, accessibility
and organization, that influences T cell fate decisions by fine-tuning transcriptional
circuits. We further constructed a computational framework that integrates these
high-dimensional data, facilitating identification of key transcriptional regulators

and providing valuable biological insights.
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Chapter 1

Introduction

1.1 The differentiation path of CD8% T cells in

combating infectious and malignant diseases

The battle between the immune system and invading pathogens has lasted
and evolved for many eons. Despite the development of vaccines, infectious dis-
eases still remain the leading cause of death worldwide. The growing impact of
HIV/AIDS epidemics, the emergence of multidrug-resistant pathogens, and the
threat of lethal pathogens like Ebola and Zika viruses have all urged the devel-
opment of better vaccines[1]. T cell-based vaccination has been a major focus for
the prevention of infectious diseases such as HIV, Tuberculosis (TB) and malaria
due to the inefficiency of the neutralizing antibody for protection[2]. CD8% T cells
are a critical component in host protection from infectious and malignant diseases
given the unique ability of effector CD8" T cells to kill pathogen-infected or ma-

lignant cells and memory CD8' T cells to protect against re-infection or tumor



growth. Thus, a thorough understanding of how CD8* effector and memory T
cells are generated and maintained will greatly inform the development of vaccines
and immunotherapy.

In response to pathogen infection, naive CD8% T cells undergo clonal ex-
pansion and differentiation establishing a heterogeneous population of pathogen-
specific effector CD8" T cells. These effector CD8" T cells can produce effector
molecules and cytokines such as [FNvy, TNFa and granzyme B to clear the invad-
ing intracellular pathogens. While the majority of these CD8' T cells die through
apoptosis during the contraction phase of infection, a small fraction persists as
memory cells, providing lasting protection from re-infection. This memory T cell
population can "remember” the antigen and elicit a more rapid and robust im-
mune response when re-encountering the same pathogen, which is the molecular
basis of vaccine development[2]. Recent studies demonstrate that the commitment
to the shorter-lived effector versus longer-lived memory CD8" T cell fates occurs
early after infection, and the differential expression of cell-surface markers, such
as killer lectin-like receptor (KLRG1) and interleukin-7 receptor (IL-7R) may be
used to distinguish two effector CD8" T cell subsets with distinct memory po-
tential: shorter-lived terminally-differentiated effector (TE, KLRGIMIL-7R") and
longer-lived memory precursor effector (MP, KLRG1°IL-7RM) CD8* T cells[3, 4].
Although both TE and MP CD8 T cell subsets exhibit similar effector functions,
only the MP subset can survive long-term to form the heterogeneous memory
CD8* T cell population[3]. Effective immune response for host protection from
repetitive infection largely relies on the diversity and heterogeneity of memory T

cells. Memory T cells can be typically segregated into three populations: cen-



tral memory (Tem), effector memory (Tem) and tissue-resident memory (Trm)
subsets[5, 6]. Tem and Tem are circulating memory cells that ensure durable im-
munosurveillance. Tcm cells primarily locate in secondary lymphoid organs and
Tem cells traffic in blood and recirculate between non-lymphoid and lymphoid or-
gans. Tcm cells express high level of lymph node homing receptors CD62L and
CCRYT and display a higher proliferation rate while Tem cells lack CD62L and
CCRYT expression and display a higher cytotoxic ability[7]. The recently identified
memory subset, Trm, primarily resides in non-lymphoid tissues including barrier
(skin, lung and gut) and non-barrier (brain, liver and kidney) tissues[8]. Un-
like Tem, which will recirculate after homing to non-lymphoid tissues, Trm cells
permanently reside in non-lymphoid tissues without recirculation, providing the
front-line protection against re-infection[8, 9]. A coordination of all three mem-
ory subsets is a key feature of protective immune response. When re-encountering
pathogens, Trm cells are the first responders that can rapidly trigger the inflamma-
tory response and produce alarm signals to attract circulating memory cells into
the infected tissues[10]. Therefore, a better understanding of how specific memory
subsets are formed and cooperate together to fight against infection will greatly

impact the efficacy of vaccination.

1.2 Transcriptional regulation of CD8* T cell fate
decisions

Upon infection, naive CD8" T cells undergo activation and proliferation

to become a heterogeneous population of effector CD8" T cells that include TE



and MP subsets. The fate of a naive CD8" T cell is influenced by cell-extrinsic
factors including precursor frequency, TCR strength and exposure to inflamma-
tory cytokines[4, 11]. For instance, increased antigen and inflammatory cytokines
such as IL-12 promote the formation of the TE subset[3, 4]. As well, cell-intrinsic
factors including TFs, epigenetic landscapes and chromatin organization shape the
fate of the differentiating T cells[4, 11]. Specifically, a number of TFs have been
reported to promote the cell fate decision: T-bet, Zeb2, Prdml and Id2 are es-
sential for the TE subset differentiation while Tcf7, Foxol, Bcl6, Eomes and Id3
play critical roles in the MP subset development[12, 3, 4, 11]. Importantly, it is
the extrinsic cues that are integrated by the differentiating T cells that ultimately
regulate the cell-intrinsic TF's that direct the effector and memory subset specifica-
tion. For example, IL-2 and IL-12 signaling induce Blimpl and T-bet to promote
TE formation and effector function[13]. TFs work hierarchically or in concert to
direct to specify cell subset fates. For instance, Zeb2, which is recently reported
to repress IL-7TR expression in effector CD8' T cells, is a downstream target of T-
bet[14, 15]. T-bet collaborates with Zeb2 to promote the TE subset differentiation
while repressing the transcriptional program favoring the central memory CD8"
T cell differentiation[14, 15]. Interestingly, many TFs are similarly expressed in
both TE and MP subsets although they have been shown to regulate specific sub-
set differentiation. This suggests other regulatory mechanisms in addition to TF
expression contribute to cell-type specific differentiation. With the accumulating
evidence of the transcriptional regulation of TE versus MP cell fate decision, it
still remains unclear how the TF-mediated transcriptional network participates in

effector cell subset specification and it is likely that a number of TFs controlling



this cell fate determination has yet to be elucidated.

As the heterogeneity of the memory pool is increasingly appreciated, accu-
mulating studies have focused on the factors influencing the cell fate decision to
become Tcem, Tem or Trm. A thorough understanding of the molecular mecha-
nism underlying the memory subset specification is important for specific vaccine
development: targeting Tem may be beneficial for traditional vaccines against in-
fecious diseases while targeting Trm may be beneficial for preventing infections at
barrier sites. Extensive evidence revealed that TFs that regulate the TE versus
MP subset differentiation are also involved in Tem versus Tcem cell fate decisions.
For example, the loss of T-bet, Blimpl or Id2 impairs the differentiation of Tem
while Tcf7, Foxol and Id3 are essential for Tem formation and maintenance[11].
Interestingly, emerging evidence shows that the formation and differentiation of
Trm relies on a hybrid TFs mediated transcriptional program, requiring both the
effector and memory associated TFs. T-bet and Eomes have both been shown
to repress Trm differentiation, although T-bet and Eomes are important for dif-
ferentiation of effector/TE and memory/MP populations, respectively[11, 9]. In
contrast to the repressive role of T-bet, Blimpl can promote the differentiation of
Trm cells, although T-bet and Blimpl are both effector-favored TFs[9, 13]. Taken
together, there is still much to be learned about the transcriptional pathways and

molecular drivers modulating the Trm differentiation, maintenance and function.



1.3 Epigenetic modulation of CD8™ T cell differ-

entiation

The organization of chromatin is revealed as a hierarchy of compaction and
regulation levels: (1) The genomic DNA is wrapped in 200bp segments around
the histone octamers to form nucleosomes and the interaction between DNA and
histones is regulated by DNA methylation and histone modification; (2) The
chromatin fibers containing nucleosomes are densely packaged into heterochro-
matin and euchromatin with distinct chromatin accessibility; (3) The topologically-
associated domains (TADs) and lamina-associated domains (LADs) form specific
chromatin territories in the nucleus[16]. Chromatin serves as a platform for stor-
ing the complex DNA information in a high-order organization. It also contributes
to balancing the access of transcriptional machinery to key regulatory elements
via DNA methylation and histone modification. These heritable changes to gene
function without alterations in DNA sequence during cell division are referred to
as epigenetic regulation.

DNA methylation primarily occurs at cytosine residues within CG dinu-
cleotide (CpG)-dense regions. When CpG methylation occurs at promoter regions,
it is always associated with transcriptional repression[17]. Upon LCMYV infection,
naive-associated genes acquire de novo DNA methylation in effector T cells. Sub-
sequently, during the transition from effector to memory T cells, naive-associated
genes are demethylated in memory T cells. This suggests that the epigenetic re-
pression of naive-associated genes in effector T cells can be reversed in long-lived

memory T cells while some key effector genes remain demethylated[18]. Impor-



tantly, the deficiency of de novo methyltransferase Dnmt3a in early effector T cells
lead to decreased methylation of naive-associated genes, ultimately accelerating
the memory T cell differentiation[18]. These studies provide novel insights into
how epigenetic programs are modified at the DNA methylation level to modulate
effector and memory CD8" T cell differentiation.

Histone modification primarily occurs at N-terminal histone tails includ-
ing methylation, acetylation, phosphorylation and ubiquitination[19]. These post-
translational modification of histones are critical epigenetic programs regulating
the DNA accessibility to transcription factors and chromatin remodelers. It has
been shown that certain combinations of histone modifications can mark key reg-
ulatory regions including enhancers and promoters with either active or repres-
sive status. For example, H3K4 monomethylation (H3K4mel) is associated with
enhancers whereas H3K4 trimethylation (H3K4me3) ususally marks promoters.
H3K27 acetylation (H3K27ac) is associated with active transcription while H3K27
trimethylation (H3K27me3) is associated with transcriptional repression. Active
enhancers are often associated with the combination of H3K4mel and H3K27ac,
positively correlating with active gene expression[20, 21, 22]. The presence of
H3K4me3 and H3K27me3 at promoter regions represents a bivalent chromatin
signature, which is often associated with transcriptionally poised genes[23, 24]. In
naive T cells, the promoter regions of effector-associated genes display this biva-
lent signature. During effector CD8" T cell differentiation, the repressive mark
H3K27me3 is lost but the level of H3K4me3 is maintained, concomitant with in-
creased expression of effector-associated genes[23, 24|. Similarly, the memory-

associated genes are also bivalently modifed at promoter regions in effector T



cells and resolve to a H3K4me3 only state when differentiating into memory T
cells[25, 26]. Notably, conditional deletion of Ezh2, a histone methyltransferase
responsible for H3K27me3, results in increased expression of memory-associated
genes including 7Tcf7 and Foxol and decreased expansion of effector T cells, sug-
gesting that epigenetic repression of memory-associated genes is critical to maintain
effector T cell identity[25, 26].

In addition to gradual changes of histone modifications at promoter regions,
the enhancer landscape marked by specific histone modifications often exhibit dy-
namic changes in a cell-type-specific manner. Accumulating evidence suggests that
enhancers play a key role in fine-tuning gene expression via long-distance communi-
cation with promoter elements, providing better cellular specificity compared with
promoters|27, 28, 29, 30, 31]. It is now well accepted that distinct enhancer land-
scapes in different cell types are bound and established by lineage-specific TFs
to modulate cell-type-specific transcriptional programs. Therefore, global map-
ping of enhancer and promoter landscapes in CD8% T cell subsets upon infection
is essential to understand how epigenetic programs are involved in CD8" T cell
differentiation, and to inform the key TFs that establish specific enhancer and

promoter repertoires responsible for specific T cell subset differentiation.

1.4 Outline

In this dissertation, I present the results in three chapters, aiming to address
the following questions:

How can key TFs for CD8" T cell fate decisions be identified by deciphering



epigenetic landscapes?

In Chapter 2, we characterized the epigenetic landscape, chromatin ac-
cessibility and transcriptional program of terminal-effector, memory-precursor and
memory CD8 T cells in response to bacterial infection in vivo. Integration of these
data demonstrated that expression and binding of TF's established subset-specific
enhancers impacting CD8" T cell differentiation. We leveraged our genome-wide
analyses to develop a PageRank-based ranking system to more accurately predict
novel TFs influencing effector and memory cells. Highlighting the power of this
new strategy, we showed TFs YY1 and Nr3cl, both constitutively expressed dur-
ing CD8" T cell differentiation, regulated the formation of terminal-effector and
memory-precursor cell fates, respectively.

What are the molecular drivers for Trm and tumor-infiltrating T cell dif-
ferentiation?

In Chapter 3, we showed that Trm precursors represent a unique CD8"
T cell subset that is distinct from the precursors of circulating memory popula-
tions at the levels of gene expression and chromatin accessibility. We developed a
computational screen integrating ATAC-seq, RNA-seq and PageRank analysis to
infer key TFs for Trm specification and identified a novel role for the TF Runx3 in
promoting Trm differentiation and homeostasis. We further showed that tumor-
infiltrating T cells shared a core tissue-residency gene signature with Trm, and
Runx3 can induce this core tissue-residency gene-expression program to promote
the tissue-residency of CD8" T cells in both non-lymphoid tissues and tumors.

What is the role of the genome organizer, CTCF, in CD8" T cell differen-

tiation?



In Chapter 4, we revealed that the ubiquitously expressed architectural pro-
tein CTCF is essential for terminal-effector, effector-like memory and secondary
effector CD8" T cell differentiation. Interestingly, the loss of CTCF promoted
the accumulation and differentiation of IEL Trm, especially CD103" Trm in re-
sponse to LCMYV infection. We further performed CTCF ChIP-seq and showed
that CTCF can bind and regulate gene expression of the key TF, T-bet, which
promotes terminal-effector CD8™ T cell differentiation while repressing Trm forma-
tion. Finally, analysis of RNA-seq data from patients carrying de novo mutation
of CTCF showed that the haploinsufficiency of CTCF impacted the TE gene sig-
nature in peripheral blood lymphocytes, suggesting a critical role of CTCF in TE
subset differentiation in humans.

These data combined represent a hierarchy of transcriptional regulation of
CD8* T cell differentiation at chromatin accessibility, chromatin state and chro-

matin organization levels.
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Chapter 2

Epigenetic landscapes reveal
transcription factors regulating
effector and memory CD8™1 T cell

differentiation

2.1 Introduction

A number of TFs have been identified as critical regulators of the TE CD8"
T cell fate including T-bet, Blimpl, 1d2, Irf4, Batf, and Zeb2. Conversely, Tcf7,
Eomes, Id3, E proteins, Bcl6, and Foxol are known to be important in the for-
mation of MP and memory populations[1, 2, 3, 4]. Notably, not all of these fac-
tors exhibit differential expression between TE and MP, suggesting that additional

mechanisms contribute to their activity in promoting cell fates. Further, how these
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TF function within a coherent regulatory network is still unknown, and it is likely
that additional TF's relevant in CD8" T cell differentiation remain unidentified.
We reasoned that integrated analysis of TF expression, binding and the
expression of their gene targets would provide additional insights to identify pre-
viously unappreciated TF involved in CD8% effector and memory T cell differ-
entiation. Assay for Transposase-Accessible Chromatin with high-throughput se-
quencing (ATAC-seq) has recently been used to globally probe open chromatin to
map regions of TF binding with high genomic resolution requiring minimal cellular
input[5, 6]. By scanning all TF binding motifs on accessible chromatin regions,
it is possible to infer the binding of hundreds of TF, as well as identify poten-
tial gene targets of all known TFs simultaneously, generating a global view of TF
binding that has previously been technically impossible to achieve[7]. This pro-
vides a feasible strategy in the context of in vivo cellular immune responses where
cell numbers are limiting. ATAC-seq proves especially powerful when combined
with the characterization of the relevant regulatory elements such as: enhancers
associated with histone acetyltransferase p300 and histone modifications such as
monomethylation of histone H3 lysine 4 (H3K4mel); acetylation of histone H3 ly-
sine 27 (H3K27ac) associated with active transcription; trimethylation of histone
H3 lysine 4 (H3K4me3) associated with active promoters; and, trimethylation of
histone H3 lysine 27 (H3K27me3) associated with gene repression[8, 9, 10]. Re-
cent studies utilizing data generated by ATAC-seq in the context of chromatin
modifications have facilitated the successful prediction of tissue-specific TFs and
enhancers active in shaping the identity of macrophages in different tissues and of

lineage determining factors in hematopoiesis[11, 12]. In the case of naive CD8%
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T cells, co-deposition of H3K4me3 and H3K27me3 at promoter regions is a sig-
nature of genes important for cellular differentiation, suggesting an epigenetic
mechanism underlying CD8" T cell differentiation[13, 14]. However, these stud-
ies focused exclusively on promoter regions. Accumulating evidence suggests that
enhancers play a key role in fine-tuning gene expression via long-distance com-
munication with promoter elements, providing better cellular specificity compared
with promoters[15, 11, 16, 17, 18], and enhancer landscapes important for effector
and memory CD8' T cell differentiation remain largely unknown.

Here, we characterized the epigenetic landscapes of naive, terminal-effector,
memory-precursor, and memory CD8' T cells generated in response to bacterial
infection to identify both enhancer and promoter regions important for CD8" T
cell effector and memory cell fates. Using ATAC-seq to identify accessible regula-
tory regions, we predicted TF candidates and further constructed a transcriptional
regulatory network for each subset. To facilitate the identification of key TF reg-
ulators, we applied PageRank algorithm to rank the importance of TF's in each
regulatory network. We identified TFs known to be central to CD8" T cell differ-
entiation as well as numerous TFs not previously associated with CD8" effector
versus memory T cell-fate specification. Among the novel TFs, we experimentally
validated that Yin And Yang-1 (YY1) which acts as both transcriptional activa-
tor and repressor in numerous contexts, promotes a TE phenotype, and, Nuclear
Receptor Subfamily 3 Group C Member 1 (Nr3cl) which binds to glucocorticoid
response elements, supports MP differentiation. Taken together, our results yield a
comprehensive catalog of the regulatory elements of CD8' T cells, revealing unex-

pected regulators controlling CD8' T cell fates. Furthermore, our computational
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framework can be applied generally to any cell or tissue type to decipher regulatory

networks and identify biologically significant TFs.

2.2 Results

2.2.1 TE and MP subsets reflect transcriptional differences

between effector and memory CD8T T cells.

We previously characterized the transcriptome of the total antigen-specific
population of CD8" T cells over the course of infection, identifying signatures
of gene expression at different phases of the immune response[19].However, the
effector population is characterized by extensive phenotypic and functional het-
erogeneity, including terminal-effector (TE) and memory-precursor (MP) CD8% T
cell subsets[2]. Using microarray analysis to delineate transcriptional differences
between these two effector subsets, we revealed 321 genes expressed > 1.5 fold
higher in the TE compared to the MP subset, and 653 genes expressed > 1.5-fold
higher in the MP compared to TE subset (Figure 2.8a). We further compared
this with our previous gene expression data for total effector and memory CD8*
T cells and found that 79% of genes upregulated in the TE subset are enriched in
total effector CD8' T cells and 84% of genes upregulated in the MP subset are
enriched in memory CD8" T cells (Figure 2.8b). This result indicates the unique
transcriptional identities of effector and memory CD8" T cells can be captured on
day 8 of infection in the TE and MP subsets, consistent with the idea that the MP
subset is a precursor of memory CD8% T cells[2, 3]. Interestingly, the differences in

mRNA expression of the majority of known TF that control the differentiation of
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TE versus MP are subtle (Figure 2.8¢), suggesting that expression differences alone
do not account for the differential dependence on TF in distinct subsets. Likewise,
the protein abundance of certain polarizing TF are not dramatically different be-
tween the TE and MP subsets when measured by flow cytometry (Figure 2.8d).
These results indicated that in addition to TF expression, additional regulatory
mechanisms, such as the control of TF binding, may be involved in controlling dif-
ferentiation of these two subsets and subsequent formation of long-lived memory

cells.

2.2.2 CDS8T T cell subsets exhibit distinct enhancer reper-

toires

Spatial and temporal regulation of gene expression requires the specific
binding of TF at regulatory elements, which is affected by chromatin state and
accessibility. We combined ChIP-seq of histone modifications and ATAC-seq to
provide insight into chromatin state and accessibility, respectively, allowing pre-
diction of TF binding at specific regulatory elements. To characterize potential
enhancer and promoter elements, we performed ChIP-seq with antibodies that
specifically detect histone modifications H3K4mel (enhancer mark), H3K4me3
(promoter mark), H3K27ac (active mark) and H3K27me3 (repressive mark) (Fig-
ure 2.1a)[20]. We used OT-I TCR transgenic CD8" T cells that specifically recog-
nize ovalbumin (OVA); 2x10% naive cells were transferred to congenically distinct
host mice, followed by infection with Listeria monocytogenes engineered to express
recombinant OVA (Lm-OVA)[19]. Using differential expression of CD45 alleles to

identify donor cells, we sorted KLRG1MIL-7R!® TE CD8* T cells and KLRG1'°IL-
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7RM MP CDS8 T cells on day 8 of infection or KLRG1°IL-7R" memory CD8" T
cells > 60 days after infection. Additionally, CD44!° naive OT-I CD8* T cells were
used as a reference. Indicated ChIP-seq and ATAC-seq were performed for two ex
vivo replicates of sort-purified populations. Samples were sequenced to approxi-
mately 20 million reads per sample and sequences were aligned to mouse genome
mm10 and unique, high quality reads were retained for subsequent analyses.
Previous studies showed that bivalent chromatin domains, comprising H3K4
me3 and H3K27me3 modifications, exist in the promoter regions of effector genes
in naive CD8 T cells, and that H3K27me3 occupancy at these promoters was re-
duced upon differentiation into effector CD8 T cells[13, 14]. Consistent with this,
we observed a similar pattern in the change of bivalent modification during differ-
entiation. For instance, Thz21, a gene encoding an essential TF promoting effector
CD8™ T cell differentiation, was co-occupied by both H3K4me3 and H3K27me3 in
naive CD8" T cells. This gene locus lost the repressive mark H3K27me3 and main-
tained H3K4me3 upon differentiation (Figure 2.1b). Interestingly, we found that
naive T cell-enriched genes were repressed in effector CD8" T cells, concomitant
with increased H3K27me3 occupancy at promoter regions. For example, the pro-
moter of Tcf7, a TF important for naive and memory CD8 T cells, was associated
with H3K27me3 only in TE and MP effector subsets (Figure 2.1b). Upon further
analysis, we found that the percentage of genes with occupancy of H3K27me3 at
promoter regions was higher during differentiation to effector CD8" T cell subsets
compared to memory CD8™ T cells, suggesting that epigenetic repression of genes

enriched in naive CD8% T cells may be essential for terminal differentiation of

effector CD8* T cells (Figure 2.1c).
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We examined the distal regulatory regions over the course of the CD8" T
cell immune response, observing dynamic changes of histone modifications. Focus-
ing on several well-characterized genes in CD8" effector and memory T cells, we
found both gains and losses of enhancers and repressive H3K27me3 marks. For
example, Gzma, a key effector gene highly expressed in TE, was associated with
increased levels of H3K4mel and H3K27ac upon differentiation from naive CD8"
T cells to the TE subset (Figure 2.1d). Conversely, II7r exhibited higher levels of
H3K4mel and H3K27ac in MP and memory CD8" T cells compared to the TE
subset, consistent with its role promoting long-term survival for memory CD8%
T cells (Figure 2.1d). Alternatively, /d2, a well-known transcriptional regulator
of CD8' T cell differentiation, exhibited high levels of H3K4mel in all CD8" T
cells, but was associated with the increased level of H3K27ac, and decreased level
of H3K27me3 only in activated CD8% T cells (Figure 2.1d)[21]. In contrast, [d3
gene, a critical transcriptional regulator enforcing a naive state of T cells, was as-
sociated with an increased level of H3K27me3, and a concomitant decrease of gene
expression upon differentiation (Figure 2.1d)[22]. Thus, as expected, combinatorial
epigenetic marks set the stage for gene expression.

Collectively, we characterized the dynamics of chromatin states consist-
ing of alterations of enhancer mark and active/repressive marks during CD8*
T cell differentiation. To systematically identify putative enhancers from chro-
matin states in different CD8' T cell subsets, we applied a computational method
called RFECS (Random Forest based Enhancer Identification from Chromatin
States)[23]. RFECS is a machine-learning classifier algorithm that uses 3 histone

marks - H3K4mel, H3K4me3 and H3K27ac - as features to predict enhancers. We
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identified 27236, 26561, 23302, 21883 enhancers in naive, TE, MP and memory
CD8" T cells respectively, which when merged comprised a non-redundant set of
52331 putative enhancers that may regulate gene expression of effector and mem-
ory CD8" T cells. Evaluation of the enhancer landscape as naive CD8% T cells
differentiate revealed that TE gain a great number of newly formed enhancers com-
pared to MP and memory CDS8 T cells while all populations lose a similar number
of enhancers enriched in naive CD8 T cells (Figure 2.2a). To better understand
the dynamic usage of enhancers at different stages of CD8" T cell differentiation,
we performed k-means clustering on the set of 52331 enhancers according to their
H3K4mel signal level. The enhancers were separated into five distinct clusters
(Figure 2.1b). Cluster V represented common enhancers shared by all CD8" T
cell subsets, while the other 4 clusters showed dynamics of enhancer establish-
ment. In cluster V, H3K4mel marks were maintained at equivalent levels across
the CD8" T cell subsets and genes associated with this cluster were highly ex-
pressed in CD8™ T cells such as Cd8a and Lck. Notably, Tcf7 and Prdm1 were also
found in this cluster despite differential expression during differentiation, perhaps
indicating other marks such as H3K27ac and H3K27me3 influence their expres-
sion. As such, the Tcf7 locus was only associated with repressive mark H3K27me3
in effector CD8" T cell subsets, illustrating the relevance of gene repression by
H3K27me3 and exemplifying how complete characterization of chromatin states
provide a deeper understanding of subset-specific gene regulation. In cluster I and
I, H3K4mel marks were increased during differentiation from naive to effector and
memory CD8' T cells, but were more enriched in the TE subset compared to MP

and memory CD8* T cells. Genes associated with enhancers in these clusters were
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associated with TE differentiation, such as Klrg! and Tbz21 (Figure 2.2b)[2]. In
cluster 111, H3K4mel marks were enriched in all differentiated compared to naive
CD8™ T cells and genes associated with enhancers in this cluster associated with
CD8™ T cell activation such as Prfl. In contrast, in cluster IV, H3K4mel marks
were lost during differentiation from naive CD8" T cell to the TE subset, and
were more enriched in MP and memory CD8*' T cells compared to the TE subset.
Enhancers of canonical regulators of memory potential and homeostasis of CD8%
T cells were found in cluster IV, such as II7r and Czcrj (Figure 2.2b)[3, 24].
Differential establishment of enhancers may be important for regulating
subset-specific gene expression. To test this hypothesis, we assigned enhancers
to the nearest genes and compared gene expression during CD8" T cell differen-
tiation. Cluster I, IT and III enhancers were associated with genes upregulated
in activated CD8" T cells and cluster IV enhancers were associated with genes
enriched in naive CD8" T cells (Figure 2.9a). Notably, the expression of genes
associated with cluster I and II enhancers were more enriched in the TE subset
compared to the MP subset, while those associated with cluster IV enhancers were
more enriched in the MP subset (Figure 2.2b). Further, we observed genes en-
coding receptors for specific signaling pathway such as Il12rb2 and [l18rap were
associated with cluster I and II enhancers whereas Tgfbr! and Tgfbr2 were asso-
ciated with cluster IV enhancers. To gain insight into the biological function and
molecular pathways associated with these enhancer clusters, we performed Gene
Ontology (GO) analysis using the GREAT tool (Genomic Regions Enrichment of
Annotations Tool)[25] and found that the IL-12 signaling pathway was enriched

in cluster I and II, consistent with the role of IL-12 in promoting the TE subset
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differentiation[2]. In addition, TGF-5 and EGF signaling pathways were enriched
in cluster IV, suggesting that these signaling pathways may favor the naive and/or
memory T cell state, consistent with data showing TGF-/ signaling is required for
memory T cell differentiation (Figure 2.2¢)[26]. We further observed that genes
associated with increased number of enhancers correlated with higher expressed
compared with those associated with a single enhancer (Figure 2.2d). Enhancer
dosage has not previously been evaluated during the context of CD8" T cell dif-
ferentiation, and here we demonstrated these analyses reveal novel insight into

regulation of CD8% T cell gene expression.

2.2.3 TF expression and putative binding contribute to es-

tablishment of subset-specific regulatory elements

We reasoned that TF binding motifs would be enriched in accessible reg-
ulatory regions, which could be used to discover TF important for CD8" T cell
differentiation. To better predict TF important for CD8" T cell subsets, we per-
formed ATAC-seq to probe open chromatin and overlapped the ATAC-peaks with
enhancer and promoter regions to uncover accessible regulatory regions. We iden-
tified subset-specific open enhancers and promoters and then scanned 761 unique
known TF binding motifs at the center of the ATAC-peaks of these regulatory
regions (Figure 2.3a). For instance, we discovered that the T-bet binding motif
was enriched in a TE-specific accessible enhancer near the Zeb2 gene locus, which
was exclusively expressed in TE subset, supporting previous findings that T-bet
is essential in regulating TE subset differentiation and directly regulates Zeb2 in

this subset (Figure 2.3b)[27, 28]. Using randomly-selected open chromatin regions
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as background, we computed the p-value for TF enrichment or depletion using a
binomial test to identify candidate TF. Consistent with previous reports, our ap-
proach predicted putative binding of known TF such as T-bet, Batf, Srebf2, Eomes,
Tef7, Lefl and E2A at promotes and enhancers [29, 30, 31, 32, 33, 1]. T-bet, Batf
and Srebf2 binding motifs were depleted in naive and enriched in all differentiated
CD8" T cells, consistent with their crucial roles in CD8" T cell activation and
effector function (Figure 2.3c). Notably, the T-bet motif was highly enriched in
the TE subset compared to MP, consistent with its role in TE subset differen-
tiation. Tcf7, Lefl and E2A binding motifs were depleted in TE and enriched
in naive, MP and memory CD8" T cells, consistent with well-characterized roles
in maintaining/promoting memory potential of CD8% T cells (Figure 2.3¢)[1, 33].
Further, the binding motifs of AP-1 TF family members like Jun, JunB, JunD and
Fosl2 were highly enriched in all activated CD8% T subsets, consistent with TCR
signaling inducing AP-1 TF binding to regulatory elements, promoting CD8" T
cell activation in all subsets (Figure 2.10)[34]. Enrichment of some TF binding
motifs (Tcf7 and T-bet) was highly correlated with gene expression and function
[1, 2];in contrast, the enrichment of other TF binding motifs was consistent with
their putative roles yet were not differentially expressed. For example, the Srebf2
binding motif is depleted in naive CD8" T cells and highly enriched in effector T
cell subsets, which is consistent with the role of Srebf2 in maintaining effector T
cell growth and activation, although the expression of Srebf2 is similar between
naive and effector CD8" T cells[30]. Likewise, E2A binding motif is depleted in TE
but highly enriched in MP and memory CD8 T cells, consistent with the function

of E2A in promoting MP and memory CDS8 T cell differentiation[33]. Thus, while
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expression of E2A does not change during CD8 T cell differentiation, differential
binding to distinct regulatory elements provides a plausible mechanism for differ-
ential E protein activity in TE versus MP and memory fates (Figure 2.3d). These
data indicated that subset-specific enhancers and promoters might be established
by TF where differential expression and binding both contributed, and that pu-
tative TF binding, in addition to expression, must be considered when predicting
key TF. As such, previous studies primarily relying on mRNA expression data to
predict regulators of memory formation have likely missed TF that impact TE

versus MP or memory fates.

2.2.4 Constructing a TF regulatory network during CD8™

T cell differentiation

Alterations in TF binding allows the same TF without differential expres-
sion to produce distinct transcriptional outputs through regulation of distinct gene
targets in various contexts. To elucidate TF-mediated regulatory mechanisms
underlying CD8" T cell differentiation, we sought to construct a TF regulatory
network in different CD8' T cell subsets. Previous studies have applied gene co-
expression correlation to construct regulatory networks that connect the TF with
potential gene targets if their expression patterns are highly correlated[35, 36].
However, such analysis does not take into account direct TF-binding. In addition,
subtle variations in expression of key TF can lead to dramatic changes in expres-
sion of downstream gene targets and thus it is challenging to identify these TF
based on gene expression data alone. We combined TF binding motifs, chromatin

states and chromatin accessibility information to predict and link available TF
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binding sites to their potential gene targets (Figure 2.4a). Using the predicted
regulation, we reconstructed TF regulatory networks and uncovered critical reg-
ulatory circuits responsible for CD8' T cell differentiation. Here, we focused on
T-bet-regulated circuits in TE and MP subsets, given the essential role of T-bet in
supporting CD8*' T cell effector function and TE subset differentiation despite the
fact that T-bet is expressed at relatively high levels in both TE and MP subsets
(Figure 2.8)[37]. In connection, T-bet regulated gene network in different subsets
is not well described.

Globally a substantial number of putative targets regulated by T-bet were
identified in both TE and MP subsets, indicative of similar T-bet expression in both
populations (Figure 2.4b). We compared predicted T-bet regulated genes between
the TE and MP subsets and found that 61.4% of candidate genes were shared
in both subsets, such as Ifny and Czcr3, well-established T-bet regulated targets
important for CD8" T cell effector function (Figure 2.4¢)[38, 39]. Interestingly, the
subset-specific T-bet regulatory circuits predicted that T-bet uniquely controls
expression of Zeb2, Gzma and Kirblc in TE and Bel2, Crtam (an activation-
induced surface receptor important for retention of lymphocytes in lymph node)
and Pou6f1 (a transcription factor highly expressed in memory CD8" T cells)
in MP. To validate our analyses and test the role of T-bet in regulating these
predicted genes in a subset-specific manner, we co-transferred T-bet-WT and T-
bet-KO OT-1 CD8" T cells into hosts that were then infected with Lm-OVA. Given
the loss of the TE subset in T-bet KO mice, we sort-purified either total donor
CD8" T cells or the MP subset from T-bet WT and KO mice and compared the

mRNA expression of candidate gene targets by qPCR. If the expression of gene
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targets are primarily affected in total donor CD8% T cells rather than the MP
subset, this is indicative of a TE-specific T-bet mediated gene expression. In the
absence of T-bet, there was a 260-fold decrease of Zeb2 expression in total donor
CD8™ T cells compared to a 5-fold decrease in the MP subset, consistent with T-
bet regulating Zeb2 expression in TE rather than MP subset as shown previously
(Figure 2.4d-e)[27, 28]. To avoid the bias of loss of TE subset in T-bet KO mice,
we compared the gene expression in TE subset of T-bet WT and HET (where a
sizable TE population remains) and confirmed a loss of expression of Zeb2, Gzma
and Kirblc in the TE subset (Figure 2.4f-g). Interestingly, the loss of T-bet (HET
and KO) impacted the expression of Bel2, Crtam and Pou6f! mRNA in the MP
subset, suggesting that T-bet regulates Bcl2, Crtam and Pou6f1 in a MP-specific
manner (Figure 2.4f-g). As the role for T-bet in MP cells has not been previously
explored, we compared the frequency of WT versus T-bet KO CD8" T cells during
infection. The absence of T-bet resulted in a defect in accumulation of MP cells
consistent with T-bet regulating memory differentiation (Figure 2.4h). Thus, we
concluded that T-bet positively regulates different genes in distinct subsets, such
as Zeb2, Gzma in TE or Bel2, Crtam and Pou6f1 in MP subsets. Taken together,
we have provided a comprehensive view of TF regulatory networks during CD8% T
cell differentiation, allowing prediction of potential gene targets unique to different

CD8™ T cell subsets for similarly expressed TFs.
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2.2.5 Identification of novel TF from PageRank-based TF

ranking

While it is well-established that constitutively expressed TF can exert cell-
type-specific functions through regulating specific gene expression, incorporating
this knowledge to identify key TF has proven challenging, because the downstream
targets of TF are largely unknown. To overcome this limitation, we took advan-
tage of the TF regulatory network generated in Figure 4 which yields downstream
putative gene targets for all available TF and we further applied advanced graph
algorithms to identify biologically significant TF. We used the personalized PageR-
ank algorithm to assess the importance of each TF in the TF regulatory network.
The personalized PageRank algorithm measures global influence of each node in
a network, used by Google and many other companies to order search engine
results[40]. In an internet network, nodes are web pages and edges are links be-
tween websites. The PageRank algorithm was designed to find out how likely a
specific web page is visited if web surfers who start on a random page sampled
from a given distribution have « probability of choosing a random link from the
page they are currently visiting and 1 — « probability of jumping to a random page
chosen from the entire set of web pages. When applying the personalized PageR-
ank algorithm to a TF regulatory network, the rank of a given TF is determined
by two factors: the number of regulatees and the importance of regulatees that are
regulated by the query TF. In other words, TF that regulate more genes or reg-
ulate more important genes would receive higher ranks. The importance of genes

were assessed by relative expression of genes across different cell types/conditions
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generated from microarray data (Figure 2.5a).

Using PageRank analysis, we predicted 100 key TF important for CD8" T
cell differentiation. Prior studies have used motif enrichment analysis to predict
TF candidates[11, 12]. Therefore, we compared our PageRank analysis with motif
enrichment analysis to investigate how many known TF reported previously as
essential regulators of CD8" T cell differentiation can be recovered from predicted
TF pools. We found that approximately half of the predicted TF were identi-
fied by both analyses, and 25% of these shared TF regulators are shown to be
key TFs based on previous studies (Figure 2.11a-b). PageRank analysis revealed
additional known TF regulators compared with motif enrichment analysis (22%
in PageRank-specific compared to 5% in motif enrichment-specific) (Figure 2.5b).
For example, PageRank analysis revealed Stat3 scores higher in memory CD8" T
cells compared to the TE subset (Figure 2.5¢). This was consistent with the role
of Stat3 in promoting the formation of mature and self-renewing memory CD8"
T cells[41]. Thus, these data highlighted the robustness of PageRank analysis in
the identification of key TF, suggesting that unknown TF predicted by PageRank

analysis might be critical for CD8" T cell differentiation.

2.2.6 PageRank analysis accurately predicts essential roles
for YY1 and Nr3cl in TE and MP subset differenti-

ation

To highlight the power of PageRank analysis, we focused on YY1 and Nr3cl,

which were predicted by PageRank analysis (Figure 2.5) but not by the standard
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motif analysis (Figure 2.4). Although the expression of YY1 and Nr3cl did not
change during CD8" T cell differentiation (Figure 2.11¢), PageRank analysis de-
termined that YY1 scored highly in the TE subset while Nr3cl scored highly in the
MP subset (Figure 2.5¢). YY1 is a transcription factor shown to act as both an ac-
tivator and a repressor of gene expression[42]. Prior studies have shown that YY1
is important in immune cell development such as the maturation of thymocytes and
differentiation of B and regulatory T cells[43, 44, 45]. On the other hand, Nr3cl,
encodes glucocorticoid receptor, which can function as a TF by translocating into
nucleus to regulate gene expression after binding to glucocorticoid hormone in the
cytosol. Nr3cl plays a critical role in development, metabolism and the immune
response (i.e. thymocyte development and anti-inflammatory response)[46, 47, 48].
However, the role of YY1 and Nr3cl in CD8%effector or memory T cell differenti-
ation in response to infection are unknown.

Based on the PageRank analysis, we hypothesized abrogated expression of
YY1 and Nr3cl would affect the formation of TE or MP subsets, respectively.
To test if YY1 is essential for TE CD8% T cell differentiation, we co-transfered
CD8™ T cells infected with retrovirus encoding shRNA targeting YY1 or control
shRNA (targeting CD19 which is not expressed in CD8% T cells) into congeni-
cally distinct recipient mice followed by Lm-OVA infection and followed effector
T cell differentiation (Figure 2.6a). RT-qPCR confirmed knockdown of YY1 lev-
els resulting in a 54% reduction in mRNA levels (Figure 2.6b). Flow cytometric
analysis of CD8" T cell subsets at day 7 of infection showed a significant reduc-
tion in both the frequency and number of the TE CD8% T cells in comparison to

control shRNA transduced donor cells (Figure 2.6¢-d). In addition, the expression
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of MP-associated markers such as CD27 and CXCR3 and memory-important TF,
Tecf7, were significantly increased by donor cells after knockdown of YY1 (Fig-
ure 2.6e)[1]. Furthermore, we examined cytokine production by flow cytometric
analysis following in wvitro restimulation with OVA peptide of shYY1 and control
shRNA transduced cells. Both IFN~ expression and the number of IFN~ produc-
ing cells was reduced in the absence of YY1 while the number of TNFa producing
cells was not changed (Figure 2.6f). Together, these data confirmed that YY1 is
important for differentiation of TE subset CD8" T cells.

Similarly, we determined how lowering Nr3cl expression impacted the dif-
ferentiation of CD8% T cell MP subset differentiation. RT-qPCR showed that
Nr3cl mRNA knockdown resulted in 86% reduction compared to control sShRNA
(Figure 2.7a). Over the course of infection, we observed that both frequency and
number of MP were significantly decreased when NR3c1 was knocked down com-
pared to control group (Figure 2.7b-c). Consistent with a loss of CD127-expressing
cells, levels of MP-associated genes CD27 and CXCR3 and memory-associated TF
Tcf7 were significantly reduced after knockdown of Nr3cl compared to control-
transduced cells (Figure 2.7d), supporting a functional role for Nr3c1 in MP subset
differentiation. To further test if the defect in MP subset differentiation persists
during the contraction phase, we monitored the percentage of MP subset from
day 8 to day 30 of infection and observed a dramatic decrease of the percentage
of MP subset on day 30 after the loss of Nr3cl (Figure 2.7e-f). Nr3cl has been
shown to interact with multiple co-factors such as Nuclear receptor co-repressor 1
(Ncorl) to modulate hormone-response gene expression[49]. In connection, we per-

formed Ncorl shRNA knockdown to determine if the loss of Nr3cl cofactor, Ncorl,
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affected MP subset differentiation. The percentage of MP subset was decreased
after knockdown of Ncorl, consistent with the phenotype of Nr3cl knockdown
(Figure 2.12a). To further confirm the role of glucocorticoid receptor Nr3cl in
MP subset differentiation, we treated mice with synthetic glucocorticoids agonist
Dexamethasone (Dex) for 7 days and observed that the percentage of MP subset
was significantly increased after Dex treatment (Figure 2.12b). Collectively, these
data demonstrated that glucocorticoid receptor Nr3cl is important in promoting

MP subset differentiation.

2.3 Discussion

The specificity and function of immune cells are controlled by TF that sense
environmental cues to regulate specific gene expression. FEfficient transcriptional
regulation requires the interplay between TF and chromatin remodelers to control
TF binding with high fidelity[50]. Key information is encoded in regulatory ele-
ments that contain specific TF binding sequences and are associated with specific
histone modifications that influence accessibility, structure and location of that
element[15]. Therefore, to identify the TF-mediated regulatory circuits critical
for CD8" T cell differentiation, we systematically characterized the epigenome of
CD8T T cell subsets during the response to pathogen infection. Our global map
of regulatory elements revealed a dynamic pattern of enhancer establishment that
foreshadows specific gene expression-programs.

Our combined TF gene-expression profile and TF motif enrichment analysis

demonstrate that gene expression alone may not fully explain cell-fate determina-
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tion, supporting the idea that both potential TF binding and gene expression
should be considered together to facilitate the identification of important TF. Nu-
merous crucial TF in the context of CD8" T cell differentiation have been identi-
fied based on differential gene expression as well as construction of TF-mediated
gene regulatory networks based on gene-gene co-expression correlation[19, 35, 36].
However, alterations of TF binding without changes in TF expression also re-
sult in differential expression of downstream gene targets, making it clear that
identification of key TF based only on gene-expression analysis provides only a
partial understanding of the relevant TF networks. Differential TF binding can be
achieved in several ways including: 1) Differential chromatin state and accessibility
(compacted nucleosome occupancy could prevent TF access to binding sites even
if the TF is substantially expressed), 2) TF translocation to the nucleus (location
or activation changes of a TF without changes in TF levels), 3) Availability of
co-factor or inhibitor (differential TF binding regulated by other proteins). The
approach we describe represents an important advance in generating a complete
view of the regulatory networks that establish CD8" effector and memory T cell
fates by integrating data describing mRNA expression and chromatin states and
accessibility, providing new insights into the subset-specific targets of known fac-
tors such as T-bet as well as identifying many factors that have not previously
been implicated in CD8" effector and memory T cell differentiation.

Our network analysis of subset-specific T-bet regulatory circuits emphasizes
the potential for differential activity in distinct cell fates as well as the importance
of gene targets potentially regulated by TF. As a well-established TF important

in TE subset differentiation, the function of T-bet in MP subset has been over-
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looked and remains unknown. Here, we first revealed the novel function of T-bet
in maintaining MP subset survival, potentially through regulating anti-apoptotic
protein Bel2. Additionally, since Crtam is important in lymphocyte migration and
adhesion[51], the MP-specific regulation of Crtam by T-bet might suggest a role
for T-bet in modulating the migration of MP subset.

To prioritize these data, it is imperative to develop new methods that rank
the potential importance of TF based on the quantity and quality of gene targets
regulated by that TF. Here, we constructed a TF regulatory network and applied
the Personalized PageRank algorithm to measure the importance of TF by taking
into account of both TF binding and gene expression information. This new strat-
egy is robust, as it allows us to recover TF known to play key roles in CD8" T
cell differentiation. For example, PageRank analysis revealed Foxo3 scored highly
in CD8" memory T cells, consistent with a cell-intrinsic regulatory role of Foxo3
in CD8' memory T cells[52]. Furthermore, PageRank analysis revealed that Gfil
scored highly in CD8" memory T cells (as it regulates more memory-relevant
genes). This is consistent with that Gfil repress IL-7r expression to maintain early
IL-7r' effector CD8T T cells formation[53]. As a repressor, it is likely that Gfil
repress genes important for CD8" memory T cell differentiation.

In addition to known TF, we identified a range of novel TF predicted to
modulate CD8* T cell differentiation. Using sShRNA knockdowns, we validated two
of the predicted TF, YY1 and Nr3cl, demonstrating their essential roles in TE and
MP subset differentiation, respectively. YY1 is a ubiquitously expressed TF and
Nr3cl can translocate to nucleus upon binding of glucocorticoids in cytosol. Thus,

it is difficult to identify these TF when using traditional approach like differential
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gene expression analysis. YY1 has been shown to modulate chromatin remodeling
and mediate long-range chromatin interaction of Th2 cytokine loci in Th2 cells[54].
Thus how YY1 regulates TE subset differentiation and if YY1 controls chromatin
interaction in the TE subset remains to be determined. Glucocorticoid receptor
(Nr3cl) has been shown to regulate immune response such as inducing thymocytes
apoptosis and inhibiting inflammation. Here, we first showed that Nr3cl regulates
MP subset differentiation, consistent with a role of glucocorticoids in promoting
IL-7r expression[47]. As expected, treatment of synthetic glucorcorticoid agonist
Dex increased the proportion of MP subset during differentiation. Thus, using our
framework, we can both identify key TF and predict critical microenvironmental
signals involved in regulating CD8" T cell differentiation and function.

Despite the successful experimental validation of TF predicted by our com-
putational framework, additional factors could be integrated to refine our re-
sults. The current TF binding motif library is not complete, therefore limit-
ing the breadth of our analysis. Global investigation of TF binding motifs us-
ing new approaches, such as protein binding microarray, may be beneficial to
broaden the database of known TF binding motifs[55]. Moreover, TF function
with binding partners or cofactors to regulate specific gene expression. Thus,
TF-TF co-binding analysis could be incorporated to improve our network con-
struction, and pooled screens using targeted libraries of sShRNAmirs could be used
to interrogate experimentally the functionality of predicted TF networks and their
interaction[56, 50, 57]. Furthermore, the assignment of enhancers to the nearest
genes is a limited heuristic, and being able to better associate long-range enhancers

to gene targets would enhance the power of our approach considerably.Recent stud-
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ies have shown the interaction of enhancer and promoters is confined in topolog-
ically associated domains[58, 59]. Future exploration of chromatin organization
using high-resolution Hi-C or ChIA-PET of enhancer marks will facilitate the as-

signment of enhancers to their targets[59, 60].
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2.5 Methods

2.5.1 Mice, cell transfer, infection.

All mice were maintained in a specific pathogen-free condition according
to the instructions of Institutional Animal Care and Use Committee (IACUC) of
the University of California, San Diego (UCSD). OT-I TCR transgenic (specific
for OVAgs7.)-MHC H2-KP), Thz21 knockout, CD45.1 congenic, and C57BL/6J

mice were either bred at UCSD or received from The Jackson Laboratory. We
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transferred 2 x 10* OT-I TCR transgenic CD8" T cells into congenically distinct
mice by i.v. injection and then infected i.v. with 5 x 103 cfu Listeria monocyto-
genes expressing OVA (Lm-OVA) one day later. For T-bet KO experiment, we
co-transfered 1 x 10* T-bet WT OT-I and T-bet KO OT-I1 CD8' T cells into host

mice and then i.v. infected with 5 x 10% c¢fu Lm-OVA.

2.5.2 Antibodies and flow cytometry.

KLRG1 (2F1), CD127 (A7R34), CD8 (53-6.7), CD45.1 (A20-1.7), CD45.2
(104), CXCR3 (CXCR3-173), CD27 (LG-TF9), T-bet (4B10), Bel6 (K112-91),were
purchased from eBioscience. Foxol(C29H4), Tcf7(C63D9), IFNvy(XMG1.2), TNFa
(MP6-XT22) were from cell signaling technology. Antibodies for ChIP-seq were
used as follows: H3K4me3 (Ab8580), H3K4mel (Ab8895) and H3K27ac (Ab4729)
were from Abcam. H3K27me3 (07-449) was from Millipore. For intracellular
staining of cytokines, splenocytes were in vitro restimulated with 1ug/mL OVA
peptide (SIINFEKL) with Protein Transport Inhibitor (eBioscience) for 4h and
then fixed and permeabilized using BD cytofix/cytoperm kit (BD Biosciences).
Foxp3-transcription factor staining buffer kit (eBioscience) were used for intracel-
lular staining of transcription factors. For intracellular staining of shRNA trans-
duced cells containing Ametrine-reporter, cells were fixed using freshly made 2%
formaldehyde for 45 min on ice and then permeabilized. All flow cytometry data
were acquired by BD LSRFortessa X-20 and all sorts were performed on BD FACS

Aria.
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2.5.3 shRNA knockdown by retroviral transduction.

The detailed protocol was described previously[57]. PLAT-E cells were
transfected with shRNAmir using TransIT-LT1 Reagent (Mirus). Retrovirus-
containing supernatant was harvested after 48 hours and mixed with 2-mercaptoeth
anol and polybrene (Millipore) for transduction. Purified naive OT-I CD8" T cells
were in vitro activated by anti-CD3 and anti-CD28 for at least 18 hours and then
spun at 2,000 rpm with retrovirus for 1 hour at 37C. After 4 hr incubation, the
retrovirus-containing medium was replaced by T cell medium. Transduction ef-
ficiency were measured by flow cytometric analysis of ametrine-reporter after 24
hr and 1x10* shRNA transduced cells were transferred into host mice followed by

Lm-OVA infection.

2.5.4 RT-PCR and qPCR.

For RT-PCR, RNA was extracted using Trizol (Life Technologies) followed
by precipitation of isopropanol. CDNA was synthesized using Superscript IT kit
(Life Technologis) following the manufacturers instruction. For qPCR, cDNA was
quantitatively amplified using Stratagene Brilliant IT Syber Green master mix (Ag-
ilent Technologies). The abundance of transcripts were normalized to housekeep-
ing gene Hprt. The following primers were used: Zeb2 forward: CATGAAC-
CCATTTAGTGCCA, Zeb2 reverse: AGCAAGTCTCCCTGAAATCC, Bcl2 for-
ward: ACTTCGCAGAGATGTCCAGTCA, Bcl2 reverse: TGGCAAAGCGTCC-
CCTC, Gzma forward: TGCTGCCCACTGTAACGTG, Gzma reverse: GGTAGGT
GAAGGATAGCCACAT, Klrblc forward: GACACAGCAAGTATCTACCT, Klrb

1c reverse: TACTAAGACTCGCACTAAGAC, Poubfl forward: GTCAGATCCT-
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CACGAATGCTC, Poubfl reverse: GAGTCACGGCTTGGACCTG, Crtam for-
ward: CCTTTTCATCATCGTTCAGCTCT, Crtam reverse: GGAGCCTGGCT-
GCTATTCTC, YY1 forward: CATGTGGTCCTCGGATGAAA, YY1 reverse:
GGGAGTTTCTTGCCTGTCATA, Nr3cl forward: CCGGGTCCCCAGGTAAA
GA, Nr3cl reverse: TGTCCGGTAAAATAAGAGGCTTG, Hprt forward: GGCC

AGACTTTGTTGGATTT, Hprt reverse: CAACTTGCGCTCATCTTAGG

2.5.5 Microarray analysis.

The protocol was described previously[19]. KLRGIMIL-7R TE and KLRG
1°TL-7RM MP CD8* T cells (2x10%) were sorted into TRIzol on day 8 of Lm-OVA
infection. RNA was amplified and labeled with biotin followed by hybridized to
Affymetrix Mouse Gene ST 1.0 microarrays (Affymetrix). Microarray analysis was
performed using GenePattern Multiplot Studio module. All data was generated
in collaboration with the Immgen project (www.immgen.org) and passed ImmGen

quality control pipeline.

2.5.6 Chromatin Immunoprecipitaion (ChIP), ChIP-seq li-
brary construction and sequence alignment.

Cells were fixed in 1% formaldehyde for 10 min and then quenched with
125mM glycine for 5 min. Cells were lysed for 5 min on ice and sonicated to
generate 200-500 bp fragments using Bioruptor sonicator (Diagenode). Sonicated
DNA was used as input control. 30ul. magnetic-dynabeads were washed with

blocking buffer twice and then mixed with 5ug antibody in 500uL blocking buffer
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and rotated at 4C. The sonicated lysates were first diluted to a final 0.1% SDS
concentration. The diluted lysates were added to antibody-conjugated Dynabeads
incubated at 4C. Beads were washed by Wash Buffer I, II and III for 5 min and
then washed twice by TE buffer for 5 min. The beads were resuspended in 200
pL Elution Buffer and reverse-crosslinked at 65C overnight and then treated with
RNAse for 30 min at 37C and Proteinase K at 55C for 1h. DNA was purified by
Zymo DNA Clean & Concentrator kit (Zymo Research). The purified DNA was
end-repaired using End-it End-repair kit (Epicentre) and then added an “A” base
to the 3 end of DNA fragments using Klenow (NEB). Then DNA was ligated with
adaptors using quick DNA ligase (NEB) at 25C for 15 min followed by size selection
of 200-400 bp using AMPure SPRI beads (Beckman Coulter). The adaptor ligated
DNA was amplified using NEBNext High-Fidelity 2X PCR master mix (NEB). To
prevent PCR overamplification, 1y, DNA was first quantitatively amplified using
Syber Green I master mix to determine the best amplification cycle. Then the
amplified library was size-selected as 200-400bp using SPRI beads and quantified
by Qubit dsDNA HS assay kit (ThermoFisher). Finally the library was sequenced
using Hiseq 2500 for single-end 50bp sequencing to get around 20 million reads
for each sample. We used BWA to map raw reads to the Mus musculus genome
(mm10) with following parameters: “-q 5 -1 32 -k 27[61]. Reads with low quality
(MAPQ < 30) were filtered out. If multiple reads were mapped to the exact same

location, only one read was kept.
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2.5.7 ATAC-seq and peak calling.

The detailed protocol was described previously[5]. Cells were sorted (2.5 x
10%) into 1mL FACS buffer and spun down 1500rpm for 20 min at 4C. The cell
pellet was resuspended in 25uL lysis buffer and then spun down 2500rpm for 30 min
at 4C. The nuclei pellet was resuspended into 25uL transposition reaction mixture
containing Tnb transposase from Nextera DNA Sample Prep Kit (Illumina) and
incubated at 37C for 30 min. Then the transposased DNA was purified using
Zymo DNA clean-up kit. To amplify the library, the DNA was first amplified for 5
cycles using indexing primer from Nextera kit and NEBNext High-Fidelity 2X PCR
master mix. To reduce the PCR amplification bias, bul. of amplified DNA after
the first 5 cycles was used to do qPCR of 20 cycles to decide the number of cycles
for the second round of PCR. Usually the maximum cycle of the second found of
PCR is 5 cycles. Then the total amplified DNA was size selected to fragments less
than 800 bp using SPRI beads. Quantification of the ATAC-seq library was based
on KAPA library quantification kit (KAPAbiosystems). The size of the pooled
library was examined by TapeStation. Finally, the library was sequenced using
Hiseq 2500 for single-end 50bp sequencing to get at least 10 million reads. To
obtain confident peaks, we performed each ATAC-seq experiment at least twice
and used the Irreproducibility Discovery Rate (IDR) framework to identify the
reproducible peaks. In particular, we called peaks for each individual replicate
as well as the pooled data from the two replicates using MACS2 with a relaxed
threshold (p-value 0.01)[62]. These 3 sets of peaks were input for IDR analysis

using a threshold of 0.05 to identify the confident set of peaks.

43



2.5.8 Enhancer prediction.

Enhancers were identified by RFECS algorithm using 3 histone marks (H3K
4mel, H3K4me3 and H3K27ac)[23]. The RFECS model was trained on the active
and distal P300 ChIP-seq peaks (at least 2 kb away from any TSS), which were
taken as the representatives of enhancers (the positive set). For the non-enhancer
class (the negative set), we chose promoters overlapping with DNase I hypersen-
sitivity (DHS) peaks, and random 100 bp bins that are distal (2 kb away) to any
P300 site and TSS. The trained model was used to scan the whole genome except
the 2000 bp upstream of TSS and 500 bp downstream of T'SS and classify each 100
bp bin as an enhancer or non-enhancer based on the histone modification pattern.

To further reduce false positive rate, we filtered the predicted enhancers using a

false discover rate (FDR) of 1

2.5.9 Predicting putative TF binding sites.

To identify putative binding sites of TFs, we first collected 761 unique motifs
from 3 TF motif database, JASPAR, UniPROBE and Jolma et al. study|[63, 64, 65].
We then searched for motifs binding sites in 150bp regions centered around ATAC-
seq peak summits, using the algorithm described in Grant’s paper with of P-value

cutoff of 1e-5[66].
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2.5.10 Motif enrichment analysis at open chromatin re-
gions.

To compute the enrichment of a TF motif over cell-type-specific open chro-
matin regions, we first identified the number of regions that contain at least one
motif binding site, denoted by m. Let N be the number of all regions, then % is
considered as the enrichment score of the query motif. To construct the null model
for P-value calculation, we randomly selected 10,000 regions from all open chro-
matin sites and computed the fraction of those regions, denoted by p, containing
at least one occurrence of the motif. The P-value for enrichment or depletion is

then computed using the binomial test with p as the population proportion of null

hypothesis.

2.5.11 Constructing TF regulatory networks.

We selected active promoters as the 5-kb-regions around TSS (4 kb up-
stream and 1 kb downstream) that are marked by H3K4me3 peaks. Enhancers
were predicted using the RFECS based on enhancer-associated histone modifica-
tion signatures. Enhancers were linked to the nearest genes. We connected a TF
to a gene if the TF had any predicted binding site in the gene’s promoter or linked
enhancers. We assembled all the regulatory interactions between TFs and genes

into a genetic network.
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2.5.12 Personalized PageRank.

PageRank is the stationary distribution of a random walk which, at each
step, with a certain probability a jumps to a random node, and with probability
1—a follows a randomly chosen outgoing edge from the current node. Personalized
PageRank is an extension of PageRank in which all the jumps are made according
to a pre-defined probability distribution[67]. To give a formal definition, let G =
(V, E)) denote a directed graph, where V' is a set of nodes and F contains a directed
edge (u,v) if and only if node u links to node v. Let A be the transition matrix.
We define A;; = ﬁ if node j links to node ¢, and A;; = 0 otherwise, where O(j) is
the out-degree of node j. Given a seed vector s, the personalized PageRank vector
v is calculated by

v=(1—-a)Av+as

In a TF regulatory network, we set the weight of each gene to e*, where z; is the
z-score of expression levels of gene ¢ under different conditions or in different cell
states. The weights of genes are then normalized and used as the seed vector for

computing personalized PageRank.
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2.6 Figures
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Figure 2.1: Epigenetic landscape of CD8*1 T cells in response to bacte-
rial infection. a, Schematic view of experimental design for characterization of
global epigenetic landscape and gene expression of naive(N), terminal effector(TE),
memory precursor(MP), and memory(M) CD8" T cell subsets using ChIP-seq,
ATAC-seq and microarray analyses. b, Representative genes displaying bivalent
modification of H3K4me3 and H3K27me3 at promoter regions during CD8+ T cell
differentiation. ¢, Comparison of the percentage of genes with increased H3K27me3
at promoter regions of genes with decreased expression upon differentiation. d,
Representative genes displaying dynamic change of enhancer H3K4mel and active
H3K27ac marks (left). Representative genes displaying a unique pattern of active
H3K27ac and repressive H3K27me3 marks (right). Bar graphs showing the gene
expression generated from microarray analysis. Data in (b,c) are representative of
two independent experiments (n=10) and data in (d) are representative of three
independent experiments (n=3).
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Figure 2.2: Dynamic use of enhancers is associated with differentially
expressed genes during CD8T T cell differentiation. a, Bar plot showing
the number of enhancers gained (black) and lost (gray) during differentiation from
naive CD8" T cells to TE, MP and memory CD8" T cells. b, Heatmap of k-
means clustering (k=>5) of total 52331 enhancers across CD8" T cell subsets. c,
Gene Ontology analysis of clusters in (a) using a binomial test with top 2 pathways
shown (cut off as binomial P value < 0.001). d, Box plots showing fold change of
mRNA expression of genes with the indicated number of enhancers in clusters I-I11
(left) and cluster IV (right) during differentiation of naive CD8" T cells to effector
CD8" T cells. Data in (a-c) are representative of two independent experiments
(n=10). Data in (d) are representative of three independent experiments (n=3).
P value was calculated by unpaired two tailed Student’s t-test: *: p<0.0001
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Figure 2.3: Accessible regulatory regions allow prediction of TF regula-
tors. a, Schematic view of identification of candidate transcription factors from
ATAC-seq and ChIP-seq. b, Representative gene displaying subset-specific acces-
sible enhancer containing known TF motif. ¢, Heatmap showing the P-value of
TF motif enrichment at subset-specific enhancers or promoters calculated by bi-
nomial test using randomly-picked open chromatin regions as background. Motif
enrichment or depletion are indicated as red or blue, respectively. Known TFs that
are key to effector or/and memory CD8" T cell differentiation are highlighted in
red. d, Bar graphs showing mRNA expression of indicated TFs generated by mi-
croarray. Data in (b,c) are representative of two independent experiments (n=10).
Data in (d) are representative of three independent experiments (n=3).
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Figure 2.4: Network analysis reveals subset-specific T-bet regulatory
circuits. a, Schematic view of network construction from ChIP-seq and ATAC-
seq. b, Global regulatory network in the TE and MP subsets. T-bet regulated
genes are highlighted in red; T-bet is labeled in blue. ¢, Comparison of T-bet
regulated genes between the TE and MP subsets. d-e, Thx21*/* and Tbx217/-
OT-I cells were co-transferred into recipient mice followed by Lm-OVA infection.
At day 9 of infection, total CD8" T cells or the MP subset of Thx21™/* and
Thx217/~ populations were sorted to and mRNA expression levels of subset-specific
T-bet regulated gene targets determined by qPCR (d). The dashed line indicates
that Thx21+/*/Tbx217/- ratio=1. f-g, Thx21™/* OT-I and Thx21*/~ OT-I cells
were co-transferred into recipient mice followed by Lm-OVA infection. At day 8 of
infection, TE and MP subset of Thx211/* and Thx211/~ were sorted to measure
RNA expression of subset-specific T-bet regulated gene targets (f). The dashed line
indicates that Thx21%/*/Tbx21%/- ratio=1. h, Kinetic analysis of the percentage
of MP of Thx21*/* and Thx217/- cells during Lm-OVA infection. Data in (e-h) are
representative of two independent experiments (n=3 in (d-g), n=4in (h)). P value
was calculated by paired two tailed Student’s t-test: n.s. *: p<0.05; **: p<0.01
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Figure 2.5: PageRank-based TF ranking highlights key TF candidates.
a, Schematic view of PageRank-based TF motif ranking. The size of circles in the
network represents the importance of gene targets which are assessed by relative
expression across different cell types generated by microarray data. b, Compari-
son of PageRank analysis with motif enrichment analysis in Figure 3. Bar graph
showing the percentage of known TFs reported previously recovered from pre-
dicted TF candidates for each analysis. ¢, Heatmap of PageRank fold enrichment
of TFs across CD8' T cell subsets. Data in (c) is based on network generated
from reproducible peaks of two independent ATAC-seq and ChIP-seq experiments
(n=10).
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Figure 5
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Figure 2.6: YY1 is a transcriptional regulator of terminal-effector CD8™
T cells differentiation. a, Schematic view of experimental design. OT-I CD8*
T cells were in vitro activated and transduced with retrovirus containing control
shRNA shCD19 or shYY1 for 24 hours, co-transfered into recipient mice followed
by i.v. infection with Lm-OVA. Splenocytes were isolated and analyzed on day
7 of infection. b, mRNA expression of YY1 quantified by RT-qPCR after YY1
shRNA knockdown in CD8' T cells after 72 hours activation in vitro. c¢, Flow
cytometric analysis of KLRG1 and CD127 expression for cells transudeced with
shCD19 and shYY1. d, The percentage and the number of terminal-effector and
memory-precursor CD8T T cells after knockdown of YY1. e, Histogram (left) and
MFT expression (right) of CD27, CXCR3 and Tecf7 after knockdown of YY1. f,
Flow cytometric analysis of the frequency and number of IFN~ producing cells and
IFN~y MFT and the number of TNFa producing cells using intracellular cytokine
staining of isolated splenocytes restimulated by OVA peptide for 4 hours. Data
are representative of two (b,e,f) or three (c,d) experiments with three mice per
group. For comparision of two groups, two tailed student’t t-test was performed.
*: p<0.05; **: p<0.001; ***: p<0.0001
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Figure 6
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Figure 2.7: Glucocoticoid receptor Nr3cl is essential for the formation
and maturation of CD8" memory T cells. a, mRNA expression of Nr3cl
quantified by RT-qPCR after YY1 shRNA knockdown in CD8" T cells after 72
hours activation in vitro. b-d, OT-I CD8" T cells were in vitro activated and
transduced with retrovirus containing control shRNA shCD19 or shNr3cl for 24
hours, co-transfered into recipient mice followed by i.v. infection with Lm-OVA.
Splenocytes were isolated and analyzed on day 7 of infection. Flow cytometric
analysis of KLRG1 and CD127 expression shown in (b) and histogram and MFI of
CD27, CXCR3 and Tcf7 after knockdown of Nr3cl shown in (d). The frequency
and number of TE and MP CD8" T cells after knockdown of Nr3cl shown in
(c). e, Kinetic analysis of MP subset frequency after knockdown of Nr3cl. f,
Flow cytometric analysis of KLRG1 and IL-7R expression of shRNA transduced
cells in the spleen on day 30 of Lm-OVA infection. Data are representative of two
independent experiments (n=3 in (a-d), n=>5 in (e)). For comparison of two groups,
two tailed paired Student’s t-test was performed. n.s. *: p<0.05; **: p<0.01; ***:
p<0.001
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Figure 7
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Figure 2.8: Transcriptional program of TE and MP CD8™ T cell subsets.
a, Comparison of gene expression of TE and MP CD8" T cell subsets by microar-
ray. Genes that are 1.5-fold upregulated in TE or MP CD8*" T cell subsets are
highlighted as blue or orange, respectively. Transcripts did not differ significantly
in expression following correction with FDR therefore a fold-change cut-off of 1.5-
fold was used for comparisons. b, Volcano plots of the comparison of total effector
and memory CD8" T cells highlighting TE- or MP-enriched genes. Numbers in
bottom corners indicate the number of highlighted genes in that region. c, The
ratio of gene expression of known TFs in TE versus MP subset from microarray.
d, Histograms of protein abundance of key TFs in TE versus MP subset.
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Supplementary Figure 1
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Figure 2.9: Dynamic enhancer establishment is associated with gene ex-
pression during CD8*% T cell differentiation. a, Violin plots showing the
expression of genes associated with different enhancer clusters generated from Fig-
ure 2a in naive (N), total effector (EFF) and memory (M) CD8+ T cells generated
from microarray data in Best et al. study[19]. b, Volcano plots of the comparison
of TE and MP CD8* T cells showing expression of enhancer cluster associated
genes. Data are representative of three independent experiments with three mice
per group (median value). The statistical analysis was performed by a nonpara-
metric Wilcoxon rank-sum test. n.s. * : p value <0.0001.
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Supplementary Figure 2
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Figure 2.10: A full list of TF motifs enriched in subset-specific regulatory
elements. a, Venn diagram showing the overlap of enhancers between CD8" T cell
subsets. b, Heatmap showing the p-value of transcription factor motif enrichment
at subset-specific promoters (left) or enhancers (right) calculated by binomial test
using randomly-picked open chromatin regions as background. Motif enrichment
or depletion are indicated as red or blue, respectively.
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Supplementary Figure 3
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Figure 2.11: A full list of TF's identified by PageRank. a, heatmap showing
PageRank fold enrichment of TFs across CD8% T cell subsets. b, A list of TFs
revealed by PageRank analysis and motif enrichment in Figure 3. Known TFs
important for CD8% T cell differentiation are highlighted in red. ¢, Bar graphs
showing the fold change of YY1 and Nr3cl gene expression generated from mi-
croarray. Data in (e) are the mean value of gene expression from three independent
experiments with pooled spleens from three mice.

68



Supplementary Figure 4
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Figure 2.12: Ablation of Nr3cl cofactor Ncorl and treatment with dex-
amethasone affect MP CD81 T cell differentiation. a, Flow cytometric
analysis of KLRG1 and IL-7R expression for cells transduced with shCd4 and
shNcorl in PBL on day 8 of infection. b, The percentage of TE and MP CD8" T
cells gated on transduced cells on day 8 of infection after knockdown of Ncorl. c,
Flow cytometric analysis of KLRG1 and IL-7R expression for donor cells in mice
treated with either vehicle or dexamethasone for 7 days. d, The percentage of TE
and MP CD8" T cells gated on donor cells on day 8 of Lm-OVA infection after
drug treatment. Data are representative from two independent experiments with 5
mice per group. The statistical analysis was performed by two-tailed paired t-test
in (b) and two-tailed unpaired t-test in (d). *: p<0.001
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Supplementary Figure 6
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Chapter 3

Runx3 programs CD8T T cell
residency in non-lymphoid tissues

and tumors

3.1 Introduction

During an immune response to pathogen infection, a naive CD8" T lympho-
cyte can give rise to terminal effector cells that eradicate invaded pathogens and
functionally distinct subsets of memory cells that provide long-term protection.
Memory T cells can be segregated into distinct subsets based on localization, func-
tion and phenotype: central memory cells (Tcm) found in the blood and lymphoid
tissues or effector memory cells (Tem). The appreciation of a third subset of mem-
ory CD8T T cells that strictly resides within tissues and provides essential sentinel

protection at body surfaces, referred to as tissue-resident memory cells (Trm), has

82



driven the revision of our understanding of memory cell differentiation[1]. Trm
cells do not recirculate after seeding within non-lymphoid tissues, and during ef-
fector phase, Trm cells differentiate from KLRG1 populations[2]. Recent stud-
ies have revealed a list of TF regulators that can promote or repress Trm cell
differentiation[3]. For example, Blimpl and its homolog Hobit can synergistically
regulate TRM differentiation by instructing a universal transcriptional program of
tissue residency and tissue egress[4]. In contrast, T-box family members T-bet and
Eomes have been shown to repress Trm cell differentiation and suppression of T-bet
is essential to maintain optimal TGF-{ signaling that favors Trm differentiation|[5].
Although accumulating studies highlighted the critical role of Trm in immunologi-
cal memory, little is known about the transcriptional pathways and the molecular
drivers that regulating Trm formation, function and maintenance.

In infectious settings, Trm display the following features: (1) successful in-
filtration and long-term residency in non-lymphoid tissues; (2) high cytotoxicity to
kill pathogen-infected cells; (3) production of cytokines and chemokines to recruit
other innate and adaptive immune cells. These features allow Trm to become a
critical component in non-infectious settings including tumor malignancy and au-
toimmunity. Indeed, the tumor microenvironment is very similar to non-lymphoid
tissues in terms of low oxygen tension, specific cytokine environment and nutrient
availability. Recent work have demonstrated that retention molecule CD103, a
marker of "bona fide” Trm, is also expressed on tumor-infiltrating T cells (TILs)
in particularly the cancers of epithelial origin[6]. More importantly, CD8" TILs
that express CD103 also display a Trm-like transcriptional program and is predic-

tive of a better survival outcome in human lung cancer patients[7]. Thus, a deep
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understanding of how TILs employ the Trm-like gene expression program and how
to specifically target TFs that control Trm program in TILs would greatly enhance

the efficacy of immunotherapy especially the adoptive T cell therapy.

3.2 Results

3.2.1 Trm precursors exhibit a unique transcriptional pro-

gram and chromatin state.

A number of studies have highlighted the distinct gene-expression profiles
exhibited by circulating memory CD8" T cells and Trm[8]; however, the early tran-
scriptional identity of differentiating Trm and the signals controlling their fate are
not well understood. We utilized an established infection model in which trans-
genic CD8" T cells responsive to lymphocytic choriomeningitis virus (LCMYV)
GP33.41 presented by H-2Db (P14) were transferred into recipient mice one day
prior to infection with LCMV. In this acute infection model, P14 cells located in
non-lymphoid tissues on day 7 of infection began to upregulate retention molecules
characteristic of Trm[9], including canonical Trm markers CD103 and CD69. Gene-
expression analysis revealed that 90-96% of the genes upregulated in mature Trm
cells (day 35 of infection) were elevated in Trm precursors relative to splenic ef-
fector cells (Figure 3.1a). Furthermore, analysis of genes differentially expressed
between splenic and non-lymphoid populations on day 7 of infection revealed two
distinct gene programs segregating circulating (PBL, Spleen, Tcm and Tem) from
non-lymphoid (kidney and TEL) CD8™ T cells responding to infection, independent

of infection time point (Figure 3.1b). Previous experiments suggest lymph node
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(LN) or splenic KLRG1°CD127" memory-precursor (MP) cells preferentially give
rise to long-lived memory populations compared to shorter-lived KLRG1MCD127'°
terminal-effector (TE) cells[10, 11]. Unexpectedly, day 7 Trm precursors within
the small intestine intraepithelial lymphocyte (IEL) compartment were transcrip-
tionally distinct from splenic MP cells (Figure 3.1c¢). Thus, the Trm-precursor
populations in non-lymphoid tissues are transcriptionally distinct from splenic and
blood effector cells as well as memory-precursor cells on day 7 of infection, and
the majority of the Trm transcriptional program is established at this time point,
prior to CD8" T cell contraction.

As chromatin accessibility is a key determinant of cell identity and fate,
we profiled kidney, IEL, and splenic effector P14 populations as well as splenic
MP and TE subsets using ATAC-seq on day 7 of infection. Principal component
analysis highlighted that, despite day 7 being an effector time point, the global
chromatin landscape dramatically differs between effector CD8" T cells located
in the spleen, including MP cells, relative to non-lymphoid tissues (Figure 3.1d).
Uniquely accessible sites were identified in IEL P14 cells for genes characteristic
of mature Trm such as Cd69 and Nrdal, whereas genes that promote T cell re-
circulation such as Klf2 and Slprl exhibited loss of accessible sites, correlating
with gene expression (Figure 3.1e). Thus, the unique chromatin state of differ-
entiating Trm is consistent with the striking transcriptional differences observed
(Figure 3.1a-c) and foreshadows the distinct fates of antigen-specific cells in the
spleen relative to non-lymphoid tissues. Taken together, these transcription and
chromatin profiling studies establish precursors of Trm cells in non-lymphoid sites

as a unique and distinct CD8% T cell subset relative to effectors in the lymphoid
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compartment, including KLRG1°CD127" memory precursors.

3.2.2 Computational and functional in vivo RNAIi screen
identify transcriptional regulators of Trm differenti-

ation.

Specification of CD8' T cell fates during infection is dependent on the in-
tegrated activity of transcription factors (TFs)[12]. Although a number of TFs
that promote effector (T-bet, Blimpl, 1d2, Zeb2) or memory differentiation (Bcl6,
Id3, Foxol, Tcfl) have been identified[12], there are relatively few TFs currently
known to control Trm formation[13]. To facilitate identification of regulators of
Trm differentiation, we utilized a novel combined screening approach, consisting
of: a computational strategy integrating ATAC-seq data, transcriptional profiling
and personalized PageRank analysis to predict regulatory TFs, and a functional in
vivo RNA1 screen targeting putative Trm regulators identified through our com-
putational approach (Figure 3.2a). We have recently used the integrated analysis
of accessible TF binding motifs (assessed through ATAC-seq) and the regulation
of their target gene expression to yield insight into TFs with regulatory functions
in differentiation of splenic MP, TE, and long-lived memory CD8% T cells[14].
Leveraging this approach and the personalized PageRank analysis, we predicted a
number of TFs with established regulatory roles in controlling Trm versus circulat-
ing CD8™ T cell differentiation (Blimpl, Nr4al, Bach2, Eomes, T-bet[5, 4, 15, 16]
and many with no previously described role in Trm (Figure 3.2b). We evaluated

both barrier (IEL) and non-barrier (kidney) Trm sites to reveal TFs important to
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Trm differentiation independent of the tissue. To further establish functional roles
for predicted regulators of Trm formation identified through PageRank analysis,
we utilized an RNAI screening strategy allowing testing of hundreds of individual
shRNA constructs in parallel for activity in promoting or repressing Trm differenti-
ation in vivo[17] (Figure 3.2c). Several TFs with established roles in regulating Trm
were identified (e.g. Blimpl, KIf2 and T-bet[4, 5]) as well as TFs with previously
unknown functions in controlling CD8" Trm formation such as Nr4a3 and Runx3
(Figure 3.2b). Additionally, a key strength of this computational screen is that
influential roles of differentially expressed TFs as well as TFs with homogenous ex-
pression can be anticipated Figure 3.2d). Thus, this dual computational-functional
screening strategy identified a number of TFs that had not been previously recog-

nized as regulators of Trm fate.

3.2.3 Runx3 is essential for Trm differentiation.

Runx3 has well-established functions in controlling CD8% T cell lineage
specification during thymocyte development[18] and cytotoxic effector function of
mature CD8" T cells[19]. Runx3 is thought to be important in CD4" T cell local-
ization within the intestinal epithelium[20], yet how Runx3 may impact CD8+ Trm
differentiation and homeostasis remains unexplored. Our computational analysis
ranked Runx3 high among TFs predicted to regulate key Trm genes (Figure 3.2b)
despite relatively uniform Runx3 expression in circulating and resident CD8+ T
cell subsets (Figure 3.3a), and the RNAi screen indicated that Runx3 shRNAs im-
paired Trm differentiation (Figure 3.2c). We validated Runx3 as a regulator of Trm

differentiation in a 1:1 mixed transfer of P14 cells transduced with control (Cd19
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shRNA) or Runx3 shRNA-encoding retroviruses into C57BL/6 mice that were
subsequently infected with LCMV, allowing assessment of a cell-intrinsic role for
Runx3 as both populations differentiate in the same environment in vivo. Runx3
shRNA-mediated knockdown suppressed mRNA expression of Runx3 (Figure 3.3b)
and reduced the proportion of transduced cells in the IEL relative to the spleen,
consistent with the screening results (Figure 3.3c-d). In addition, Runx3 shRNA-
mediated knockdown impaired expression of surface molecules CD69 and CD103,
which are characteristically expressed by mature Trm[9] (Figure 3.3e). These data

demonstrate that Runx3 is critical for Trm differentiation.

3.2.4 Runx3 regulates the core Trm transcriptional pro-
gram to promote CD8T T cell tissue-residency.

We next assessed how ectopic expression of Runx3 impacted Trm differ-
entiation. Congenically distinct P14 cells transduced with a control retrovirus
(GFP-RV) or Runx3 cDNA-encoding retrovirus (Runx3-RV) were mixed 1:1 and
transferred into recipient mice that were subsequently infected with LCMV. Over-
expression of Runx3 accelerated IEL P14 CD697CD103" Trm differentiation on
day 8 of infection, but did not impact migration to the small intestine, as the ra-
tio of transferred cells was similar between the spleen, mLN and IEL populations
at this time point (Figure 3.4a). Evidence of enhanced Trm differentiation was
further confirmed by the greater abundance of IEL Trm on day 13 of infection as
well as increased CD103 expression, consistent with a reported role for Runx3 in
regulating CD103 expression[21, 20] (Figure 3.4Db).

Given that manipulation of Runx3 impacted Trm formation in a range of
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tissue microenvironments, we constructed a core Trm transcriptional signature by
computational integration of CD8' Trm gene expression data sets from the IEL,
kidney, lung[8], skin[8] and brain[22], to evaluate the hypothesis that Runx3 is a
universal regulator of CD8% Trm differentiation. This analysis identified a core
Trm gene-expression signature consisting of 157 genes expressed at higher levels in
all five Trm populations relative to their circulating splenic counterparts (Fig. 3e).
Further, 114 genes were downregulated in all Trm populations relative to splenic
memory cells, yielding a core gene-expression signature of circulating T cell popu-
lations. Next, gene expression by Runx3%% WT, or Runx3-RV transduced CD8*
T cells was evaluated by RNA-seq analysis, and notably we found the majority
of the core Trm signature genes were upregulated in Runx3-overexpressing cells
and downregulated in Runx3-deficient cells. Conversely, the core signature of cir-
culating CD8* T cell memory cells appeared to be predominantly upregulated
in Runx3-deficient cells and downregulated in Runx3-overexpressing cells (Fig-
ure 3.4c). These findings were statistically validated through gene set enrichment
analyses (Figure 3.4c). Therefore, Runx3 promoted expression of Trm signature

genes and repressed genes characteristic of circulating cells.

3.2.5 CDS8T TIL share transcriptional similarity with Trm
and require Runx3 for tumor residency.

It has been noted that CD8" tumor infiltrating lymphocytes (TIL) can ex-
hibit characteristics of Trm, and a positive disease outcome has been correlated
with TIL that display characteristic features of Trm, such as CD103 expression|[23,

24, 7). However, the relationship between Trm and TIL is unclear and understud-
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ied. As Runx3 is central to Trm differentiation and homeostasis, we assessed the
transcriptional similarities of Trm and TIL and evaluated a role for Runx3 in con-
trolling TIL accumulation within tumors. TILs isolated from mouse melanoma|24]
or mammary tumors[24] shared 70% of the core Trm gene-expression program
relative to splenic CD8" T cells (Figure 3.5a), and this relationship was further
highlighted through principal component analysis (Figure 3.5b). Given that the
core Trm and re-circulating gene-expression programs are dynamically regulated
by Runx3 (Fig. 3i-j), we next tested if Runx3 was required by TIL residency. Uti-
lizing an adoptive therapy model, Runx3-knockdown or Runx3-overexpressing P14
cells were mixed with control (Con shRNA or GFP-RV) P14 cells at a 1:1 ratio and
transferred into mice with palpable melanoma tumors expressing GP33-41. Strik-
ingly, Runx3-deficiency impaired TIL accumulation while overexpression enhanced
TIL abundance ((Figure 3.4c,d). In line with this observation, RNA-seq analysis
of TILs from GFP-RV and Runx3-RV group and splenic counterparts showed that
overexpression of Runx3 promted the expression of the core tissue-residency gene
signature (Figure 3.5e). In clinical settings, TIL frequency strongly correlates with
positive prognoses in cancer patients[25]. In connection, Runx3-deficient P14 cells
were impaired in their ability to control tumor growth, resulting in greater mor-
tality (Figure 3.5f). Conversely, Runx3-overexpressing P14 cells delayed tumor
growth and prolonged survival (Figure 3.5g). Furthermore, single-cell RNAseq
analysis of mouse and human melanoma samples indicated that CD44TCD8"
T cells expressing Runx3 exhibited enrichment of the Trm signature relative to
CD447CD8* TIL with low Runx3 expression levels (Figure 3.5h). These data in-

dicate that both human and murine TIL share transcriptional similarities with Trm

90



and CD8™ T cell residency within the tumor microenvironment is likely dependent

on Runx3.

3.3 Conclusion

Here we show that Runx3 is a central regulator of Trm differentiation and
describe an unappreciated role for Runx3 in regulating TIL accumulation. These
findings provide a new strategy that may be used to augment adoptive cell thera-
pies, including CAR therapy where limited efficacy in solid tumor settings has been
reported[26]. Manipulation of TFs promoting Trm differentiation may yield more
effective TIL through supplementing transferred CD8" T cells with a gene expres-
sion program that better supports features important to both Trm and TIL such
as in situ survival and repression of tissue egress programs, ultimately fostering

accumulation of protective T cells in tissues.
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3.5 Methods

3.5.1 Mice

Mice were maintained in specific-pathogen-free conditions in accordance
with the Institutional Animal Care and Use Committees (IACUC) of the University
of California, San Diego (UCSD) and The Scripps Research Institute, Jupiter,
FL (TSRI-FL). All mice were of a C57BL6/J background and bred at UCSD
and TSRI-FL or purchased from the Jackson Laboratory, including: wild-type or
P14 mice with distinct expression of the congenic molecules CD45.1, CD45.1.2,
CD45.2, Thyl.1, Thyl.1.2, and Thyl.2 as well as control Thy1.2+ Runx3*/* Ert2-
Cre YFP+ P14 mice and Runx3 inducible deletion Thyl.1* Runx3%/® Ert2-Cre

YFP+ P14 mice.

3.5.2 Naive T cell transfer, infection and treatment

Naive P14 CD8* T cells were transferred intravenously (i.v.) into congeni-
cally distinct sex matched recipient mice, or female P14 cells were transferred into
male mice. For all microarray, RNA-seq or ATAC-seq experiments, 1 x 10° P14
cells were transferred. For co-transfer experiments, naive Thy1.2* Runx3*/* Ert2-
Cre YFP+ P14 cells and naive Thyl.1* Runx3%/® Ert2-Cre YFP+ P14 cells were
mixed 1:1 and a total of 3 x 10* P14 cells were transferred into Thyl.2" recipi-
ent mice. Recipient mice were subsequently infected i.p. with 2 x 10> PFU of the
Armstrong strain of lymphocytic choriomeningitis virus (LCMV) one day after cell
transfer. To distinguish vascular associated CD8" T cells in non-lymphoid tissues,

3ug of CD8a (53-6.7) conjugated to APC eFlour780 was injected i.v. into mice
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four minutes prior to sacrifice and organ excision. CD8a"¢ cells were considered

to be localized within non-lymphoid tissues.

3.5.3 Preparation of cell suspensions.

Isolation of CD8' T cells was performed similarly as described. For iso-
lation of CD8* T cells from the small intestine intraepithelial lymphocyte (IEL)
compartment, Peyers patches were removed and the intestine was cut longitudi-
nally and subsequently cut laterally into 0.5-1cm? pieces that were then incubated
with 0.154mg/mL dithioerythritol (DTE) in 10% HBSS/HEPES bicarbonate for
30min at 37C while stirring. Kidneys, salivary glands and lungs were cut into
pieces and digested for 30min with 100 U/mL type I collagenase (Worthington)
in RPMI 1640, 5% FBS, 2mM MgCl12, 2mM CaCl2 at 37C while shaking. Skin

was processed similarly as described in which a 2cm?

area of the right flank was
excised, pre-digested for 30min at 37C and then enzymatically digested with 0.7
mg/mL collagenase D. After enzymatic incubations (skin, lungs, kidneys, salivary
glands), tissues were further dissociated over a 70m nylon cell strainer (Falcon).
For isolation of lymphocytes, single-cell suspensions were then separated using a
44/67% Percoll density gradient. Spleens and lymph nodes were processed with
the frosted ends of microscope slides. Red blood cells were lysed with ACK buffer

(140 mM NH4CI and 17 mM Tris-base, pH 7.4).

3.5.4 Antibodies and flow cytometry.

The following antibodies were obtained from eBioscience: CD8a (53-6.7),

CD8b (eBio H35-17.2), CD62L (MEL-14), CD127 (A7R34), KLRG1 (2F1), CD103
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(2E7), CD69 (H1.2F3), CD45.1 (A20-1.7), CD45.2 (104), Thyl.1 (OX-7, HIS51),
Thyl.2 (53-2.1), CCR9 (Ebio CW-1.2), CXCR3 (CXCR3-173), CD49d (R1-2),
and T-bet (4B10). For intracellular staining of T-bet while preserving ametrine
or YFP reporter expression in transduced or Cre-YFP+ populations, cells were
fixed and permeabilized through a 15min incubation with BD cytofix/cytoperm
(BD Biosciences). Intracellular staining was subsequently performed using the
Perm Buffer of the Foxp3-transcription factor staining buffer kit (eBioscience).
For flow cytometry, all events were acquired on a BD LSRFortessa X-20 or a
BD LSRFortessa. Cell sorting was performed on BD FACSAria or BD FACSAria

Fusion instruments.

3.5.5 RNAI screening approach.

We have described this screening approach in detail previously[17]. The
targeted shRNA library was generated based on key genes identified from the
computational screening approach as well as genes with known roles in regulating
Trm from literature. The library was produced by cloning shERWOOD-designed
shRNAmir sequences, after PCR of synthetic 97mer oligos, into our pLMPd-Amt
vector. Purified DNA from sequence-verified clones was used to package retro-
viral particles in PLAT-E cells. For transfections, PLAT-E cells were seeded in
the middle 60 wells of a 96-well flat bottom plate at a density of 4 — 6 x 10*
cells/well) one day prior to transfection. Next, each well was individually trans-
fected with 0.2ug of DNA from each pLMPd-Amt clone and 0.2ug of pCL-Eco
using TransIT-LT1 (Mirus). Retroviral supernatant was harvested 36, 48, and 60h

after transfection, and RV sup from each well was used to individually transduce
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in vitro activated P14 cells in 96-well round bottom plates. For CD8+ T cell
activation in vitro, naive CD8+ T cells from spleen and lymph nodes were nega-
tively enriched and 2 x 10° P14 cells were plated in the middle 60 wells of 96-well
round bottom plates pre-coated with 100ug/mL goat anti-hampster IgG (H+L,
Thermoscientific) and 1g/mL anti-CD3 (145-2C11) and 1g/mL anti-CD28 (37.51)
(both from eBioscience). Culture media was removed 18h after activation, and
replaced with retroviral supernatant supplemented with 50uM BME and 8g/mL
polybrene (Millipore) followed by spinfection (60min. centrifugation at 2000 rpm,
37C). Two hours after the spinfection, the P14 cells were washed 3 times with cold
PBS and 90% of each well of cells (individually transduced with distinct retroviral
constructs) was harvested, pooled and 5 x 10° pooled P14 cells were transferred
into recipient mice which were then infected 1h later with 1.5 x 10> PFU of LCMV
clone 13 ip 1h later, resulting in an acute infection. The remaining cells in vitro
were cultured for an additional 24h and either pooled for input sequencing (6 x 10°
P14 cells) or were used to test transduction efficiency of each construct using flow
cytometry to detect the percentage of ametrine+ cells in each well. Twelve days
after infection, spleens and small intestines were harvested from 15-18 mice and
splenocytes and IEL P14 cells were processed as described above. Prior to sorting,
all IEL or splenic samples were pooled. CD62L+ P14 cells (Tem) from the spleen
as well as P14 cells from the IEL were sorted (3.5 — 6 x 10° cells total). Genomic
DNA was then harvested from sorted cells using the FlexiGene kit (Qiagen). The
integrated proviral passenger strand shRNAmir sequences in each cell subset were
amplified from 20-100ng total genomic DNA per reaction, with 23-28 cycles of

PCR using Ion Proton-compatible barcoded primers that anneal to the common
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5 mir30 and shRNA loop sequences. 2-3 replicate reactions were performed for
each genomic DNA sample and the replicates were pooled after amplification. The
pooled reactions were purified using AMPure XP beads, the amplicons in each
sample were quantified using a Bioanalyzer, and then pooled in a 1:1 molar ratio
for sequencing.In each replicate of the screen, a minimum of 2.5 million reads per
sample were generated and retained, after filtering low-quality reads. Reads as-
signed to each barcode were aligned to a reference database of all sShRNAmirs in
the library using BLAST and a custom script to count the top alignment of each
read and summarize the number of reads aligned to each shRNAmir. For analysis
of shRNA representation in Tcm relative to IEL Trm, the total number of reads
in each of the samples was normalized, and the number of reads for each shRNA
was scaled proportionally. Subsequently, the normalized number of reads in the
IEL Trm cells for a given shRNA was divided by the normalized number of reads
for the same shRNA in the Tem sample and then log2 transformed. The mean
and standard deviation of the ratios of each of the 25 negative control shRNA
constructs (targeting Cd19, Cd4, Cd14, Msdal, Cd22, Hesl, KIf12, Mafb, Plagll,
Pou2afl and Smarcal) were used to calculate the Z-score for each shRNA con-
struct. The screen was repeated three times and the Z-score of each construct
from each individual screen was averaged and plotted (Fig. 2c). Some shRNAs
were only included in two independent screens. Eighty-four percent (21/25) of all

negative control shRNA constructs had an average Z-score between 0.9 and -0.9.
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3.5.6 T cell transduction, cell transfer, and infection for

individual analysis of retroviral constructs.

Activation, transfections and transductions were carried out as described
for the RNAi screening approach except in some experiments 2 x 10° P14 cells were
activated per well in 6-well plates. Congenically distinct P14 cells transduced with
the Runx3.2 shRNA or Cd19.1 shRNA (control) retroviruses were mixed 1:1 within
24h of transduction and a total of 1 — 5 x 10° P14 cells were transferred i.v. into
recipient mice. One hour after adoptive transfer, recipient mice were infected i.p.
or intratracheally (i.t.) with 2 x 10° PFU LCMV armstrong or intradermally (i.d.)
with 2 x 10* PFU clone 13. In similar experiments, P14 cells were transduced with
MigR1-based retroviruses that were empty (GFP-RV) or that contained Runx3
c¢DNA (Runx3-RV), mixed 1:1 and transferred to recipient mice for subsequent

infections.

3.5.7 Adoptive therapy tumor model.

For adoptive therapy experiments, 5x 10° B16-GP33 cells were transplanted
subcutaneously into the right flank of wild-type mice. After tumors became pal-
pable, 7-8 days post-transplant, in vitro expanded P14 cells were transferred i.v.
For comparison of TIL accumulation in a mixed transfer setting, naive P14 cells
were activated, transduced and expanded with 100U /mL of IL-2 for 2-3 days; cells
transduced with control constructs (Cd19.1 shRNA or GFP-RV) or experimental
constructs (Runx3.2 shRNA or Runx3-RV) were mixed 1:1 and 0.5-1x106 P14 cells

were transferred i.v. For efficacy studies, transduced cells were expanded for 5-6
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days; transduced cells were then sorted (or not sorted with a Runx3-RV and GFP-
RV transduction efficiency >83%), and 1 — 2.5 x 10° cells were transferred i.v. into
mice with established B16-GP33 tumors. Tumors were monitored daily and mice

with ulcerated tumors or tumors exceeding 1500 mm?® were euthanized.

3.5.8 qPCR, Microarray, RNA-seq and ATAC-seq analy-
sis.

For validation of the Runx3-RV overexpression construct and Runx3.2 shRNA
construct, enriched CD8" T cells were activated, transduced and expanded for 4-6
days in 100U/mL IL-2. Cells were sorted on ametrine (Runx3 shRNA or Con
shRNA) or GFP (Runx3-RV or GFP-RV) directly into TRIzol (Life Technologies)
and RNA was extracted per manufacturers specifications. Next, cDNA was syn-
thesized using Superscript II (Life Technologies) and qPCR was performed using
the Stratagene Brilliant IT Syber Green master mix (Agilent Technologies). Runx3
expression levels were normalized to the housekeeping gene Hprt. We have previ-
ously validated the Thx21.3 shRNA. The following primers were used for qPCR:
Runx3 forward, 5-CAGGTTCAACGACCTTCGATT-3, and Runx3 reverse, 5-
GTGGTAGGTAGCCACTTGGG-3; Hprt forward, 5-GGCCAGACTTTGTTGGA
TTT-3, and Hprt reverse: 5-CAACTTGCGCTCATCTTAGG-3. On day 7 of in-
fection, tissues from 2-3 mice were pooled and 2 — 3 x 10* P14 cells from the IEL,
kidney, spleen, or blood were sorted into TRIzol. On day 35 of infection, tissues
from 5-10 mice were pooled and 1 — 2 x 10* CD62L+ Tcm, CD62L- Tem, kidney
Trm and IEL Trm P14 cells were sorted into TRIzol. As described previously,

RNA was amplified and labeled with biotin and hybridized to Affymetrix Mouse
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Gene ST 1.0 micrroarrays (Affymetrix). Analyses were performed using GenePat-
tern Multiplot Studio. Differentially expressed genes in IEL Trm compared to Tem
and Tem as well as kidney Trm compared to Tem and Tem were identified with a
fold change (FC) >1.5 and an expression value (EV) >120 (Fig. 1la). Genes with
>1.5 FC and >120 EV between day 7 spleen, day 7 IEL, day 7 kidney samples
were identified (2206 probes) and evaluated in day 7 and day 35 subsets, which
were ordered with Pearson correlation using the HierarchicalClustering module of
GenePattern (Fig. 1b); data was row centered, row normalized and visualized with
the HierarchicalClusteringViewer module within GenePattern.

The core Trm and circulating signatures were generated by integrating dif-
ferential expression (>1.5 FC) data comparing Trm from the following tissues to
circulating splenic memory cells: D35 IEL (LCMV), D35 kidney (LCMV), D30 skin
CD103*CD8™ (herpes simplex virus), D30 lung CD103"CD8" (influenza virus),
and D20 CD103* brain (vesicular stomatitis virus); overlapping genes upregulated
in all Trm populations comprised the Trm core signature (157 genes) and genes
downregulated in all populations comprised the circulating signature (114 genes).
The TIL microarray datasets were generated previously[24]. For RNA-seq analysis
of D7 IEL, D7 MP and D7 TE as well as naive P14 cells, spleens or IEL samples
from 2-3 mice were pooled and 5 x 10? cells were sorted at day 7 of LCMV Arm
infection. For library preparation, isolation of polyA+ RNA was performed as
detailed online (www.immgen.org/Protocols/11cells.pdf). For RNA-seq analyses
of Runx3-manipulated cells, CD8+ T cells from naive Runx3*/* YFP+ (WT) and
Runx3/% YFP+4 (Runx3%/%) mice were enriched by negative isolation and trans-

duced (as detailed above) with a Cre cDNA expressing retrovirus (Cre-RV). Runx3-
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overexpressing cells were generated similarly by transducing Runx3*/* YFP+4 CD8
T cells with a Runx3-cDNA expressing retrovirus (Runx3-RV). Forty-eight hours
after TCR activation, the CD8" T cells were resuspended and re-cultured in fresh
media supplemented with 100U /mL rhIL-2; twenty-four hours later, YFP+ (WT
or Runx3®®) or GFP+ (Runx3-RV) were FACS-purified and then recultured in
100U/mL IL-2. The cells were expanded until day 6 by reculturing at 5 x 10°
cells/mL every 24h in fresh 100U/mL IL-2 media. On day 6 post-activation, cells
were harvested and total RNA was extracted in TRIzol. Purified RNA was de-
pleted of ribosomal RNA and strand-specific paired-end libraries were prepared
and sequenced using an Illumina Nextseq 500. Samples were generated from two
biological replicates, and approximately 20 million paired-reads were generated
per sample. Reads were mapped using Tophat and aligned reads in transcripts
were counted with HTseq. Gene-set-enrichment analysis was performed by us-
ing the GSEA module in GenePattern, and the normalized enrichment scores and
false-discovery rate q values were determined by using the permutation test.
ATAC-seq anlalysis was performed as described in detail previously[27].
Sorted cells (2.5x 10*) were resuspended in 25uL of lysis buffer and spun down 600g
for 30min at 4C. The nuclear pellet was rususpended in 25ul of Tn5 transposase
reaction mixture (Nextera DNA Sample Prep Kit, Illumina) and incubated for
30min at 37C. Transposase-associated DNA was subsequently purified (Zymo DNA
clean-up kit). For library amplification, DNA was amplified for five cycles using
indexing primer from Nextera kit and NEBNext High-Fidelity 2X PCR master
mix. Then the amplified DNA was size selected to fragments less than 800 bp

using SPRI beads. Quantification of the ATAC-seq library was based on KAPA
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library quantification kit (KAPAbiosystems). The size of the pooled library was
examined by TapeStation. The library was sequenced using Hiseq 2500 for single-
end 50-bp sequencing to yield at least 10 million reads. We used bowtie to map raw
reads to the Mus musculus genome (mm10) with following parameters: —best -m
1. We called peaks for each individual replicate as well as the pooled data from the
two replicates using MACS2 with a relaxed threshold (P-value 0.01). Each ATAC-
seq experiment was performed twice and we used the Irreproducibility Discovery
Rate (IDR) framework to identify reproducible peaks. For the Runx3 ChIP-seq
analysis, the fastq files were downloaded from GSE50131 and mapped to mm10
mouse genome using bowtie. Runx3 peaks were called by HOMER using findPeaks
command with parameters: -style factor and visualized using the UCSC genome
browser.

For the single cell RNA-seq analysis of human melanoma TIL, the prepro-
cessed single cell TIL gene expression data was downloaded from GEO database
GSET72056. Activated CD8 TILs (CD8a expression >5 and CD44 expression>2)
in melanoma #75 and melanoma #79 were used and classified into Runx3hi TTLs
which express high level of Runx3 (Runx3 expression>3) and Runx3lo TILs with-
out expression of Runx3 (Runx3 expression0). GSEA was performed to look at
the enrichment of core Trm gene signature in Runx3hi TILs relative to Runx3lo

TILs.

3.5.9 Computational screen.

TF regulatory networks and PageRank analysis was performed similarly as

described[14] except that gene expression and ATAC-seq data from D7 IEL, D7
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kidney and D7 spleen samples were used. To identify putative binding sites of
TFs, we first collected 761 unique motifs from 3 TF motif database, JASPAR,
UniPROBE and Jolma et al. study[28, 29, 30]. We then searched for motifs
binding sites in 150bp regions centered around ATAC-seq peak summits, using
the algorithm described in Grant’s paper with of P-value cutoff of 1e-5[31]. Then
we connected a TF to a gene if the TF had any predicted binding motif in the
ATAC-seq peak of the nearest gene. We assembled all the interactions between
TFs and genes into a regulatory network. To identify important TF regulators
for Trm differentiation, we performed personalized PageRank analysis in the TF
regulatory network constructed above using the pipeline described previously[14].
The importance of a TF is based on the quantity and quality of its regulated
gene targets. A TF would receive a higher PageRank score if it regulates more
important genes where the importance is evaluated by the differential expression

from the microarray or RNA-seq analysis.
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3.6 Figures
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Figure 3.1: Trm precursors exhibit a distinct transcriptional program
and chromatin state from splenic memory precursors. a, Comparison of
gene-expression of Trm isolated from the small intestine IEL (left) and kidney
parenchyma (right) relative to splenic memory subsets, Tem and Tem, on day 35
of LCMYV infection; red, genes elevated in Trm relative to Tem and Tem; blue,
genes elevated in Tem and Tem relative to Trm (top). Comparison of differen-
tially expressed genes in mature Trm (from top panel) in cells from the spleen,
IEL or kidney on day 7 of infection (bottom). b, Differentially expressed genes
between splenic, IEL and kidney populations on day 7 of infection were compared
among effector and memory CD8+ T cell subsets. Populations are ordered by hi-
erarchical clustering with Pearson correlation. ¢, Principal component analysis of
differentially expressed genes among TE, MP and IEL CD8+ T cell subsets on day
7 of infection and naive P14 cells. d, Principal-component analysis of differential
global chromatin accessibility for CD8+ T cell populations on day 7 of infection
identified by ATAC-seq analysis. e, ATAC-seq analysis of the Slprl, Klf2, Cd69
and Nr4al loci for IEL and splenic CD8+ T cells on day 7 of infection (left) and
corresponding gene expression (right). For graphs in a,b, each timepoint represents
an individual experiment consisting of 2-3 biological replicates where n=2-10 mice
were pooled for each replicate; for ¢,d,e, 2 biological replicates where 2-5 mice were
pooled for each replicate
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Figure 3.2: Computational and functional RINAi screens identify tran-
scriptional regulators of Trm differentiation. a, Combinatorial screening
approach consisting of an integrated computational analysis and an in vivo RNAi
functional screen. b, Predicted regulators of Trm differentiation identified through
the computational screen; genes with known function in regulating Trm formation
are in bold font. TFs with a PageRank score of at least 2 fold change across spleen,
IEL and kidney CD8 T cells are shown in the heatmap. c, Relative enrichment
of shRNAs in IEL Trm relative to splenic Tcm from the functional RNAi screen,
reported as the average Z-score from three independent screens. d, Personalized
PageRank score and gene-expression for predicted regulators of IEL Trm differen-
tiation. For c, each of the three independent screens was performed by pooling
genomic DNA from P14 cells isolated from tissues of 15-18 mice.
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Figure 3.3: Runx3 is essential for Trm differentiation. a, Runx3 gene ex-
pression from microarray analyses. Graphs indicate mean of 2-3 replicates (n=2-10
mice per replicate) per cell type. Symbols represent an individual replicate. b,
Runx3 shRNA knockdown efficiency using RT-qPCR data to show Runx3 mRNA
expression of in vitro cultured cells transduced with Con shRNA or Runx3 shRNA
retroviruses. ¢, Schematic of experimental design. Congenically distinct P14 cells
were transduced with Runx3 shRNA or control shRNA retroviruses, mixed at a
1:1 ratio, and transferred to recipient mice that were subsequently infected with
LCMV. d, Representative flow cytometry plots (left) or quantification (right) of
the proportion of transduced P14 cells in indicated tissues on day 12 of infection,
normalized to splenic cells. e, Representative flow cytometry plots (left) and quan-
tification (right) of the frequency of CD69" and CD103" cells of Con shRNA or
Runx3 shRNA cells. Graphs indicate mean and representative of two indepen-
dent experiments with n=2-10 mice (a) or n=6-8 mice per group (d,e), *P<0.05,
P <0.005, ***P<0.0005. Symbols represent an individual mouse (d,e).
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Figure 3.4: Runx3 regulates the core Trm transcriptional program to
promote CD8T T cell tissue-residency. a, Congenically distinct P14 cells
were transduced with Runx3-RV (CD45.1+ cells) or GFP-RV (CD45.1.24 cells),
mixed at a 1:1 ratio, and transferred to recipient mice subsequently infected with
LCMV. Representative flow cytometry plots (left) and quantification (right) of
the ratio of transduced cells evaluated on days 8 and 12 or 13 of infection. b,
Representative flow cytometry plots and quantification of the frequency of CD69"
and CD103" cells. ¢, The core Trm transcriptional signature was generated by
integration of all genes elevated in brain, lung, skin, IEL and kidney Trm relative
to splenic memory counterpart cells, whereas the core circulating signature consists
of genes elevated in splenic memory cells relative to the Trm populations (top
panel). Relative expression of the core circulating and Trm genes was evaluated
by RNAseq analysis of Runx3-RV, Runx3fl/fl or WT CD8+ T cells (middle panel).
Gene set enrichment analysis of the circulating and Trm expression signatures of
Runx3-RV, Runx3fl/fl or WT CD8+ T cells (bottom panel).
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Figure 3.5: CD81 TIL share transcriptional similarity with Trm and
require Runx3 for tumor residency. a, Comparison of the core Trm signature
and circulating signature (from Fig. 4c) in B16 melanoma CD8% TIL or PyMT
mammary tumor CD8" TIL relative to corresponding splenic CD8% T cells. b,
Principal-component analysis of gene expression of core Trm and circulation gene
sets for TIL, Trm or circulating CD8% T cell subsets. c-d, Congenically distinct
P14 cells were transduced with retroviruses encoding Runx3 shRNAmir or Runx3-
RV (CD45.17 cells) and control shRNAmir or GFP-RV (CD45.1.2% cells), mixed at
a 1:1 ratio and transferred into mice with established B16-GP 3341 melanoma tu-
mours. Flow plots (c¢) and graphs (d) indicate ratio of transduced cells. e, Relative
expression of the core tissue-residency and core circulating gene sets in GFP-RV
splenocytes, GFP-RV TILs, and Runx3-RV TILs following the same approach as
in (c). f, Tumour growth and survival after adoptive transfer of the Con shRNA
and Runx3 shRNA transduced cells. A log-rank (MantelCox) test was used to
compare survival rates. g, Tumour growth and survival after adoptive transfer of
the GFP-RV and Runx3-RV transduced cells. A log-rank (MantelCox) test was
used to compare survival rates. h, Gene set enrichment analysis of the core Trm
and core circulating gene signatures in Runx3™ versus Runx3' from the single
cell RNAseq analysis of mouse (left) and human (right) melanoma TILs. Graphs
indicate mean of n=3-7 mice per group (c,d) from one representative experiment
of 2-3 independent experiments or data pooled from 3 independent experiments
consisting of n=10-21 mice per group (f, g), *P<0.05, **P<0.005, ***P<0.0005.
Symbols represent an individual mouse (c,d).
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Chapter 4

An essential role of chromatin
architectural protein CTCF in
regulating effector and memory

CDS8™ T cell differentiation

4.1 Introduction

TFs bind to distal and proximal regulatory elements including enhancers
and promoters to modulate specific gene expression programs responsible for cell
differentiation. Spatial control of long-range interactions between enhancers and
promoters plays a critical role in regulating specific gene expression profiles|l,
2]. These long-range interactions are precisely regulated by a number of factors

including CTCF, YY1, cohesin, condensin and Brgl[3, 4].
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CTCF is a ubiquitous zinc finger protein essential for the establishment
of three-dimensional chromatin organization[3]. CTCF can facilitate or insulate
long-distance interactions between enhancers and promoters to activate or re-
press gene expression[5, 6]. In this way, CTCF is important for the regulation
of hematopoietic cell lineage specification and function. For instance, in early
thymocytes development, CTCF deficiency specifically impairs differentiation and
proliferation of double-positive T cells due to increased expression of cyclin-CDK
inhibitors p21 and p27[7]. CTCF also regulates distinct cytokine production in
CD47" T helper (Th) cells in different polarization conditions[8, 9]. For example,
under Th2 polarization condition, the deletion of CTCF abrogates the expression
of IL-4, IL-5 and IL-13[9]. In contrast, disruption of CTCF binding site in the
IL-21 locus promotes IL-21 expression induced by the proinflammatory cytokine
IL-6, suggesting that CTCF functions as an enhancer-blocking insulator to re-
press IL-21 expression[8]. CTCF-dependent long-distance chromatin interactions
are vital for TCR rearrangement and immunoglobulin recombination in T and B
cells respectively[10], while in macrophages, CTCF is involved in fine-tuning the
production of cytokines IL-10 and TNFa/[11].

Similar to CTCF, another ubiquitously expressed TF YY1 has also been
reported to regulate long-distance chromatin interactions and subsequently influ-
ences immune cell differentiation[4, 12, 13, 14]. Our lab recently discovered an es-
sential function of YY1 in CD8% TE subset differentiation in response to pathogen
infection[15]. However, the role of CTCF in effector and memory CD8" T cell

differentiation remains largely unknown.
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4.2 Results

4.2.1 CTCF is essential for terminal differentiation of ef-

fector CD8T T cells.

To investigate the role of CTCF in CD8' T cell differentiation in response
to pathogen infection, we utilized a retroviral sShRNA knockdown system to ablate
the expression of CTCF in CD8" T cells. Using two different sShRNAs targeting
CTCF, we achieved 50% (shCTCF#1) and 80% (shCTCF#2) knockdown effi-
ciency at the mRNA and protein levels (Figure 4.1a). Given the critical role of
CTCF in TCR rearrangement, we specifically knocked down CTCF in TCR trans-
genic CD8™ T cells to bypass TCR rearrangement defects from a lack of CTCF[10].
We transduced congenically distinct OT-1 CD8™ T cells with retrovirus expressing
shRNA targeting CTCF (shCTCF) or CD19 as a negative control, and then co-
transferred the cells mixed at a 1:1 ratio into recipient mice followed by Lm-OVA
infection (Figure 4.1b). Seven days after infection, T cells with 80% knockdown of
CTCF (shCTCF#2) failed to accumulate as the same level as T cells transduced
with shCtrl. In contrast, T cells with 50% knockdown of CTCF (shCTCF#1)
exhibited similar expansion as the control population (Figure 4.1c). The accumu-
lation defect in the shCTCF+#2 group is consistent with findings that full deletion
of CTCF abrogated the proliferation of thymocytes|7].

To further test the function of CTCF in effector CD8* T cell differentiation,
we characterized KLRG1 and CD127 expression after knockdown of CTCF. Both
the frequency and number of KLRG1MCD127" populations (defined as the TE

subset) were dramatically decreased in both shCTCF#1 and #2 groups compared
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to shCtrl group (Figure 4.1d,e), suggesting that CTCF is crucial for terminal differ-
entiation of effector CD8% T cells. Additionally, the frequency of KLRG1°CD127"
populations (defined as the MP subset) were significantly increased after the loss
of CTCF (Figure 4.1d,e). Given that cytokine production is a hallmark func-
tion of effector CD8" T cells, we compared IFN+v, TNFa and IL-2 production
after knockdown of CTCF. We found a comparable frequency of IFNv and TNF«
producing T cells between shCtrl and shCTCF groups (Figure 4.1f), however, the
proportion of IL-2 producing cells was significantly higher after CTCF knockdown,
consistent with an enhanced frequency of MP CD8* T cells that produce more IL-
2 than TE CD8" T cells (Figure 4.1f)[16]. Taken together, our results indicate
that shRNA-mediated knockdown of CTCF impairs terminal effector CD8% T cell

differentiation.

4.2.2 The loss of CTCF impairs the differentiation of effec-
tor like memory subset and secondary effector CD8™"

T cells.

We examined the phenotype of CD8' T cells over the course of Lm-OVA
infection, and observed a significant decrease of KLRG1MCD127"° population af-
ter CTCF knockdown at both effector and memory phase (Figure 4.2a,b). This
KLRG1MCD127% population that persists at the memory phase is considered as
a subset of memory cells displaying effector-like features, suggesting that CTCF
apprears to be essential for the differentiation of the long-lived KLRG1MCD127%

effector-like memory subset. It has been recently shown that CD27°CD43" popula-
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tion resembles a effector-like memory subset and shows optimal protection against
Listeria[17]. To further test if CTCF is important for effector-like memory T cell
differentiation, we characterized CD27 and CD43 expression at day 30 and found
that the CD27°CD43!" population was indeed dramatically decreased after the
loss of CTCF (Figure 4.2c). We observed an increased CD27" population and
higher expression of CXCR3 after knockdown of CTCF, both indicating a higher
recall ability of memory T cells in shCTCF group compared to shCtrl group (Fig-
ure 4.2¢c,d). The CD27" memory T cell pool is composed of central-memory (Tecm)
and effector memory (Tem), based on the expression of CD62L[18, 19]. We ob-
served that CTCF knockdown has no effect on CD62L expression, suggesting that
the loss of CTCF may not affect Tem and Tem subset differentiation (Figure 4.2¢).

Although there is a higher percentage of KLRG1°CD127" and CD27"
CD8*" T cells after CTCF knockdown, both suggesting a better recall ability, it
is necessary to examine if a more robust recall response is formed in shCTCF-
transduced memory T cells when encountering the secondary antigen. To test
this, we co-transferred shCtrl and shCTCF OT-I cells into recipient mice and ini-
tially infected with Lm-OVA. After 30 days of primary infection, we re-infected the
mice with VSV-OVA (Figure 4.2f). Although there were more KLRG1°CD127"
memory T cells in the shCTCF group before re-infection, we observed an impaired
expansion of secondary effector T cells deficient for CTCF, especially secondary
KLRG1MCD127"° TE population (Figure 4.2gh), suggesting that CTCF is criti-
cal for the ability of memory CD8' T cells to differentiate into secondary effector

CDS8T T cells.
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4.2.3 CTCF suppresses Trm differentiation in response to

LCMYV infection.

Tissue-resident memory (Trm) CD8" T cells reside in non-lymphoid tis-
sues, and are critical to provide the first-line protection at barrier surfaces such as
skin, lung and gut[20, 21]. To investigate if the deficiency of CTCF impacts the
differentiation of Trm, we co-transferred shCtrl and shCTCF P14 CD8" T cells
into host mice followed by acute LCMV-armstrong infection (Figure 4.3a). Similar
to bacterial infection, the frequency and number of the KLRG1MCD127 subset
were remarkably reduced after knockdown of CTCF in response to LCMV infec-
tion (Figure 4.3b,c). Furthermore, the frequency of KLRG1°CD127" population,
which has been shown to preferentially give rise to Trm cells, was significantly
increased in the absence of CTCF (Figure 4.3b,c). Upon characterization of the
Trm cells in the small intestine, we observed a significant increase of IEL Trm cells
but not the memory cells in the spleen after knockdown of CTCF (Figure 4.3d),
suggesting that CTCF might suppress Trm differentiation. Given that the activa-
tion marker CD69 and the retention molecule CD103 mark bona fide Trm in the
small intestine[22], we further examined the expression of CD69 and CD103 and
observed a robust increase of both the frequency and the number of CD69CD103™
IEL Trm cells in the absence of CTCF (Figure 4.3¢,f). Taken together, these re-
sults demonstrate that the loss of CTCF promotes the formation of Trm CD8* T

cells.
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4.2.4 CTCF controls gene expression of key TF's for effec-
tor and memory CD8" T cell differentiation.

The differentiation of distinct effector and memory CD8' T cell subsets is
coordinated by a network of key TFs that regulate specific transcriptional pro-
grams. To better investigate how CTCF promotes terminal effector and effector-
like memory T cell differentiation while suppressing gut-resident memory CD8%
T cell differentiation, we profiled gene expression of key TFs for CD8" T cell
subsets differentiation after knockdown of CTCF. To avoid the bias introduced
by a decrease of KLRG1™ population in the absence of CTCF, we co-transferred
shCtrl and shCTCF transduced cells and sorted KLRG1™ and KLRG1! subsets
from each group at day 8 of Lm-OVA infection to assess key TFs gene expres-
sion (Figure 4.4a). Upon CTCF knockdown, we observed a decrease of T-bet and
Eomes expression and an increase of Prdm1, Hobit and Tcf7 expression in both
subsets(Figure 4.4b). This observation is consistent with increased Trm formation
after CTCF knockdown since T-bet and Eomes have been shown to repress CD103*
Trm development while Prdm1 and Hobit are essential for Trm differentiation[23].
The repression of Prdm1 by CTCF has been reported in germinal center B cells,
indicating that the CTCF-Prdm1 regulatory axis is conserved in both B and T
cells[13]. However, the increase of Prdml in the absence of CTCF cannot fully
explain the loss of the TE subset since Prdm1 promotes differentiation of this
subset[24]. This observation suggests that additional key TFs for the TE subset
are dramatically impacted after knockdown of CTCF. Indeed, extensive studies

have shown that T-bet is critical for terminal effector and effector-like memory
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CD8* T cell differentiation[25, 16]. Given the downregulation of T-bet in the ab-
sence of CTCF and the corresponding phenotype, we postulated that T-bet is a
direct target of CTCF (Figure 4.4c). To test this, we performed ChIP-seq of CTCF
in naive and TE CD8" T cells to detect CTCF binding at the T-bet locus. We
observed an increase of CTCF binding at active enhancer regions of the T-bet gene
in the TE subset, correlating with a higher deposition of the active enhancer mark
H3K27ac in TE compared to naive CD8" T cells (Figure 4.4d). This suggests that
CTCF might activate T-bet expression by directly binding to active enhancers. In
sum, these results demonstrate a role for CTCF in regulating the expression of key
TFs responsible for promoting the TE subset and suppressing Trm CD8' T cell

differentiation.

4.2.5 Heterozygotic mutation of CTCF in patients impacts
the TE gene signature in peripheral blood lympho-

cytes.

To investigate if the defect in the TE subset differentiation in shCTCF
groups (leading to 50% knockdown) can be translated into a human phenotype,
we analyzed published data from patients with de novo mutations of CTCF, who
showed intellectual disability, microcephaly, and growth retardation[26]. RNA-seq
of peripheral blood lymphocytes from three patients with heterozygous mutations
of CTCF and eight healthy control individuals were performed previously[26]. To
detect if the TE subset gene signature was impacted in patients with haploin-

sufficiency of CTCF, we re-analyzed the RNAseq data specifically focusing on
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enrichment of TE and MP gene signatures. We observed that 62.5% of the TE
genes were downregulated in patients while the TE but not the MP gene signa-
ture was significantly enriched in healthy control individuals compared to patients,
suggesting that the TE subset might be affected in patients with CTCF mutation
(Figure 4.5a,b). Similarly, we found a significant enrichment of the Tem gene sig-
nature in the healthy group compared to patients, partially due to a remarkable
overlap between TE and Tem gene signatures (Figure 4.5¢,d). To further examine
the influence of haploinsufficiency of CTCF on the effector subsets’ transcriptional
programs, we categorized the TE- or MP-associated genes into key TF's, cytokines,
chemokines and other markers and compared their expression between healthy in-
dividuals and patients. We observed a downregulation of TE-associated TF's such
as Blimpl, Zeb2 and T-bet and an upregulation of MP-associated TFs including
Tecf7 and 1d3 in patients compared to healthy controls (Figure 4.5¢). Addition-
ally, we found that expression of IL-2 was dramatically increased in patients, in
line with the mouse phenotype of a higher production of I1L-2 after knockdown of
CTCF (Figure 4.5e). Taken together, these analyses suggest that the TE subset
transcriptional program may be impacted in humans with haploinsufficiency of
CTCF, however, differences in subset compositions may also impact this and we

are working to obtain new samples with age-matched controls.

4.3 Discussion

Here, we discovered a novel function for the genome organizer CTCF in

promoting the TE subset and suppressing Trm CD8*" T cell differentiation. Upon
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depletion of CTCF using two different CTCF shRNAs with graded knockdown effi-
ciency, we observed a dose-dependent role for CTCF in expansion and proliferation
of effector CD8" T cells. This is consistent with the findings that CTCF partic-
ipates in the proliferation and cell-cycle progression of a8 T cells in the thymus
in a dose-dependent manner[7]. Therefore, the CTCF shRNA with intermediate
knockdown efficiency allowed us to interrogate the role of CTCF in effector and
memory T cell differentiation due to the mild impact on cell proliferation. We
further observed impaired differentiation of terminal-effector, effector-like memory
and secondary effector CD8" T cells after knockdown of CTCF. These subsets
likely require CTCF to establish a high-ordered three-dimentional chromatin or-
ganization and a fine-tuned spatial control of gene expression to maintain their
"effector-like” transcriptional program. Intriguingly, the loss of CTCF promotes
the differentiation of Trm especially CD103% Trm, possibly due to upregulation of
TF's that are critical for Trm differentiation including Blimp1 and Hobit and down-
regulation of TFs that inhibit Trm differentiation including T-bet. The increased
binding of CTCF at the T-bet enhancer region and increased three-dimentional
interactions at the T-bet locus (data not shown) in the TE subset compared to
naive T cells suggest that CTCF may facilitate enhancer-promoter interactions of
the T-bet gene to promote TE-specific expression of T-bet. Given the essential
role of T-bet in promoting the TE subset while suppressing Trm differentiation,
the lower level of T-bet upon depletion of CTCF partially explains the observed
phenotypes including the defect in the TE and effector-like memory cells and the
increased Trm population. It is very likely that CTCF can activate or repress ex-

pression of key genes for specific subset differentiation through facilitating or block-
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ing the enhancer-promoter interactions in addition to its central role in establishing
high-order chromatin structures including TADs. A global characterization of the
transcriptional program and long-range interactions in T cells after knockdown
of CTCF would provide a snapshot of the CTCF-dependent enhancer-promoter

interactome that is critical for T cell differentiation.
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4.5 Methods

4.5.1 Mice

All mice were on a C57BL6/J background and maintained/bred in specific-
pathogen-free conditions in accordance with the Institutional Animal Care and
Use Committees (IACUC) of the University of California, San Diego (UCSD) or
purchased from the Jackson Laboratory, including wild type mice, TCR transgenic

P14 and OT-I mice.
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4.5.2 T cell transfer and infection

For shRNA knockdown experiments, total 2 x 10> OT-I or P14 cells were
transferred into recipient mice by intravenous injection. For ChIP-seq experiment,
1x10* OT-I cells were transferred into host mice intravenously. One day after T cell
transfer, mice were infected intravenously by 5 x 10° Lm-OVA or intraperitoneally
by 2x10° PFU LCMV-Armstrong. For secondary infection, mice were rechallenged

by intravenous injection of 1 x 10¢ VSV-OVA.

4.5.3 Tissue processing and cell preparation.

Spleens and lymph nodes were processed to get single-cell solution. Red
blood cells were lysed with ACK buffer (140 mM NH4Cl and 17 mM Tris-base,
pH 7.4). For isolation of lymphocytes from small intestine IEL compartment,
Peyers patches were removed and the intestine was cut longitudinally and subse-
quently cut laterally into 0.5-1 cm? pieces that were then incubated with 0.154
mg/ml dithioerythritol (DTE) in 10% HBSS/HEPES bicarbonate for 30 min at
37C while stirring. Then single-cell suspensions were separated using a 44/67%

Percoll density gradient to isolate lymphocytes.

4.5.4 Antibodies and flow cytometry.

The following antibodies were obtained from eBioscience: CD8a (53-6.7),
CD8b (eBio H35-17.2), CD62L (MEL-14), CD27 (LG-7F9), CD43(1B11), CD127
(A7R34), KLRG1 (2F1), CD103 (2E7), CD69 (H1.2F3), CD45.1 (A20-1.7), CD45.2

(104), CXCR3 (CXCR3-173), IFNy (XMG1.2), TNF (MP6-XT22), IL2 (JES6-
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SH4), and T-bet (4B10). For intracellular cytokine staining, splenocytes were
re-stimulated with XX OVA peptide for 4 hours with the presence of 1X Pro-
tein Transport Inhibitor Cocktail (ebioscience). To better preserve the ametrine
reporter signal in transduced populations, samples were fixed and permeabilized
using the Cytofix/Cytoperm Fixation/Permeabilization kit (BD). For flow cytom-
etry, all events were acquired on a BD LSRFortessa X-20 or a BD LSRFortessa
and analyzed using FlowJo software. Cell sorting was performed on BD FACSAria

or BD FACSAria Fusion instruments.

4.5.5 shRNA knockdown.

The CTCF shRNA sequence were shown as follows. CTCF#1: CCAGAT-
GAAGACTGAAGTCAT,; CTCF#2:GCAGAGCATTCAGAACAGTGA. For tran
sfections, PLAT-E cells were seeded in the middle 60 wells of a 96-well flat-bottom
plate at a density of 4 — 6 x 10* cells per well one day before transfection. Next,
each well was individually transfected with 0.2 ug of DNA from each pLMPd-Amt
clone and 0.2 pg of pCL-Eco using TransIT-LT1 (Mirus) in Opti-MEM medium.
The medium was replaced by T cell medium after 16h and the retroviral super-
natant were collected 36, 48 and 60h after transfection. For CD8" T cell activation,
naive CD8" T cells from spleens and lymph nodes were negatively enriched using
MACS columns and 2 x 10° OT-I or P14 cells were plated in the middle 60 wells
of 96-well round-bottom plates pre-coated with 100 pug/ml goat anti-hamster IgG
(H+L, Thermo Fisher Scientific) and 1 pug/ml anti-CD3 (145-2C11) and 1 ug/ml
anti-CD28 (37.51) (eBioscience). Culture medium was replaced after 18h of acti-

vation with retroviral supernatant mixed with 50 pM BME and 8 ug/ml polybrene
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(Millipore) followed by spin-infection (60 min centrifugation at 2000 rpm, 37 C).
The plate was incubated at 37 C for 2h after spin-infection and then the retroviral
supernatant were removed and replaced by T cell medium for 24h. Cogenically-
distinct OT-I or P14 cells that were transduced with shCD19 or shCTCF, were
mixed at 1:1 ratio after 24h transduction and then transferred into host mice in-

travenously followed by Lm-OVA or LCMV-Arm infection.

4.5.6 RT-qPCR.

0.2 — 1 x 10 cells were sorted directly into Trizol and RNA was extracted
by chloroform and isopropanol precipitation. CDNA was synthesized using Super-
script II (Life Technologies) following manufacturer’s instructions and quantitative
PCR (qPCR) was performed using the Stratagene Brilliant IT Syber Green master
mix (Agilent Technologies). The qPCR primers were used as follows: CTCEF-
forward: 5-TGACACAGTCATAGCCCGAAAA-3’, CTCF-reverse: 5-TGCCGT
GATCAATATAGGAATGC-3’, Hprt-foward: 5-GGCCAGACTTTGTTGGATTT-

3, Hprt-reverse: 5-CAACTTGCGCTCATCTTAGG-3.

4.5.7 Western Blotting.

Naive CD8" T cells isolated from spleens and lymph nodes were in vitro ac-
tivated by 1 pg/ml anti-CD3 and 1 pug/ml anti-CD28 for 24h and then transduced
with shCD19 or shCTCF and then cultured for 48h with 100 U/ml IL-2. 2 x 10°
Ametrine+ cells were sorted, lysed and resolved by SDS-PAGE. CTCF (07-729,
Millipore) and S-actin (Santa Cruz Biotechnology) were detected by immunoblot-

ting.
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4.5.8 ChIP-seq and computational analysis.

5 x 10 KLRG1" CD8* T cells were sorted from spleens and lymph nodes
from mice infected for 8 d with Lm-OVA, fixed in 1% formaldehyde for 10 min,
and subsequently quenched with 0.125 M glycine. Cells were lysed and sonicated
to generate 250-500 bp fragments using Bioruptor. 30ul magnetic-dynabeads were
mixed with 5ug CTCF antibody (07-729, Millipore) in 500ul blocking buffer and
rotated for at least 4h and then mixed with diluted lysate and rotated overnight at
4C. Beads were washed, eluted and reverse-crosslinked at 65C overnight and then
treated with RNAse for 30 min at 37C and Proteinase K at 55C for 1h. DNA was
purified by Zymo DNA Clean & Concentrator kit (Zymo Research). The ChIPed
DNA was end-repaired using End-it End-repair kit(Epicentre) and then added an
A base to the 3 end of DNA fragments using Klenow (NEB). Then DNA was lig-
ated with adaptors using quick DNA ligase (NEB) at 25C for 15 min followed by
size selection of 200-400 bp using AMPure SPRI beads(Beckman Coulter). The
adaptor ligated DNA was amplified using NEBNext High-Fidelity 2X PCR mas-
ter mix(NEB). Then the amplified library was sized selected as 200-400bp using
SPRI beads and quantified by Qubit dsDNA HS assay kit (ThermoFisher). Finally
the library was sequenced using Hiseq 2500 for single-end 50bp sequencing to get
around 10 million reads for each sample. ChIP-seq sequence reads were aligned to
mm10 using bowtie2 and analyzed to generate bedgraph files for UCSC genome
browser visualization using Homer. For human PBL RNA-seq analysis, the nor-
malized gene expression data was downloaded from GEOXX and the volcano plots
were generated by Genepattern multiplot studio module. GSEA was performed

by using the GSEA module in GenePattern, and the normalized enrichment scores

134



and false-discovery rate q values were determined by using the permutation test.
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4.6 Figures
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Figure 4.1: CTCF is essential for terminal differentiation of effector
CD8* T cells. a, Naive CD8" T cells were first activated in vitro by anti-CD3
and anti-CD28 for 24h and then transduced with retrovirus expressing shRNA
targeting CD19 (shCtrl) or two different shRNAs targeting CTCF (shCTCF) and
further cultured for 48h. The CTCF shRNA knockdown efficiency was measured
at both CTCF mRNA level using quantitative RT-qPCR, (left, results were pre-
sented as fold change relative to shCtrl) and CTCF protein level using Western
Blot (right, f-actin was used as loading control). b, Schematic of experimental
design. Cogenically distinct OT-I CD8" T cells were transduced with retrovirus
expressing shCtrl or shCTCF, mixed at a 1:1 ratio, then transferred to host mice
followed by Lm-OVA infection for 7 days. c, Representative FACS plots show-
ing the ratio of transduced cells between shCtrl and shCTCF(left: shCTCF#1;
right: shCTCF#2) isolated from spleens before co-transfer and 7 days after trans-
fer and Lm-OVA infection. Numbers in plots represent the percentage of cells.
d, Representative FACS plots showing the expression of KLRG1 and CD127 of
transduced cells isolated from spleen on day 7 after infection. e, Quantification
of the frequency (left) and the absolute number (right) of KLRG1MCD127" and
KLRG1°CD127" population from shRNA-transduced cells represented in (d). f,
Representative FACS plots showing the expression of intracellular cytokines IFN~
and TNF« (top left) or IL2 (bottom left) in transduced cells isolated from spleens
on day 7 Lm-OVA infection and restimulated by OVA peptide for 4h. Quantifica-
tion of the frequency of IFNYTTNFa™ (top right) and IFNyTIL2" (bottom right)
populations from shRNA-transduced cells. Data shown are representative of two
independent experiment; n=3-5 mice per group. *, P < 0.05; ** P < 0.01; *** P
< 0.001 (two-tailed paired Students t test).
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Figure 4.2: The loss of CTCF impacts specific memory subset and sec-
ondary effector T cell differentiation. a, shCtrl and shCTCF#1 transduced
OT-1 CD8" T cells were co-transferred into host mice followed by Lm-OVA in-
fection. The frequency of KLRGIMCD127% (left) and KLRG1°CD127" (right)
population from shRNA-transduced cells in PBL on indicated days after infection
is shown. b-c, Representative FACS plot showing the expression of KLRG1 and
CD127 (b), CD43 and CD27 (c) of transduced cells isolated from spleens on day
30 after infection. d, Quantification of the frequency of KLRG1MCD127"° and
KLRG1°CD127" population in transduced cells in spleen on day 30 after infec-
tion. e, Representative FACS plot showing the expression of CD44 and CDG62L
(left) of transduced cells same as in (B) and the frequency of CD44MCD62L" in
transduced cells (right). f, Schematic of recall experiment design. shCtrl and
shCTCF#1 transduced OT-I CD8" T cells were co-transferred into host mice fol-
lowed by Lm-OVA infection. 30 days after the primary infection, recipient mice
were re-infected with VSV-OVA. g, The frequency of transduced cells in PBL on
day 30 of Lm-OVA infection before re-infection. h, Kinetics of the number of total
transduced cells (left), KLRG1™ (middle) and KLRG1" (right) population in PBL
per million before and after VSV-OVA reinfection on indicated days. Numbers
in plots represent the percentage of cells. Data shown are representative of two
independent experiment; n=3-5 mice per group. *, P < 0.05; ** P < 0.01; *** P
< 0.001 (two-tailed paired Students t test).
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Figure 4.3: CTCF suppresses Trm differentiation in response to LCMV
infection. a, Schematic of experimental design. Congenically distinct P14 CD8*
T cells were transduced with retrovirus expressing shCtrl or shCTCF#1, mixed
at 1:1 ratio, and then transferred to host mice followed by LCMV-Armstrong
infection. Lymphocytes isolated from spleen and small intestine were analyzed
on day 15 after infection. b, Representative FACS plot showing expression of
KLRG1 and CD127 of transduced cells isolated from spleen. c-d, Quantification
of the frequency (c) and the absolute number (d) of KLRG1MCD127% (left) and
KLRG1°CD127" (right) population in transduced cells isolated from spleen on
day 15 after infection. e, Quantification of the frequency of shCtrl and shCTCF
transduced cells in small intestine (IEL) and spleen (Sp) as indicated in (a). f,
Representative FACS plot showing expression of CD69 and CD103 of transduced
cells from IEL. g, Quantification of the frequency (left) and the absolute number
(right) of CD69TCD103% populations of transduced cells from IEL on day 15
after infection. Numbers in plots represent the percentage of cells. Data shown
are representative (b,c, d and f) and cumulative (e and g) of three independent
experiment; n=3-5 mice per group. *, P < 0.05; **, P < 0.01; *** P < 0.001
(two-tailed paired Students t test).

141



(2]

% of transduced cells

N oW A o

shCtrl ShCTCF
b
P14
LCMV
[ )
shCtrl :0. infection ~ Spleen, IEL
° @ phenotype
shCTCF ¢"e day 20 Q
#1 L X ] ['q
-
X
KLRG1"CD127° KLRG1ocD127"  d KLRG1"CD127° KLRG1°CD127"
0 —* & — o 0207 * 0.20 s
0 * = 3 015 e 015 .
J - o 0 g :
o
. : - 2 2 0.10 — 010{ —— =5
0 4 o Zx - . -
£ 7 0.5 0.05:
0 e —
0 T T 0 y T * 0,00 y ¥ 0.00 T T
shCtrl  shCTCF shCtrl  shCTCF shCtrl  shCTCF shCtrl  shCTCF
f IEL
100
= shCtrl shCTCF
5 80 {384 483 15.3 77
Q
S 60 ]
o
2
8 40 1 @ S
5 20
2 | 0
ol— T T T © 4
ShCtrl shCTCF shCtrl shCTCF 8 ] N
EL S 132 6.85
CD103
CD69+CD103+ CD69+CD103+
2100 —kkk 0.08 —_—
8 &0 " 3 ’
3 o Taga® S 0.06
$ &0 : = R
2 = . 5 S 004
S 40 . . Bc
£ . . s
S 2 . £ o0
= 0 ; ol —=e
shCtrl shCTCF shCtrl shCTCF

142



Figure 4.4: CTCF regulates gene expression of key TFs for effector
and memory CD8% T cell differentiation. a, Schematic of experimental
design. Congenically distinct OT-I CD8" T cells were transduced with retrovirus
expressing shCtrl or shCTCF#1, mixed at a 1:1 ratio, and then transferred to
host mice followed by Lm-OVA infection. KLRG1" and KLRG1" subsets from
shCtrl and shCTCF transduced populations isolated from spleen were sorted in
Trizol on day 8 after infection followed by RNA extraction and RT-qPCR. b, A
heatmap generated from RT-qPCR data showing the fold change of gene expression
of key TF's in shCtrl versus shCTCF cells. ¢, A proposed model for CTCF-T-bet
regulatory axis responsible for specific effector and memory CD8" T cell subsets
differentiation. d, ChIP-seq analysis of CTCF and H3K27ac at T-bet loci in naive
(TN) and terminal effector (TE) CD8" T cells. The differential CTCF binding
peaks are highlighted in grey.
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Figure 4.5: Heterozygotic mutation of CTCF in patients impacts the TE
gene signature in peripheral blood lymphocytes. a, Volcano plot comparing
gene expression between healthy control individuals and patients harboring de
novo mutation of CTCF overlaid with genes that are >1.5 fold upregulated in TE
compared to MP (TE gene set, left) or in MP compared to TE (MP gene set,
right). b, Gene Set Enrichment Analysis (GSEA) of RNA-seq from lymphocytes
between healthy control individuals and patients with TE-specific (left) or MP-
specific (right) gene signature. NES: normalized enrichment score; FDR q: false
discovery rate q value. ¢, Volcano plot comparing gene expression between healthy
control individuals and patients overlaid with genes that are >1.5 fold upregulated
in Tem compared to Tem (Tem gene set, left) or in Tem compared to Tem (Tem
gene set, right). d, GSEA of RNA-seq from lymphocytes between healthy control
individuals and patients with Tem- (left) or Tem- (right) associated gene signature.
e, Relative expression of key transcription factors (left), cytokines (middle), and
chemokines (right) between healthy control and patients. Bars colored in black
are genes associated with TE and Tem differentiation and bars colored in grey are
genes associated with MP and Tcm differentiation.
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Chapter 5

Conclusion

In response to pathogen infection, the CD8" T cell commitment to a spe-
cific effector or memory subset is sophisticatedly mediated by a series of cell-
intrinsic TF regulators that can sense cell-extrinsic factors including antigen load,
TCR strength and cytokine environment. FEfficient transcriptional regulation re-
quires cooperation between TF regulators and chromatin remodelers to instruct
TF binding to specific regulatory elements encoded in the chromatin landscape in
a spatial-temporal manner. Considerable effort has been invested to identify key
TF regulators responsible for T cell fate determination; however, how the chro-
matin landscape/state impacts the TF behavior in distinct subset differentiation
remains poorly explored. To fill this gap, we performed ChIP-seq for histone marks
H3K4mel, H3K4me3, H3K27ac and H3K27me3 to characterize the chromatin state
for effector and memory CD8' T cells. Ultimately, we generated a catalog of
regulatory elements containing enhancers and promoters for T cell differentiation
(Chapter 2). Combining the chromatin state and chromatin accessibility generated

from ATAC-seq data, we showed that subset-specific enhancers are established by
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key TFs to regulate unique transcriptional programs for T cell subset differenti-
ation (Chapter 2). Proper and stable long-range interactions between enhancers
and promoters are critical to maintain the expression of key genes responsible for
specific subset differentiation. Indeed, disruption of enhancer-promoter looping
by knocking down the genome organizer CTCF dramatically impaired terminal
effector, effector-like memory and secondary effector CD8" T cell differentiation
(Chapter 4). Interestingly, a mild pertubation of CTCF promoted CD103% Trm
differentiation, possibly due to a decreased expression of T-bet which suppresses
Trm formation (Chapter 4). It is still unclear how CTCF, a constitutively ex-
pressed chromatin architecture protein functions in a subset-specific manner. Fu-
ture studies examining how interactions between CTCF and lineage-specific TFs
or chromatin remodelers impacts gene expression and genome organization will
provide insight into the role of CTCF in cell-type-specific regulation.

Naive T cells responding to infection can establish and effector T cell popu-
lation with a range of differentiation states. The spectra of cell states are generated
when the TF-gene regulatory circuits integrate varied inputs. These inputs include
trans inputs such as expression levels of TFs and cis regulatory modules including
enhancer and promoter elements that are bound by TFs and chromatin remod-
elers to regulate gene expression[l]. Regulatory circuits can be identified using a
trans genomic approach based on the correlation of gene expression between TF's
and putative targets|2, 3, 4]. However, this co-expression pattern does not mean
a causal relationship or a direct binding of a TF to its target. In addition, this
approach may miss the TF regulators that are not differentially expressed in dis-

tinct subsets but regulate different gene targets owning to the impact of chromatin
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state, chromatin accessibility, chromatin organization and availability of cofactors.
On the other hand, the cis genomic approach using TF motifs enriched in cis reg-
ulatory elements of genes to identify TF-gene regulatory circuits also has its own
limitations. For example, it is difficult to assign the distal enhancers to the gene
promoters given the varying long distances between enhancers and their targets.
A binding of TFs on the regulatory elements of genes does not necessarily give
rise to functional expression outputs. To resolve the limitations of these genomic
approaches, it is essential to exploit more than one strategy and integrate multi-
ple datasets including global expression profiles, chromatin state/accessibility and
chromatin organization information. A comprehensive integration of these data
types requires a more systemic and sophisticated computational method to deci-
pher the complex molecular network, extract the useful transcriptional circuits and
prioritize the biologically meaningful TF regulators with increased magnitude and
complexity. In this dissertation, we developed a computational framework combin-
ing gene expression profiles, chromatin state and chromatin accessibility datasets
to identify key molecular drivers for specific T cell subset differentiation (Chapter
2). We first determined accessible cis regulatory elements from ChIP-seq of his-
tone modifications and ATAC-seq, and then scanned for enriched TF motifs and
assigned them to gene targets to construct a TF-gene network. Differential gene
expression across different states and conditions can be assigned to gene targets
with distinct weights in the network. Finally, we applied the PageRank agolrithm,
a Google-based webpage ranking agolrithm to prioritize TF regulators based on
the quantity and quality of gene targets potentially regulated by this TF (Chap-

ter 2). Future incorporation of chromatin organization data like HiC or HiChIP
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of enhancer marks will provide a more accurate linking of TFs to their gene tar-
gets. In addition to assigning weights to nodes (gene targets), we can further
assign distinct weights to the edges (the links between TF and gene targets) based
on TF-gene co-expression pattern, TF-binding affinity and TF-bound enhancer
activity. To validate the computational discoveries, we used retroviral-mediated
shRNA knockdown to uncover novel roles of two TFs YY1 and Nr3cl in regulating
TE and MP subsets, respectively (Chapter 2). We further expanded this shRNA
knockdown strategy to a large-scale genetic perturbation using a pooled shRNA
screen combined with a PageRank-based computational screen which narrows down
the predicted TF candidates. This double screen enabled us to probe molecular
drivers in a highly efficient and unbiased way. In particular, we identified Runx3,
a transcription factor with ubiquitous expression during differentiation, to have an
essential role in the regulation of the tissue-residency gene expression program in
non-lymphoid tissues and tumors (Chapter 3). Importantly, when we manipulated
this regulatory circuit by overexpressing Runx3 in CD8" T cells, we observed a
higher infiltration and residency of T cells in tumors that ultimately prevented
tumor growth (Chapter 3). Taken together, our PageRank-based computational
framework can be applied to any cell differentiation or tissue development to de-
code the transcriptional network and identify important TF regulators. With the
advance of single-cell RNA-seq, single-cell ATAC-seq and CRISPR genome editing
technologies, we can further refine the molecular network at the single cell level and
precisely manipulate regulatory circuits to control specific cell type differentiation

and function.
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