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Science knows no country, because knowledge belongs to humanity,
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Louis Pasteur



TABLE OF CONTENTS

Dissertation Approval Page . ........ .. 1ii
Dedication .. ...t e v
Epigraph . . .o \'%
Table Oof CONtENtS . ... ...ttt e e e e ettt et vi
List Of FIgures . . ... oo e e viii
Acknowledgements . . .. ... e X
Vb o e X
Abstract of the DisSertation .. .............u .ttt ittt xi
Chapter 1 Introduction .. ...... ... i e 1
1.1 TheTecelllineage ...........ooouniimii e 1
1.1.1 CD4" Helper T cells (The Helpers) .........cooviieeeeiii.. 3
1.1.2 CDS8" Cytotoxic T cells (The Killers) ............................. 5
1.2 The importance of MEeMOTY ... ......utnin ittt 6
1.2.1 Memory differentiation Cues . . ...........iiniinininenenn .. 7
1.2.2  Transcriptional regulation of memory Tcells ....................... 9
1.3 Memory Helper Tcells ....... ... 12
1.3.1 Tyl and Tpg CD4* memory Tcells.......oooovieeeoo .. 14
1.32 Ty2CD4"memory Tcells ..o 18
1.33 Tyl7CD4*memory Tcells ..., 19
1.3.4 Tissue-resident CD4* memory Tcells..................oiiiaa.. 20
L4 DISCUSSION .« ..ttt ettt e e e e e e e e e e e e e e e 21
Chapter 2 Id3 expression identifies mouse CD4* memory Tyl cells ............... 23
2.1 INtrodUCtion . .. ...ttt e 23
2.2 RESUILS .o e 25
2.2.1 Helper CD4* T cells share transcriptomic characteristics with cytotoxic
CD8 T CellS . oottt 25
2.2.2 1d3-GFP-expressing memory CD4" T cells expand and give rise to Ty 1
and Ty secondary effector cell populations . ....................... 26
2.2.3 Id3—GFPh‘. Tyl memory cells accumulate at memory time points ... ... 27
2.2.4 1d3-GFPM Tyl memory cells give rise to Tyl and Tgy cells in a sec-
ONAArY TESPOMNSE . . .. v e vt ettt e et e e et et e e e e 28
2.2.5 1d3 expression defines a transcriptionally distinct Ty 1 memory population 29
2.3 DISCUSSION . vttt ettt et e e e e e e e e e e 31

Vi



Chapter 3 Unbiased approach for investigating putative transcriptional regulators of

memory CD4" T cellS. ...t 44

3.1 INtrodUuCtion . .. ...ttt e 44
3.2 Effector and Memory Tyl and Ty cells possess unique epigenetic signatures .. 45

3.3 PageRank analysis generates putative TFs for CD4* memory Tcells.......... 46
3.3.1 Putative regulators of Tgl and Tpg memory........................ 47

3.4 Functional validation of predicted TFs via Cas9-gRNA ribonucleoproteins. . . . . 48
3.4.1 Functional validation of putative regulators: Srebf2 and Rorb ......... 49

3.5 DISCUSSION . vttt et et e e e e e e e e 52
Chapter 4 ConClUSION . . ..ot 65
Appendix A Materials and Methods . ......... ... .. .. . i 68
Bibliography . . ... 72

vii



Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 2.1.
Figure 2.2.
Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 3.1.
Figure 3.2.
Figure 3.3.
Figure 3.4.
Figure 3.5.
Figure 3.6.
Figure 3.7.

Figure 3.8.

Figure 3.9.
Figure 3.10.
Figure 3.11.

Figure 3.12.

LIST OF FIGURES
CD4" helper T cell SUbSets. .. .....ouiii i

A model of CD4* memory T cell formation. .........................

Shared transcriptional features between CD4* and CD8" memory T cells.
Id3 expression defines CD4* T cells with increased memory potential. . . .
The Ty 1 population contain Id3-expressing cells. .....................

1d3-GFP" Ty 1 memory cells exhibit increased accumulation and multipo-
tency upon rechallenge. .. ....... ... ... i i i

Id3-GFP" cells are a transcriptionally distinct Ty;1 memory cell subset. . .

Single-cell RNA-seq and bulk-RNA sequencing of memory SMARTA
CDAY T CellS. .ttt

Experimental schematics for RNA- and ATAC-sequencing. .............
Epigenetic landscape of effector and memory CD4* helper T cells. ......
PageRank Analysis Workflow Overview. ............................
Putative regulators of memory Tpyg.. ...,
Putative regulators of memory Tygl. ...... .. .. .. ... .. .. ... ...
Complete list of putative regulators for memory CD4* T cells. ..........
Electroporation of CRISPR/Cas9 ribonucleoprotein complex. ...........

Experimental schematics for validating putative regulators of memory
CDAY T Cells. oot e e

CRISPR/Cas RNP Electroporation Efficiency. . .......................
TIDE validation of Cripsr-mediated InDels. ..........................
Effector timepoint analysis of CRISPR-edited T cells. .................

Memory timepoint analysis of CRISPR-edited T'cells..................

viii

5

14

34

35

37

42

55

56

57

58

60

63



ACKNOWLEDGEMENTS

I would like to acknowledge my mentors Stephen Hedrick and Ananda Goldrath. I have
learned so much through their guidance and nurturing, both in- and outside of the laboratory.
Without their support, this could not have been possible. I want to thank Ananda for the countless
delicious Regents pizzas throughout the years! A huge thanks to the members of the Goldrath
and Hedrick labs, both past and present. I want to thank Kyla especially for all her guidance
during my PhD. This was a fruitful yet challenging journey and I definitely could not have done
it without my fellow lab members. I also want to acknowledge all my committee members for
their guidance and input throughout this journey. It has been an absolute pleasure learning from
all of you.

Chapter 1, in part, is a reprint of the material as it appears in Immunology. Nguyen,
Q. P, Deng, T. Z., Witherden, D. A., and Goldrath, A. W. Origins of CD4* circulating and
tissue-resident memory t-cells. Immunology 157, (2019), 3—12. The dissertation author was a
primary author of this paper.

Chapter 2, in full, has been submitted for publication of the material as it may appear
in PNAS, 2021. Shaw, L. A., Deng, T. Z., Omilusik, K. D., Nguyen, Q.P., and Goldrath, A. W.
1d3 expression identifies mouse CD4* memory Tyl cells. The dissertation author was a primary
investigator and a first author of this paper.

Chapter 3, in part, is currently being prepared for submission for publication of the
material. Deng, T. Z., Goldrath A. W. The dissertation author was a primary investigator and

author of this material.

X



VITA

2011-2015 B.S. in Biomechanical Engineering, Stanford University
2015-2016 Staff Research Associate, Stanford University.

2017-2020 Teaching Assistant, Division of Biological Sciences
University of California, San Diego

2016-2021 Doctor of Philosophy, University of California, San Diego

PUBLICATIONS

Loh K. M, Chen A., Koh P. W,, Deng T.Z., et al. Mapping the Pairwise Choices Leading
from Pluripotency to Human Bone, Heart, and Other Mesoderm Cell Types. Cell 166, (2016),
451-467.

Nguyen, Q. P, Deng, T. Z., Witherden, D. A., and Goldrath, A. W. Origins of CD4* circulating
and tissue-resident memory t-cells. Immunology 157, (2019), 3—12.



ABSTRACT OF THE DISSERTATION
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Upon infection, naive T cells proliferate and differentiate into highly specialized effector
cells to combat the invading pathogen. Naive CD4" T cells have the potential to differentiate
into multiple functionally distinct T helper (Ty) subsets based on the type of infection. Differing
pathogens elicit distinct infection milieux that help direct the differentiation of naive CD4* T
cells to ensure that each class of pathogen is countered with the appropriate immune response.
The majority of effector T cells will die as the infection wanes, while a small proportion of cells
will survive to established a long-lived memory population. This memory population is essential
for improved antibody responses and also enables a rapid and robust secondary response against

recurring pathogens, thus conferring lasting cellular immunity.
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However due to the functional breadth of CD4" T cell lineages, the identification of a
conserved memory CD4" T cell precursor and memory population across Ty lineages has proved
challenging. Lack of such knowledge impedes the ability to investigate conserved mechanisms
of memory CD4" T cell formation and regulation. To better understand the biology of CD4*
memory T cells, we sought to identify a conserved marker of memory CD4* T cells across
different Ty subsets. Utilizing fluorescent reporter mice, we found that expression of 1d3, an
inhibitor of E protein transcription factors, identified a population of cells within both the CD4*
Try and Ty 1 helper lineages that exhibited memory potential in response to secondary infection.
Notably, a subset of Tyl memory cells expressing Id3 exhibited enhanced expansion upon
response to pathogen, generating both Ty 1 and Ty secondary effector cell populations, and
displayed enrichment of key molecules associated with memory potential when compared to
Id3!° Ty1 cells. Relative to Id3!° Tyl memory cells, Id3M Ty 1 cells exhibited a transcriptomic
profile more akin to that of memory T lymphocytes. Thus, we found that 1d3 expression serves
as an important marker of multipotent memory CD4" T cells.

To investigate novel regulators of CD4" memory T cells, we took a computational ap-
proach by using Assay for Transposase-Accessible Chromatin with high-throughput sequencing
(ATAC-seq) and bulk RNA sequencing (RNA-seq) of effector and memory CD4* T cell popula-
tions. We leveraged the PageRank algorithm to first predict putative regulators based on changes
in transcriptomic expression as well as chromatin accessibility between effector and memory
CD4™" T cells. Validation of predicted targets utilized the electroporation of CRISPR/Cas9 RNP
complex to achieve loss-of-function disruptions of target genes in CD4" T cell prior to LCM V-
Armstrong infection. Although initial testing of predicted targets Srebf2 and Rorb did not reveal
significant effects in CD4" memory T cell formation, the optimization of the CRISPR/Cas9
RNP system has provided an efficient and reliable method for gene-disruption in T cells that
undoubtedly expands our ability to investigate T cell biology. Future experiments utilizing this
workflow have the potential to identify conserved regulators of CD4" precursor and memory

T cell populations across Ty lineages, shedding light on possible mechanism for CD4* T cell
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memory formation.
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Chapter 1

Introduction

The invention of vaccines is undoubtedly one of the greatest achievements in human
history. However despite this incredible innovation, infectious diseases still remain one of the
leading causes of death globally. In 2019 the world was ambushed by the SARS-Cov?2 virus,
ultimately leading to the COVID-19 pandemic. Aside from mandatory facial barriers, social
distancing policies were implemented forcing countries all over the world into a lock-down state.
The world ground to a halt while financial and social consequences continued to accrue. Despite
setbacks, humanity was able to manufacture a safe vaccine against the virus at an unprecedented
pace of just one year. Our ability to rapidly respond to an emergency public health crisis relies
heavily on our scientific understanding of the immune system, the combined product of decades
of dedicated research. The COVID-19 pandemic perfectly exemplifies the tangible benefits of
the scientific endeavor and more importantly highlights the necessity of our unrelenting pursuit

for understanding the unknown.

1.1 The T cell lineage

Our body’s immune system is a complex network of cells and proteins that are constantly
operating in unison to combat against invading harmful pathogens - bacteria, fungi, viruses or
other disease-causing agents. The first line of defense for our immune system is simply an outer

covering, such as skin which prevents pathogens from entering the body. However sealing off the



entire body surface is impossible due to gas exchange, nutrition and reproduction requirements.
The body’s entrance and exits are guarded by secretions that trap or kill microbes, while epithelial
linings of the airway, digestive track and other exchange surfaces provide additional barriers
against infection. However, once a pathogen gains entry into the body, the strategy for its
elimination changes vastly.

After breaching barrier defenses, the pathogen is no longer an outsider, therefore the
immune system must be able to detect foreign particles and cells within the body. Such an
achievement is contingent upon the body’s ability to distinguish self from non-self. This is
accomplished via molecular recognition between the binding of immune cell surface receptors
and molecules from foreign pathogens. This specific binding of immune receptors to foreign
particles is the principal event in identifying non-self molecules from self. There are two main
types of molecular recognition which are central to two different types of immune defenses:
innate immunity, which is found in all animals, and adaptive immunity, which is found only in
vertebrate species.

Innate immunity, which encompasses the body’s barrier defenses, utilizes a small set of
surface protein receptors that recognize molecules or structures that are absent from the body
but are commonly expressed by groups of viruses, bacteria or other pathogens. This recognition
event triggers the innate immune responses that eliminate a very broad range of pathogens.
Immune cells directly involved in the innate response include macrophages, natural killer (NK)
cells, dendritic cells, neutrophils, eosinophils, and basophils. Adaptive immunity utilizes a much
broader range of receptors, and each of which recognizes a specific feature found only on a
certain part of a certain molecule in a certain pathogen. This allows adaptive immune cells to
achieve incredible recognition specificity against invading pathogens. However the adaptive
immune response is typically activated after the innate immune response and develops more
slowly. Adaptive immune cells include B and T lymphocytes as well as natural killer T cells. The
T cell lineage can be further subcategorized into helper and killer T cells based on the surface

expression of CD4 or CD8 respectively.



B cells are a lineage of lymphocytes that are responsible for the production of antibodies
in humoral immunity. Progenitor B cells arise in the bone marrow, similar to T cell progenitors.
However B cells mature in the bone marrow while T cell progenitors emigrate into thymus for
maturation. B cells utilize B cell receptors (BCRs) on their cell surface to specifically bind a
wide range of antigens. Upon activation, B cells proliferate and can differentiate into antibody-
secreting cells or memory B cells that release antibodies which can elicit a wide range of immune
function based on antibody type. Natural killer T (NKT) cells are a specialized hybrid between
innate and adaptive immune cells. They are an innate-like T cell subset that typically express an
invariant T cell receptor a-chain which recognizes lipids presented on the surface protein CD1d.
Upon activation, NKT cells can directly eliminate target cells or influence innate and adaptive
immune cells to indirectly kill infected cells. These NKT cells differentiate in the thymus into
distinct subsets that are highly analogous to subsets in CD4* helper T cells, affording them a

wide range of possible immune functions.

1.1.1 CD4* Helper T cells (The Helpers)

Our immune system is continuously challenged by divergent threats ranging from viruses
to bacteria to fungi, which require different strategies to limit and eliminate. Therefore, diversity
amongst invading pathogens necessitates flexibility within the immune response. Within the
adaptive branch of the immune system, CD4* T cells can best exemplify this immune adaptability.
In response to invading pathogens, naive CD4" T cells proliferate and have the potential to
differentiate into at least seven functionally distinct T helper (Ty) subsets with unique effector
functions [95]. These Ty subsets play pivotal roles in adaptive immunity but can also influence
the innate immune response [132]. Depending on the type of immunological threat, early host-
pathogen interactions will result in an infection milieu that directs differentiation of naive CD4*
T cells to acquire the helper functions to ensure that each class of pathogen is countered with the
appropriate immune response [155].

Naive CD4* T cells originate as common lymphoid progenitors from the bone marrow,



which then undergo development in the thymus to finally execute their immune functions in
peripheral tissues as well as secondary lymphoid organs (SLOs) such as the spleen, lymph nodes
and Peyer’s patches [77]. The thymic selection process ensures that CD4™ T cells can efficiently
recognize foreign antigens without eliciting an autoimmune response against self-antigens.
To become an activated T cell, naive CD4* T cells are first activated in lymphatic tissues by
professional antigen presenting cells (APCs). APCs will present pathogenic antigens on major
histocompatibility complex (MHC) class II molecules, while also providing a costimulatory
signal to fully activated the naive Ty cell. This activation event will drive the Ty cell to
differentiate into distinct T effector (Tegr) populations based on the nature of the infection. CD4*
Tefr cells mediate defensive mechanisms against invading pathogens through the production
of effector cytokines, such as interferon (IFN) and interleukins (ILs), that serve a myriad of
functions including: activating innate (macrophages) and adaptive (CD8* T cells) immune cells
to kill infected cells as well as helping B cells undergo class-switching and somatic hypermutation
to produce high-affinity antibodies for mediating humoral immune responses [3, 155, 116].
Based on the expression of signature Ty cytokines as well as lineage-specifying master
transcriptional factors (TFs), circulatory CD4* Ty cells can be broadly categorized into five
major lineages: Tyl (IFN-y and T-bet) Ty2 (IL-4 and GATA3), Tiy17 (IL-17 and RORYt), Try
(T Follicular Helper)(IL-21 and Bc¢l6), and Ty (T regulatory)(IL-10 and Foxp3) (Figure 1.1)
[37]. Other Ty subsets have also been proposed including Ty3 [20], Tg9 [30, 139], Ty22 [36],
and Tr1 [48]. However the underlying biology behind these subsets are not as well established
and thus will not be discussed further in this dissertation. Among CD4* Helper T cell subsets,
the Tyl lineage mediates type 1 responses to protect against intracellular pathogens such as
viruses, bacteria, and protozoa via the activation of type 1 macrophages as well as other immune
cells [155]. The T2 lineage “coincidentally” is responsible for eliciting type 2 responses against
infections such as helminth parasites. T2 cells do so by the activating type 2 macrophages as
well as recruiting basophils, eosinophils, and mast cells to the infection site [49]. The "rebellious”

Ty 17 lineage induces type 3 responses against extracellular bacteria and fungi via induction of
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Figure 1.1. CD4" helper T cell subsets. Differentiation of naive CD4* T cell into distinct Ty
subsets is controlled by key transcription factors and cytokines.

antimicrobial peptide production by epithelial barrier tissues as well as neutrophil recruitment
[129]. The Tgy lineage are vital to supporting B cells in antibody responses. Tgy cells promote
germinal center formation, antibody affinity maturation, and immunoglobulin class switching
[28]. Most licensed human vaccines work on the basis of long-term protective antibody responses,
therefore Try cells are essential mediators of vaccine-based protective immunity. Lastly the Treg

lineage is critical for ensuring immune tolerance and preventing autoimmune illnesses [33].

1.1.2 CD8* Cytotoxic T cells (The Killers)

The other subset of T lymphocytes is the CD8* T cell, which is required for eradicating
intracellular pathogens and plays a crucial role in the clearance of infections as well as tumors

[17, 89]. During an infection, naive CD8" T cells encounter pathogenic peptides presented in



the contest of MHC class I molecules presented by APCs in the secondary lymphoid tissues. T
cell receptor (TCR) binding along with co-stimulation will activate the CD8" T cell to rapidly
proliferate and differentiate into a potent cytotoxic T cell (T¢), which then migrates to the sites
of infection [67, 63]. These T¢ cells then produce effector cytokines (i.e. IFNy and TNFo) and
can release cytolytic molecules (i.e. perforin and granzymes) or utilize FAS ligands binding
to eliminate infected cells and clear the infection. This expanded population of effector CD8*
T cells is a heterogenous population composed of terminal effector (TE) T cells (identified by
high cell surface expression of killer cell lectin-like receptor G1 (KLRG1) and low levels of
Interleukin-7 receptor (IL-7Ra, CD127)) and memory precursor (MP) T cells (identified by
KLRG1°CD127M) [67].

1.2 The importance of memory

Once the CD4* and CD8" T cells eliminate the pathogen, the majority of the effector
cells die via apoptosis during contraction phase, while a small portion persists and differentiates
into long-lived memory cells. This memory population enables a rapid and robust secondary
response against recurring pathogens and, thus, is pivotal in conferring lasting cellular immunity,
particularly against pathogens where neutralizing antibodies alone are insufficient at providing
long-term protection [107]. Memory T cells are able to respond faster and more efficiently
against a recurring pathogen due to several characteristics. Firstly, memory T cells can have a
lower threshold of TCR activation compared to naive T cells, and also are less dependent on
co-stimulation [86]. A lower activation requirement allows the memory T cells to proliferate and
generate robust T faster compared to a primary T cell response [98, 21]. It is worth noting that
much like the effector response of a primary infection, the secondary response by T cells is also
dependent on the context of their infection based on cytokine signals in the microenvironment
[10]. Secondly, the sheer number of memory T cells are much higher than those of naive T cells

during a primary infection [12, 38]. The increased frequency of pathogen recognizing T cells



raises the likelihood of encounter with a potentially recurring pathogens, thus enabling a more
rapid response [85, 84]. Lastly, unlike naive T lymphocytes, which only circulate between SLOs
and blood, memory T lymphocytes can survey the lymphatic, blood and peripheral tissues (i.e.

gut, lungs, or skin) [145, 100].
Memory T cell subsets

Memory T cells within the circulation have been conventionally divided into central
memory (Tcy) cells, which circulate between the blood and SLO, and effector memory (Tgy)
cells, which can migrate from the blood into non-lymphoid tissues [93, 86, 119]. Tgy are defined
by low expression of L-selectin (CD62L), a cell adhesion molecule and C-C chemokine receptor
type 7 (CCR7), a cell-surface receptor. Tgym cells have access to non-lymphoid sites and the
ability to produce effector cytokines within hours following TCR stimulation. Ty cells are
characterized by high levels of CD62L and CCR7, and the ability to recirculate through lymph
nodes, secrete IL-2 upon reactivation and undergo significant proliferation to generate secondary
effector T cells [113]. Recently a new subset of non-circulating and tissue-homing memory
T cells was identified and these tissue resident memory T cells were termed Try. Trw cells
migrate to specific peripheral tissues like the skin, liver, guts, and lungs to take up permanent
residency. These Try cells are strategically positioned at many barrier sites such as mucosal
linings and the skin, areas of the body where pathogens are most likely to invade, to increase
the likelihood of pathogen detection and elimination [107]. Memory T cell subsets utilizes
these unique characteristics that aid them in the long-term protection from harmful recurring

pathogens.

1.2.1 Memory differentiation cues

TCR signaling

T cell receptor signaling strength is a crucial factor in memory T cell development. This

TCR binding strength is collectively determined by the affinity of the receptor to the antigen



and MHC molecule complex, the density of the antigen complex presented by the APCs, and
the duration of the binding event [8, 27]. Based on varying binding strengths, different T cells
will receive differing degrees of biochemical pathway activation, resulting in changes in their
transcriptomic landscape to either favor or deter memory T cell formation [76, 29]. These
transcriptomic changes involve several key TFs including Bcl-6, Blimp-1, Eomes, and T-bet [29]
as well as the upstream regulators nuclear factor of activated T-cells (NFAT) and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) [113]. Alternatively, transcriptional
changes can also be achieved directly via the binding of cytokines to cytokine receptors like
IL-2 and IL-2 receptor alpha chain (CD25), which can synergize with TCR signaling to induce
memory T cell development [127, 114]. For memory CD8* T cells, TCR signaling strength
seems to be inversely correlated with memory cell development [29].

Much like the signals important for CD8" memory T cell generation, strengths of TCR
and co-stimulatory signalling also have profound effects on memory Ty development [31, 43].
Recent results from Snook et al. [127] demonstrated that TCR signalling has a direct impact
on Ty memory formation. Utilizing a panel of TCRs specific for the same viral antigen, the
authors showed substantial variability in TCR signal strength, expression of CD25 and activation
of downstream TFs across the CD4* memory T-cell population [127]. TCR clones with stronger
TCR signalling appear to differentiate towards a more TE-like state and become largely depleted
by memory time points, while clones with comparatively lower signalling were memory-like
and able to persist after antigen clearance. Interestingly, it seems that stronger TCR signalling
was associated with higher expression of Ty 1 markers, while weaker TCR signals correlated
with higher expression of Tryg markers [127], suggesting that there may be a connection between

lineage differentiation and memory potential for CD4* helper T cells.
Interleukin-2

Utilizing influenza A virus (IAV) as an infection model, McKinstry et al. [94] showed

that IL-2 is crucial at a late checkpoint for effector helper T cells to survive the contraction



phase, allowing for the transition into resting memory T cells. To circumvent defects in initial
T-cell priming caused by IL-2 deficiency, the authors first activated CD4* T-cells in vitro with
exogenous IL-2 and then transferred these cells into naive mice for infection. Following IAV
challenge, both in vitro primed wild type and IL-2-deficient donors showed similar cell numbers
at the peak of infection and production of IFN7y; however, the IL-2-deficient population quickly
declined and was undetectable by day 28 of infection. Exogenous administration of IL-2 during
days 5-7 of infection successfully restored memory cell numbers for IL-2-deficient CD4* T
cells, demonstrating the importance of IL-2 for CD4* memory T cell generation in this context.
Furthermore, a recent study by DiToro et al. [32] with Listeria monocytogenes (LM) infection
showed that as early as 20 hours after antigen exposure in vivo, IL-2 production in CD4* Ty
effector cells strongly correlated with Ty fate differentiation during infection, again supporting a
link between lineage specification and memory formation. To further highlight the importance of
IL-2 in Ty memory, Shakya et al. [122] identified a role for TF Oct1 and its co-activator OCA-B
in poising the 112 locus for robust expression in memory CD4* T cells, unveiling an important
mechanism by which memory CD4" T cells control IL-2 production. However, these studies
regarding TCR signalling and IL-2 in CD4* memory T cells were done without investigation
of specific Ty lineages. Therefore, further investigations into the required transcriptional and

epigenetic regulation for generation and maintenance of memory Ty subsets are still needed.

1.2.2 Transcriptional regulation of memory T cells

As alluded to in the previous section, transcription factors serves as central arbiters for the
cell-fate decisions between subsets of both effector as well as memory T cells [17]. These TFs
can drastically influence gene expression changes as well as alter the epigenetic landscape of the
cell’s genome [137, 141, 151]. Due to its pertinence in human health, the transcriptional circuitry
underlying CD8 memory formation has been under fervent investigation and has yielded many
fruitful insights into CD8* T-cell differentiation. An overarching theme has emerged from these

studies where cell fate decisions, between terminal-effector and memory, seem to be directed by



an equipoise between pairs of opposing transcription factors [117, 124, 69, 58, 15, 59, 64, 148].
As an example, increased expression of the transcription factor T-bet foster the differentiation of
effector CD8* T cells towards the terminally differentiated KLRG" fate [61, 65]. The expression
level of T-bet positively correlates with the amount of inflammatory signals like IL-12 [65]. This
correlation brilliantly provides the immune system the ability to balance the potential severity of
the infection to the amount of effector T cells needed to combat the infection [4, 5].

Genetic loss of T-bet results in the loss of the KLRGM subset of CD8* T cells but minor
effects for the CD127" subset [65]. The TF T-bet is highly homologous to another transcription
factor Eomesodermin (Eomes), however Eomes seems to foster the development of memory
CDS8* T cells rather than the KLRGM CD8* effector T cells [61]. Genetic deletion of Eomes
leads to a modest effect on the effector T cell pool but results in the attrition of memory T cells
[7] as well as the inability to form self-renewing Ty cells [110]. Taken together, this pair of
two related transcription factors directs the differentiation of CD8* T cell towards the terminal
effector fate versus the memory population. It is worth noting here that the amount of T-bet and
Eomes is important as a gradient effect clearly exists, where the increase of T-bet fosters the
increase in terminal effector differentiation [65].

Compared to memory CD8* T cells, much less is known about the transcriptional
regulators of CD4* memory T cells. One investigation has highlighted the importance of
transcription factor Thpok, the master regulator of CD4" T cell maturation in the thymus, in the
generation of CD4* memory T cells [24]. The authors report that deletion of Thpok induces an
exhaustion-like program in CD4" T cells which results in the loss off protective CD4" memory

responses [24].
Transcriptional inhibitors: the Id proteins

A similar parallel can also be observed in the expression of transcriptional inhibitor
proteins: Inhibitors of DNA-binding, Id2 and Id3. The Id family of proteins are a group of

transcriptional inhibitors that specifically bind to E protein transcription factor family members

10



[91, 9]. The E protein TF family contains transcription factors in the basic helix-loop-helix
(bHLH) family which control numerous aspects of T cell biology including controlling the TCR
rearrangement, progression, survival, and proliferation of T cell progenitors [103]. E proteins
can interact as homo- or hetero-dimers via the HLH domains and bind DNA at E-box-consensus
sequences to either activate or suppress transcriptional activation [70]. However, the ability
of E proteins to bind DNA is inhibited by a family of similar proteins called the Id proteins,
which share the HLH domain while lacking a DNA-binding domain. This means that Id proteins
will form heterodimers with E proteins via the shared HLH domain but since they lack the
DNA-binding domain, this E and 1Id protein heterodimer will be unable to bind DNA and thus
inhibiting E protein function [9, 91]. The aforementioned Id2 and Id3 are Id protein family
members shown to be relevant in regulation T cell differentiation [91, 103]

Genetic deletion of Id3 in CD8* T cells results in the ablation of long-lived CD8* memory
T cells. Genetic knock-out of Id2 in CD8" T cells leads to a defect in the generation of terminal
effector T cells [148]. Much like T-bet and Eomes, 1d2 and Id3 are related and share many
common characteristics (i.e. suppressing E protein function) yet there is also a clear distinction
in their roles in CD8* T cell differentiation. Using fluorescent protein knock-in reporter mice
(Id2-YFP and 1d3-GFP), our lab identified CD8" T cells with high expression of Id3-GFP
and intermediate levels of 1d2-YFP (Id3-GFPMId2-YFP'™) preferentially differentiated into the
KLRG!°CD127" memory precursor subset which survive longer and respond better to secondary
challenge compared to the Id3-GFP°1d2-YFP" [148]. Interestingly, the Id3-GFP" effector CD8*
T cells were more similar in transcriptional profile to long-lived memory cells, even before the
surface expression of known CD8* memory markers, hence making them memory precursors.

While not much is known about the role of Id proteins in memory CD4* T cells, their
functions in effector CD4* T cells have been extensively studied [123]. An report by Shaw et al.
shows that Ty 1 effector cells have high expression of Id2 while Tgy effector cells express 1d3
at a high level [123]. 1d2 deficiency in CD4* T cells results in an increase of Tgy effector cells

while a reduction in Ty 1 effector cells, supporting a regulatory role for Id2 in Ty1 effector cell
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differentiation. Further investigations are need to understand the roles of 1d proteins in memory

CD4* T cell differentiation.

1.3 Memory Helper T cells

While significant advances have been made in understanding the generation and main-
tenance of memory CD8* T cells, the molecular mechanisms underlying the generation of
memory CD4* T cells remain relatively elusive. Two major obstacles have contributed to this
knowledge deficit. First, CD4* T cells are inherently less proliferative and the CD4" memory T
cell population appears to decline following antigen clearance, while the CD8* memory T cell
population, if established, is typically stable [40, 143, 1] and thus, fewer cells are available for
study. Second, the existence of functionally distinct effector Ty cell subsets hinders the ability
to characterize a common CD4* memory T cell precursor. Further, Ty effector and memory T
cells also exhibit significant plasticity and can interconvert between lineages, both in vivo and in
vitro, adding an additional layer of complexity to identifying memory precursor cells in CD4* T
memory studies [152, 54, 105, 16, 147, 86].

In spite of the challenges in studying memory CD4* T cells, efforts in recent years focus-
ing on different aspects of memory development have begun to elucidate a more comprehensive
picture for the generation and maintenance of memory CD4" T cells. In this section, we look at
recent studies addressing the identity of memory CD4" T cell populations and their precursors in

both the periphery and non-lymphoid tissues.
CD4* T cell memory in secondary lymphoid organs

Despite clear differences between memory CD4* and CD8* T cell populations, including
the range of effector cell heterogeneity [40], the models for memory CD8* T cell formation
have served as a useful framework for the investigation of memory CD4" T cells. As mentioned
previously, during the primary response of antigen-specific cytotoxic CD8" T cells (CTL), two

effector CD8* T cell populations can be identified based on surface expression of KLRG1 and
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CD127 [66]. The KLRG1MCD127' terminal effector population is predominantly lost during the
contraction phase, while the KLRG1'°CD127" subset contains memory precursor cells, which
can differentiate into long-lived memory CD8* T cells [66]. CD4* T cells also express KLRG1
[11] and CD127 [71]. However, the roles of these molecules in memory CD4* populations
are not well established nor are clear strategies for distinguishing shorter-lived effector and
precursors of memory Ty populations.

Evidence for long-lived CD4* memory T cells capable of responding to pathogen re-
challenge has been documented in studies of adoptive transfer of T-cell receptor transgenic
T cells [52, 112, 88, 23] and endogenous immune responses [112]. However, the diversity
of functional Ty phenotypes has made identification of distinct CD4* TE and MP effector
populations challenging. Additionally, it is unclear whether all CD4* Ty effector T cells possess
the same potential to differentiate into long-lived memory cells. A separate MP may exist for
each subset or there may be a unique effector subset with an inherent memory program that
can give rise to memory populations with the potential to generate Ty subsets with all or some
effector functions (Ty1, T2, Ty17, TrH, Treg) in a secondary infection. An elegant study by
Tubo et al. [134] addressed this issue by following the differentiation of individual CD4" T cells
responding to infection. Utilizing over 80 distinct TCR clones that can specifically respond to
Listeria monocytogenes infection, they demonstrated that all microbe-specific naive CD4" T
cells have the potential to give rise to memory cells following acute infection [134]. Different
individual naive CD4* T cells generated antigen-specific effector populations with varying
frequencies of Tyl and Ty effector cells. Notably, the relative frequencies of these subsets were
preserved into the memory phase, suggesting that both Ty1 and Ty effector populations contain
precursors of memory cells that retain their effector Ty characteristics (Figure 1.2). These data
favour the idea that some CD4* memory cells are relatively lineage-committed; however, a range
of expansion potential and plasticity among progeny was also observed, suggesting that not all

CD4" memory precursor cells may be equivalent.
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Figure 1.2. A model of CD4" memory T cell formation. Upon antigen encounter, naive CD4*
T cells differentiate into effector subsets based on the type of infection. Within each effector
CD4" subset, there potentially exist terminal effector (TE) and memory precursor (MP) effector
cells. The majority of TEs die during the contraction, while MPs can survive and transition into
resting memory cells. CD4™* tissue-resident memory cells (Try) may differentiate from: (1) the
naive subset; (2) MP cells within the effector population; or (3) committed memory cells.

1.3.1 Tyl and Ty CD4* memory T cells

In efforts to address these questions, several groups have used lymphocytic choriomenin-
gitis virus (LCMV) to characterize the response of adoptively transferred SMARTA (SM)
cells, which have transgenic expression of an MHC Class II-restricted T-cell antigen recep-
tor (TCR) specific for LCMV glycoprotein amino acids 6677 [88, 23, 51, 83]. Meanwhile,
other investigators have studied the endogenous polyclonal response by utilizing the peptide-
loaded major histocompatibility complex class II (pMHCII) tetramer-based approach to identify

antigen-specific CD4* T-cells [52, 112, 23]. During acute infection with LCMV-Armstrong,
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antigen-specific CD4* T cells differentiate into two main helper subtypes in the spleen and lymph
nodes: Tyl and Try. Tyl cells express the transcriptional regulator T-bet and are known for
secreting their signature effector molecule IFN7y, while Tgy cells express Bcl6 and their hallmark
surface molecule C-X-C chemokine receptor type 5 (CXCRS), which allows for homing to
germinal centers to support B cell responses. To explore the origins of Tyl and Trg memory
cells, investigators utilized fluorescence-activated cell sorting to isolate Tyl and Ty effector
and memory cells based on known markers, and studied their characteristics in the context of
reinfection [71, 88, 23, 134].

Marshall et al. [88] found that within the primary effector populations from the spleen
at day 8, two CD4* T cell subsets that resembled the CD8" TE and MP T cells were observed.
The TE like population was marked by high expression of both P-selectin glycoprotein ligand-1
(PSGL-1) and lymphocyte antigen 6 complex (Ly6C), while the MP-like effector cells were
PSGL-1MLy6C'". In contrast to the PSGL-1MLy6C™ cells, the PSGL-1MLy6C!® MP-like popula-
tion exhibited greater longevity in uninfected hosts, increased proliferation following antigen
re-challenge, and similar gene-expression profiles with day 60 PSGL-1" memory CD4* T cells
[88]. These results led the authors to propose that differential expression of Ly6C can distinguish
TE from MP cells within the Ty 1 subset. At day 8, PSGL-1°Ly6C' effector cells showed high
expression of known Tgy markers (ICOS, CXCRS5, PD-1). This PSGL-1°Ly6C!° subset was
found along with PSGL-1MLy6CM and PSGL-1"Ly6C"° Ty1 cells within the memory cells at
day 150 after infection, suggesting that MP of both Ty 1 and Ty phenotypes may persist long
term [88]. Interestingly, while the PSGL-1"Ly6C'® MP population was thought to be primarily
Tu! cells, it was later shown by Choi et al. [23] that the PSGL-1MLy6C!® MP population actually
contains both CXCR5™ Tyl and CXCR5" Tgy cells at comparable frequencies. These results
highlight the complexity and heterogeneity within CD4* memory T cells and the need for further
studies to fully understand the nature of the CD4* memory T cell pool.

To investigate the potential of Try memory cells for re-differentiation upon reinfec-

tion, Hale et al. [51] utilized expression of CXCRS5 and Ly6C to distinguish between Tyl
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(CXCR5 Ly6CM) and Tgy (CXCRS*Ly6C and CXCRS5*Ly6Ci™) memory populations follow-
ing acute infection with LCMV-Armstrong, then transferred each of the three subsets into naive
hosts for reinfection. Tyl memory cells mostly maintained high Ly6C expression with few
effector cells gaining CXCRS5 expression, while Trg memory cells were able to give rise to both
CXCR5 Ly6CM Ty1 cells and CXCRS5*Ly6C!%" Ty cells. This multi-potency of Try memory
cells during re-challenge has also been observed in acute bacterial infection with LM [81] as
well as in viral influenza infection [83].

In a concurrent study, Pepper et al. addressed CD4* memory T cell differentiation using
LM infection and the expression of CXCRS and CCR7, a marker used in previous studies to
identify Ty During acute infection, antigen-specific effector cells segregated into a CXCRS5"
population favouring the Tyl phenotype and a CXCRS5™" population [113]. A fraction of the
CXCRS5™ Tyl population, which the authors termed Ty 1 effector memory cells, survived to a
memory time point and, upon re-challenge, produced Ty effector cells. The CXCRS5* effector
population included cells with high expression of the lineage-defining factor Bcl6, were localized
to follicles and were termed Ty, while cells with lower Bcl6 levels showed co-expression of
CCR?7 and were termed Tcy. It is worth noting that the Tryy subset resembled what some studies
term germinal center Tgy cells (GC Trp); GC Try can lose expression of Bcl6 after infection,
suggesting that, depending on the time point, the CXCR5* population can include cells that
did not enter the GC as well as those that were transiently in the GC. While both Try and Ty
in this study expressed CXCRS, Tcy were not seen in the follicles and, upon re-challenge,
produced both Ty 1 effector cells and CXCRS5™ cells that likely include Tgy and GC Tgy [113].
Notably, Choi et al. [23] found that precursors of Tgy or the CXCRS5* populations show greater
potential to develop into memory cells compared with Ty 1 precursors and share gene-expression
signatures with memory CD8" T cells. These results suggest that both Ty 1 and Tgy effector
T cells can give rise to memory cells, and CXCR5* Tgy-derived memory cells have greater
plasticity in generating secondary effector phenotypes.

Corroborative reports affirming the increased plasticity of Try memory relative to Tyl
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Figure 1.3. Two models for T follicular helper cell (T) multi-potency: (1) Trgy memory cells
retain cellular plasticity and can differentiate into Ty 1 or Tpy secondary effector cells based on
signals present during secondary challenge; (2) Trg memory cells are actually a heterogeneous

population with subsets that are biased or primed towards a particular secondary effector lineage
(THl or TFH)-

memory upon re-challenge suggest that Try memory populations may retain a greater cellular
‘stem-ness’ and are capable of providing a more comprehensive and robust secondary response
during re-infection. Two possible models can explain the multi-potency demonstrated by
CXCRS5* memory cells (Figure 1.3). One possible explanation is that Try memory cells are
inherently more plastic compared with other Ty memory cells and, therefore, retain the ability to
differentiate into alternative helper lineages upon reinfection. A second possibility is that the
CXCR5" memory population actually contains distinct subsets that are programmed or biased
towards a specific Ty lineage upon secondary challenge. In this case, CXCR5*CCR7* could
distinguish memory cells with the greater potential for re-expansion, while CXCR5*CCR7" cells
may be long-lived Try/GC Tgy cells that have downregulated Bcl6 and PD-1, and are more
similar to long-lived effector subsets. Based on the data currently available, neither hypothesis

can be eliminated and further characterization of Try memory cells, perhaps using single-cell
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approaches, is needed to determine whether the multi-potency of Try memory is the result of
cellular plasticity or population heterogeneity, or both.

In line with this idea, a recent study by Ciucci et al. [24] utilized single-cell RNA
sequencing to investigate the heterogeneity of antigen-specific CD4" effector T cells in response
to acute LCMYV infection. Visualization with t-distributed stochastic neighbour embedding
(t-SNE) of day 7 effector T cells yielded multiple transcriptionally distinct clusters showcasing
the heterogeneity exhibited by Tyl and Tgy effector cells. At 30 days post-infection, single
cell analysis also showed multiple distinct transcriptional clusters with shared Tgy features,
supporting the idea that memory CXCRS5* Tgy multi-potency may be the result of population

heterogeneity.

1.3.2 Tg2 CD4" memory T cells

Ty2 memory cells have been best characterized in the context of allergic inflammatory
disorders [34], though some studies have highlighted this population’s role in defense against
parasitic worm infection. As mentioned previously, antigen-experienced CD4" Ty cells contract
more rapidly after pathogen clearance compared with CD8* T cells [143], which is why early
investigations into Tg2 memory relied on adoptive cell transfers of in vitro polarized Ty2
effector cells [104]. This system involved activating CD4 T-cells in vitro with antigen and
antigen-presenting cells followed by culturing in Ty polarizing conditions [104] and subsequent
adoptive transfer. Interestingly, in vitro generated Ty 1 and T2 cells retained their expression of
lineage-defining transcription factors (TFs), T-bet and GATA3, respectively, for months after
transfer into naive hosts [53]. However, upon viral infection with LCMYV, in vitro-derived Ty2
memory cells were able to adapt a Ty 1 phenotype and persist as a ‘hybrid” memory cell with
combined Tyl and Ty2 characteristics [53]. Utilizing a similar in vitro polarization system,
Endo et al. [35] identified an interleukin-5 (IL-5)-producing subset of Tg2 memory cells in the
spleen that is primarily responsible for asthmatic symptoms, such as eosinophilic infiltration

into the airway, airway hyper-responsiveness and mucus hyper-production in a murine model of
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Ty2-driven allergic airway inflammation. These studies provided early evidence of the potential
existence of Ty2 memory populations, but data demonstrating direct in vivo generation were
lacking until recently.

A study by Hondowicz et al. [56] provided key insights into Ty2 memory studying
the endogenous allergen-specific CD4* T cells induced in response to house dust mite (HDM)
inoculation. Using pMHCII tetramers to follow antigen-specific CD4" T cells, the authors
showed an expansion of allergen-specific CD4* Ty2 cells in SLOs and the lung following
intranasal HDM administration. Notably, this allergen system induces both antigen-specific T2
and Ty cells, analogous to the Tyl and Tgy response against LCMV-Armstrong. The allergen-
specific memory pool in the SLOs consisted of CXCR5* and CXCRS5" cells that also expressed
CCRT*, consistent with the earlier observations that memory T cells retain characteristics of Ty

effector phenotypes.

1.3.3 Tyx17 CD4* memory T cells

Though not as extensively characterized as other helper subsets, memory T17 cells have
been documented in both humans and mice, primarily in the context of autoimmunity [93].
Early memory experiments using LM infection showed that Tyy17 cells existed only transiently
following intranasal infection [112]. However, it is worth noting that LM may not be an optimal
infection for Ty 17 studies as it is an intracellular pathogen [156] and most efficiently induces Ty 1
cells. Muranski et al. [102] reported on long-lived memory Ty 17 cells but, similar to early T2
studies, these cells required in vitro polarization prior to transfer into host mice. In a recent study
of dry eye disease, Chen et al. [19] utilized a pre-clinical murine model of autoimmune ocular
disease, where mice were subjected to 14 days of environmental desiccating stress followed
by rest in normal conditions for 14 days, and found disease-specific pathogenic memory Ty17
cells in both the inflamed site and draining lymph nodes. Two cytokines associated with CD4*
memory T lymphocytes, IL-7 and IL-15 [111] were shown to be crucial in the maintenance

of these pathogenic Ty17 cells. Neutralization of these cytokines with topical application of

19



anti-IL-7 or anti-IL- 15 antibody decreased the number of Ty 17 cells in both the conjunctiva and
lymph nodes, offering a potential therapy for autoimmune disorders. One crucial caveat to note
is that these ‘memory’ Ty17 cells were studied under the chronic inflammatory environment
of autoimmunity, perhaps under prolonged or recurrent exposure to antigen; therefore, this

population’s identity as true resting memory cells remains uncertain.

1.3.4 Tissue-resident CD4* memory T cells

Much like circulating CD4* memory T cells, studies of tissue-resident lymphocytes have
predominantly focused on CD8" Tgry due to the heterogeneity of CD4* memory T cells and the
existing gaps in knowledge regarding mechanisms governing memory CD4* T cell formation.
Nevertheless, recent studies have highlighted a prominent population of long-lived CD4" T cells
within many non-lymphoid tissues, including the lungs [56, 57, 136, 130, 149, 126, 142, 118,
133, 18], small intestine (SI) [101, 135, 128, 39, 115], skin [44, 46, 45, 125, 25], and female
reproductive tract (FRT) [135, 6, 60]. Similar to their CD8" T cell counterparts, CD4* Tgy have
been shown to facilitate rapid immune defense upon re-exposure to antigen and can supplant
innate immunity in recognizing and responding to recurrent infections [47]. However, much
remains to be explored about the phenotype, function and maintenance of CD4* Tgry during
infections. Additionally, differences exist between CD4" and CD8" Tgy in tissue localization,
surface marker expression and cytokine cues driving Try; formation; these outstanding questions
in the field need further clarification to better define the identity and differentiation of CD4*
TrM-

Classically, tissue-resident memory T lymphocytes have been defined using parabiosis
experiments in which a naive mouse and an immune mouse, previously exposed to antigen, are
surgically joined to create a shared circulatory system [133, 120]. Thus, all circulating cells will
normalize between both partners while the non-circulating tissue-resident cells remain lodged
in the tissues of the immune mouse. Alternative methods have been developed and validated

to assess whether cells remain in tissues, including intravenous injection of a fluorescently
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labelled antibody to mark cells in the circulating system [2]. Any cells positive for the label are
considered ‘circulating’, while unlabelled cells are assumed to have limited access to circulation
and are therefore ‘tissue-resident’ [133]. To determine the protective functions of tissue-resident
lymphocytes in secondary infection, immune mice are treated with FTY-720, an agonist of
sphingosine-1-phosphate receptor 1 (S1PR1), which causes decreased surface expression of
S1PR1 and therefore prevents egress of circulating memory cells from lymph nodes [55]. When
these mice are re-challenged with the original pathogen, any immune response at the local site of

infection will be mediated only by cells resident to that tissue [121].

1.4 Discussion

The diversity and plasticity of effector CD4* T cells create a heterogeneous memory
pool, making the study of helper T cell memory differentiation complex. While there are some
promising markers to differentiate between memory Tyl and Try memory subsets [88, 51], it is
still unclear whether both helper memory populations originate from their respective effector
cells or whether the ‘stem-like’ properties of Try cells make them the primary precursor [23].
Likewise, in other infection systems that elicit T2 or Ty 17 effector cells, we do not know how
these effector populations contribute to the final pool of memory cells. It is clear that current
surface marker knowledge does not accurately identify subpopulations in effector and memory
pools, and further work requires examining TFs and regulators that may direct the memory
program. One possible approach to parse the heterogeneity of CD4* memory T cells is through
bulk and single-cell epigenetic and transcriptional profiling of cells in the circulation and tissues
over the course of an infection to identify whether an early memory precursor exists or whether
memory potential is programmed as effector cells contract and die [96, 150, 68]. Paired with
adoptive transfers of putative subsets, it will be possible to identify key factors at steps in the
effector-to-memory transition, and in the formation and survival of the tissue-resident subset.

Uncovering the origin and identity of resting memory or MP cells within a particular helper
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T cell lineage will lay the foundation for future molecular studies into how each memory Ty
lineage is uniquely regulated.

In chapter 2, we investigate the role of transcriptional inhibitor protein 1d3, which was
previously shown to be important for CD8* memory T cells, in CD4" memory T cells. We
examine whether Id3 can serve as a conserved marker of CD4" memory T cells across differing
Ty lineages and further inspect the transcriptomic signatures associated with Id3 expression in
CD4" memory T cells. In chapter 3, we highlight an unbiased approach for investigating putative
transcriptional regulators of CD4* memory T cells. We will use a novel bioinformatics analysis
to generate a ranked list of putative transcriptional regulators important for memory Ty 1 and
Try cells. Then we will showcase a CRISPR/Cas9 ribonucleoprotein transfection workflow for
an efficient genome-editing system in CD4* T cells which will be utilized for in vivo validation
of predicted targets.

Chapter 1, in part, is a reprint of the material as it appears in Immunology. Nguyen,
Q. P, Deng, T. Z., Witherden, D. A., and Goldrath, A. W. Origins of CD4* circulating and
tissue-resident memory t-cells. Immunology 157, 1 (2019), 3—12. The dissertation author was a

primary author of this paper.
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Chapter 2

Id3 expression identifies mouse CD4" mem-
ory Tyl cells

2.1 Introduction

Generation of T cell memory is crucial in conferring vaccine-induced immunity, par-
ticularly against pathogens where neutralizing antibodies alone are insufficient at providing
long-term protection. Antigen-specific CD4" T cells expand upon pathogen recognition and,
depending on the infection milieu, differentiate into distinct effector cell types including Ty1,
Tu2, Tyl7, Try, and Treg cells. Following the resolution of infection, a residual population
of CD4* memory T cells remain within the circulation or in tissues that persist long-term and
provide protection from reinfection [107]. The memory CD4" T cell population within the
circulation has conventionally been divided into two subsets: effector-memory T cells (Tgy)
and central-memory T cells (Tcm)[113, 119]. Tgy are defined by low expression of CD62L and
CCR7, with access to non-lymphoid sites and the ability to produce effector cytokines within
hours following TCR stimulation. Tcy cells are characterized by high levels of CD62L and
CCR7, and the ability to recirculate through lymph nodes, secrete IL-2 upon reactivation and
undergo significant proliferation to generate secondary effector CD4* T cells [113].

Considerable efforts have been made to classify CD4* T cell memory precursor and
memory T cell populations based on expression of cell-surface receptors, transcription factors and

effector molecules such as cytokines. The fact that expression of many of these molecules occurs
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along a continuum rather than being polarized between subsets, compounded by the existence
of lineage plasticity amongst the CD4* T cell subsets during primary and secondary responses,
have added substantial complexity to this effort [86, 105, 147, 16, 74]. Studies by several groups
have attempted to relate unique phenotypic markers found on effector CD4* T cells with their
intrinsic potential to form long-lived memory cells [113, 23, ?, 88]. Two prominent models
have emerged: one positing that the MP and memory population are heterogeneous whereby
each Ty subset contains a portion of cells that is long-lived with expansion potential [88, 51],
or alternatively, that the Ty or Tgy subset serves as a unique source of memory CD4* T cells
and a proportion of these cells are able to survive following the contraction phase to seed the
memory T cell compartment [23, 51].

The enriched multipotency of CXCR5* Ty memory cells (compared to CXCRS5") has
been described following Lymphocytic choriomeningitis virus (LCMV)-Armstrong [51, 78, 24,
83, 81]. Utilizing the Tgy and Ty paradigm for characterization, Pepper et al. found that CD4*
Tem (CXCRS5 CCRT7 ) cells primarily gave rise to CXCRS™ (Ty1) secondary effector cells, while
Tcm (CXCR5YCCR7Y) cells gave rise to both CXCR5* (Tgy) and CXCR5™ (Ty1) secondary
effector cells in response to Listeria monocytogenes infection [113]. Additional phenotypic
subsetting of memory CD4* T cells revealed a PSGL-1MLy6C!° MP subset following acute
LCMYV infection that was shown to exhibit greater longevity and increased proliferation following
antigen re-challenge compared to the PSGL-1MLy6CM subset [88]. While the PSGL-1MLy6C°
MP population was originally presumed to be primarily Tyl cells, it was later suggested to
also contain Ty cells at comparable frequencies [23]. Collectively, the evidence suggests
that Tyl memory cells can persist and form secondary effector cells of only the Ty1 lineage,
while Try memory cells exhibit greater multipotency in the context of pathogen re-challenge.
Additionally, formation of CD4* Ty phenotype cells was recently shown to require Thpok,
which is also necessary for Tpy formation via suppression of Ty 1 associated transcription factors
Blimp-1 and Runx3 [24]). Thus, it remains a question if the pluripotent memory CD4* T cell

subset is necessarily contained within the Try CXCR5*CCR7* population in all infection and
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inflammation contexts [116].

Despite clear differences between memory CD4* and CD8* T cell populations [40],
the model of CD8* T cell memory formation can serve as a valuable guiding framework for
memory CD4* T cell investigations. Our lab and others have demonstrated the role of E and Id
proteins in the differentiation of both short-lived effector and MP populations of CD8" T cells
[148, 15, 64, 92]. Notably, Id3 expression identified CD8" T cells with memory potential at
effector timepoints [148], which raises the possibility of an analogous role for Id3 in memory
CD4" T cells. E/Id proteins cooperate to regulate transcriptional programs necessary for Ty
cell specification in naive, infection and autoimmune settings [23, 81, 123, 42, 99, 90, 41, 80],
however, their role in differentiation and persistence of memory CD4* T cells has not been
studied as extensively. Here, we find that a population of Id3"Ty1 memory cells emerges
following acute LCMYV infection which exhibits enhanced expansion potential and increased
expression of memory-associated molecules such as CD127, Bcl2 and Tcfl when compared to
I1d3!°Ty1 cells at memory timepoints. While the majority of T 1 memory CD4* T cells appear
limited in their ability to form both Ty 1 and Tgy secondary effector cells, the Id3M Ty 1 memory

CD4* T cells present as a small durable subset with enhanced multipotent recall potential.

2.2 Results

2.2.1 Helper CD4"* T cells share transcriptomic characteristics with
cytotoxic CD8* T cells
To assess the possibility of common memory T cell differentiation programs between
CD4" and CD8" T cells, we compared global gene expression of effector and memory CD4*
SMARTA T cells (recognizing LCMV gp66-77 presented by MHC Class II I-Ab) with changes
in gene-expression in CD8* T cells responding to LCMV-Armstrong infection. Strikingly, the
majority of genes upregulated by Ty 1 and Tgy subsets at day 7 and 41 following LCMYV infection

compared to naive SMARTA CD4* T cells were those found within the effector or memory CD8*
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T cell gene signatures, respectively (Figure 2.1a,c). Thus, despite biological differences among
CD4* and CD8* T cells and Ty1 versus Tgy populations, the two lineages shared unexpected
similarities in gene expression at both effector and memory time points (Figure 2.1b,d). Further,
geneset enrichment analysis (GSEA) indicated that the T central memory precursor (Tcpmp)
signature recently defined by Ciucci et al. [24] is enriched in both the Tyl and Tgy effector
populations, suggesting that both of these lineages may harbor T cell memory potential (Figure

2.1e).

2.2.2 1d3-GFP-expressing memory CD4* T cells expand and give rise to
Tyx1 and Ty secondary effector cell populations

Given the evident similarities in transcriptional signatures we observed between CD4*
and CD8™" T cell populations, we hypothesized that, akin to CD8* MP T cells, Id3 may serve as
a marker of memory potential within effector CD4" T cell populations. We assessed Kinetics
of 1d3 expression by adoptive transfer of CD4* T cells using Id3%FP"* reporter SMARTA TCR
transgenic T cells [123]. CD4" T cells from these mice were transferred into congenically distinct
hosts, which were infected 1 day later with LCMV. Consistent with high Id3 expression by some
T cells, prior to infection, more than 95% of CD4* T cells expressed Id3-GFP (Figure 2.2a,b).
Following infection, the proportion of effector CD4* T cells with low 1d3 expression signficiantly
increased, but as the infection was cleared, upwards of 90% of the remaining memory cells
expressed 1d3-GFP (Figure 2.2a,b), with a greater absolute number of 1d3-expressing cells
surviving the contraction phase and persisting to memory timepoints (Figure 2.2¢)

Consistent with our previous studies, at effector timepoints Id3-GFPY cells were almost
exclusively Tpg (CXCRSTSLAM or CXCR5*PD-1!°) and GC Ty cells (CXCRS*PD-17%),
while the vast majority of 1d3-GFP' cells displayed a Tyl phenotype (SLAM*CXCRS5" or
CXCRS5PD-1") (data not shown) [123]. Since 1d3 positive cells encompass the majority of the
memory CD4* T cell population, we evaluated whether Id3-GFP" T cells had any advantages

over the 1d3-GFP'° memory cells in the context of re-infection. Id3-GFP!° or Id3-GFP" SMARTA
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memory CD4* T cells (28-32 days following primary infection) were transferred into a new
cohort of B6 hosts, which were then infected 1 day later with LCMV (Figure 2.2d). Following
LCMV rechallenge, we found that both Id3-GFP! and 1d3-GFP" SMARTA CD4* T cell
populations were able to generate secondary effector Ty cells. However, the phenotype and
abundance of the expanded progeny were strikingly dissimilar (Figure 2.2e-k). We recovered
3.4-fold more secondary effector T cells derived from Id3-GFP™ memory T cells than from
I1d3-GFP' memory cells (Figure 2.2e¢), indicating that Id3-GFP™ memory cells have significantly
greater expansion potential. Secondary effector T cells generated from the transfer of Id3-GFP'°
memory cells also maintained low expression of Id3-GFP, whereas 1d3-GFP" memory cells
generated a mixed population of Id3-GFP'° and 1d3-GFP" secondary effector T cells (Figure
2.2f,g). The majority of secondary effector cells derived from Id3- GFP'° memory cells were
SLAM*CXCRS5™ Ty cells. Conversely, the Id3-GFP" memory T cells repopulated the CD4* T
cell compartment with both Ty 1 (SLAM*CXCRS5") cells and Tgy (SLAM'°CXCRS5*) secondary
effector T cells (Figure 2.2h,i). Further, the Id3-GFP" cells also generated a higher frequency
of PD-1*"CXCR5* GC Ty cells when compared to the Id3-GFPP cells (Figure 2.2j,k). These
data suggest that Id3-GFP-expressing memory T cells have enhanced expansion and multipotent

recall potential, capable of differentiating into both Ty 1 and Tgy cells upon rechallenge.

2.2.3 1d3-GFP" Ty1 memory cells accumulate at memory time points

Both Tyl and Trg memory T cells persist following LCMV infection (Figure 2.3a),
but, we observe a decrease in the frequency of Tyl (CXCRS5") cells over time. Within this
waning population however, we observed the emergence of an Id3-GFP-expressing memory
Tyl population, where 15% of Tyl memory cells expressed Id3-GFP by day 41 following
infection (Figure 2.3a,b). Tcy CD4* T cells are known to possess enhanced differentiation
potential, and are traditionally marked by CCR7 expression. To assess how this small population
of Id3-GFP" Ty 1 memory cells might factor into the broader paradigm of Tcy and Tgy CD4Y

populations, we analyzed the expression of CCR7 by this Id3-GFP-expressing Tyl memory
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population [113, 119, 88]. While a significant portion of Id3-GFP" Tgy memory cells exhibited
CCR7 expression (Figure 2.3c,d), Id3-GFP" Ty 1 memory cells did not gain expression of CCR7

(Figure 2.3c,d), suggesting that they do not fit the canonical central memory T cell criteria.

2.2.4 1d3-GFPM Tyl memory cells give rise to Tyl and Tyy cells in a
secondary response

As we previously found that the Id3-GFP" memory T cell population exhibited greater
multipotent potential during secondary challenge, we next evaluated whether this was the case
specifically within the Ty 1 memory lineage. 1d3-GFPM and 1d3-GFP!° Ty 1 primary memory
cells were sorted and transferred into a new cohort of B6 hosts, which were infected 1 day
later with LCMV (Figure 2.4a,b). Following re-infection, we found that Id3-GFP™ Ty 1 donors
primarily generated secondary effector cells with low expression of 1d3-GFP, whereas 1d3-
GFPM Ty 1 donors were able to generate 3.3-fold more secondary effector cells with a mixed
population of both 1d3-GFP'° and Id3-GFPM cells (Figure 2.4d-i). Secondary effector T cells
from 1d3-GFP'° Ty1 donors were predominantly Ty1 cells, while the secondary effector T
cells from Id3-GFPM Ty 1 donors were composed of both Tyl (SLAM*CXCRS5") cells and
Try (SLAM°CXCR5™) cells (Figure 2.4f,g). Further, the 1d3-GFP™ Ty cells also generated a
higher frequency of PD-1*CXCR5* GC Tgy cells when compared to the 1d3-GFP!° Ty cells
(Figure 2.4h,i). Collectively, the data suggest that Id3-GFP" Ty 1 memory cells have greater
multipotent recall potential compared to 1d3-GFP'° Ty 1 memory cells, despite the absence of
CCR7 expression and canonical Tcy phenotype [119].

We further characterized the 1d3-GFPM and 1d3-GFP!° Ty1 memory populations for
expression of key molecules associated with long-lived memory T cells. Notably, Id3-GFP"
Tyl memory cells expressed significantly more IL-7-receptor (CD127), suggesting a greater
responsiveness to IL-7 that would promote memory T cell survival and homeostasis [138,
75, 109]. Correspondingly, the Id3-GFPM Tyl cells expressed increased levels of the anti-

apoptotic molecule BCL2, further supporting the notion that 1d3-GFP™ Ty cells have an
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increased capacity for survival compared to their Id3-GFP!° counterparts. Finally, TCF1, a
transcription factor important for memory CD8" T cell formation and function [154, 153] and
Try development [82, 22, 146], was expressed at higher levels in Id3-GFPM Ty 1 memory cells
compared to the Id3-GFP!° Ty 1 memory population (Figure 2.4j-m). These data suggest that
expression of 1d3-GFP imbues a population of Tyl memory cells with enhanced memory T cell

characteristics including greater survival, expansion and multipotent differentiation potential.

2.2.5 Id3 expression defines a transcriptionally distinct Tyl memory
population

To examine the transcriptional differences between the Id3-GFP! and Id3-GFPM Ty1
memory cells, we performed RNA-seq on these sorted populations (30 of LCMV infection). 1d3-
GFP" Ty 1 memory cells were enriched for transcripts encoding key memory genes including
Bcl2 and Tcfl compared to the Id3-GFP'° Ty 1 memory cells (Figure 2.5a). Relative to their
[d3-GFPhi counterparts, the Id3-GFP* Tyl memory cells were enriched for effector molecule
transcripts (Prdm1,Gzma, Gzmb and Gzmk) suggesting a more “effector-like” transcriptional pro-
file (Fig 4a), whereas expression of Id2 and Bcl6 were equivalent, confirming their Ty 1 identity.
When directly comparing Id3-GFP" Ty 1 memory cells to the Id3-GFP™ Tgy memory cells, the
Id3-GFP" Ty 1 memory cells expressed Ty 1-associated transcripts compared to the Id3-GFPM
Trg memory cells, emphasizing that these were distinct memory populations (Figure 2.62a).
Notably, the Try memory population was also enriched for memory-associated genes (Figure
2.6a), suggesting that CD4* T cell memory subsets may persist along a cell-state continuum as
previously described [74]. Using gene set enrichment analysis (GSEA), we found that when
compared to the Id3-GFP' Ty cells, the Id3-GFP" memory cells were significantly enriched
for the Ty memory signature (defined by upregulated transcripts compared to Tgyrcells) as well
as the Temp signature [24] (Figure 2.5b).

As we observed marked phenotypic and functional differences between Id3-GFP" and

Id3-GFP" Ty 1 memory cells, we investigated the heterogeneity within the CD4* effector and

29



memory T cell populations by single-cell RNA sequencing (scRNA-Seq) of SMARTA CD4*
T cells at days 7, 21, and 41 of LCMV infection (Figure 2.5). Unsupervised clustering with
visualization via UMAP (Uniform Manifold Approximation and Projection) revealed distinct
clusters of cells that correlated with Tpg and Tyl subsets based on expression of canonical
lineage markers at each time point (Figure 2.5c,e). Memory T cell-associated genes (including
Tcf7 and I17r) were enriched in the day 21 and day 41 samples, while key markers of the Tgy
(Cxcr5) and Tyl (Tbx21, Cxcr6, Slamfl) lineages exhibited mutually-exclusive enrichment
in the clusters (Figure 2.5¢). To expand this analysis, we next defined the gene-expression
signature of Tyl and Tpg memory cells by performing bulk RNA sequencing on sorted Tyl
and Tpg memory SMARTA populations on day 21 of LCMYV infection. We found that 2325
(1049 Ty + 1276 Ty1) genes were differentially expressed with a fold change of > 2 between
these two populations (Figure 2.6b). We overlayed the Trg and Tyl memory signatures onto
the single-cell projections to identify individual cells enriched for expression of the Tyl or Tgy
memory cell transcriptome (Figure 2.5¢). The Ty1 signature-enriched cells showed expression
of 1d3 corresponding to the small population of Id3-GFP" Ty1 memory cells identified in
vivo that also expressed memory-associated genes including Tcf7, Bcl2 and [17r (Figure 2.6e).
Notably, cells on day 7 of the response also showed moderate enrichment for our Tyl and
Try signatures, consistent with the presence of a Id3" CD4* memory-precursor population as
previously described in endogenous CD4* T cells [24].

To understand how the Tcy vs Temdichotomy broadly applies to memory CD4* T cells,
we overlayed Tcy and Tgysignatures from memory CD8* T cell subsets onto the memory
CD4* T cell single-cell RNAseq data (Figure 2.6f). Enrichment of the Tgysignature correlated
with day 7 effector cell samples as well as “Ty1-signature”-enriched clusters, while the Ty
signature exhibited greater overlap with memory time point cells (days 21 and 44) as well as
“Tpy-signature”- enriched clusters. This analysis suggests that without prior subsetting, Try
memory cells overall exhibit a more Tcy-like phenotype than Tyl memory cells. The Temp

signature [24] also shows enrichment in memory Ty 1 cells (cluster 2), supporting our observation
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of that these cells are bona fide Tyl memory cells (Figure 2.6g).

To focus on the hetereogenity of memory CD4* T cells specifically, we performed
unsupervised clustering of memory time-point cells (days 21 and 44), which revealed 3 major
clusters (Figure 2.5f). When we overlayed Tyl and Trg memory signatures onto these data, we
found the Ty signature enriched in one distinct cluster while the Ty 1 signature spanned the
remaining two clusters (Figure 2.5g). To test whether the two Ty 1-enriched clusters represented
the Id3-GFPM and 1d3-GFP'" Ty 1 memory cells, we overlayed Ty 1 Id3-GFPM and 1d3-GFP'°
memory signatures (defined by fold change >1.75) generated from the bulk RNA-sequencing
(Figure 2.5a) onto the single- cell analyses. Indeed, the Ty1 Id3-GFPM and Tyl Id3-GFPP
memory signatures exhibited mutually-exclusive polarization within Ty 1-enriched clusters, with
the Ty1 Id3-GFP"-signature highlighting both Ty1 and Try memory clusters (Figure 2.5h).
Taken together, the single-cell RNAseq data definitively show that the 1d3-GFPM Ty 1 population
as a subset of long-lived memory CD4* T cells that is transcriptionally distinct from Tgyy memory

cells and 1d3-GFP Ty cells.

2.3 Discussion

Given the pivotal role CD4* memory T cells play in mediating long-term cellular and
humoral immunity, key parameters of their identity and differentiation are relevant in vaccine
development. However, the existence of functionally distinct CD4" helper T cell subsets compli-
cate the identification of CD4" memory T cells, and the current literature remains conflicted in
whether there is a single CD4* memory T cell precursor that gives rise to secondary Ty subsets
or there are memory precursor cells within each helper lineage. Collectively, we found that much
like CD8* T cells, the transcriptional regulator Id3 defines a transcriptionally distinct population
of CD4* T cells with enhanced memory potential. Importantly, within the Ty 1 compartment, we
identify for the first time, a novel subset of Id3-GFP cells that accumulate in frequency over

time following acute viral infection. Compared to 1d3-GFP'° Ty 1 memory cells, the 1d3-GFP"
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Tyl memory cells exhibited greater multipotency and proliferative potential upon secondary
challenge. Furthermore, the Id3-GFP" Ty1 cells showed increased expression of molecules
critical for T cell memory formation and survival when compared to Id3-GFP'® memory Ty1
cells. Single-cell RNA-sequencing revealed that the the Id3-GFPM Ty 1 memory cells formed a
distinct population that retained genes associated with Ty 1 polarization while also upregulating
memory-associated molecules enriched in the Ty and Trg memory compartments. Our data
uniquely define a subset of CXCRS5™ Ty 1 memory cells with stem-like properties, a characteristic
previously associated primarily with CXCR5* memory CD4* T cells.

Although our investigation identified Id3 as an important marker of CD4* memory
T cells, the cellular origin of Id3"™ Ty1 memory cells remains unclear. One can imagine a
Id3'° Ty1 effector gaining Id3 expression past the infection peak and becoming a long-lived
memory cell. However a scenario whereby a Id3" Tgy effector T cell potentially converting
into a Tyl phenotype during effector to memory T-cell conversion is also feasible. To probe
whether the 1d3" Ty 1 memory population arise from Ty 1 or Try effector T cells, experimental
models with T-bet or Bcl6 deletion can be used to see how defects in Ty1 or Tgy effector cell
generation impacts the formation of 1d3" Ty 1 memory T cells. Further investigation is also
needed to determine possible differentiation signals for Id3" Ty 1 memory cells. Examination
into localization patterns of Id3* Ty 1 memory cells, particularly within the secondary lymphoid
organs, can yield potentially hints to the mechanisms underlying their generation. Compared to
Id3'° Ty 1 memory cells, perhaps Id3M Ty 1 memory T cells preferentially locate closer to the
T/B cell border within SLOs, thus potentially receiving more cytokine signaling from Tgy or
B cells, leading towards a Id3" fate. Additional investigation is needed to uncover the cellular
origin and mechanism underlying the generation of Id3™ Ty 1 memory cells, however identifying
universal markers of memory such as 1d3 across T cell populations will undoubtedly aid in
deconvoluting the complexities associated with defining CD4" T cell memory.

Chapter 2, in full, has been submitted for publication of the material as it may appear

in PNAS, 2021. Shaw, L. A., Deng, T. Z., Omilusik, K. D., Nguyen, Q.P., and Goldrath, A. W.
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1d3 expression identifies mouse CD4* memory Tyl cells. The dissertation author was a primary

investigator and a first author of this paper.
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Figure 2.1. Shared transcriptional features between CD4* and CD8* memory T cells. (a)
Volcano plots showing averaged mRNA expression (3-4 independent replicates) of Ty1 (left)
or Ty (right) effector SMARTA CD4* T cells vs averaged mRNA expression (2 independent
replicates) of naive SMARTA CD4* T cells. The effector CD8" T cell gene-expression signature
defined by transcripts enriched in both terminal effector (TE) and memory precursor (MP) CD8*
T cells over naive CD8" T cells (FC > 2) from previous published data (Milner et al., PNAS,
2020) [97] is overlaid (highlighted in orange). (b) GSEA of effector CD8* T cell gene-signature
in effector vs naive CD4" T cells. (¢) Volcano plots showing averaged mRNA expression (2
independent replicates) of Ty 1 (left) or Ty (right) memory SMARTA CD4* T cells vs averaged
mRNA expression (2 independent replicates) of naive SMARTA CD4" T cells. The memory
CDB8* T cell gene-expression signature defined by transcripts enrichment in both Tgy and Tey
populations over naive CD8* T cells (FC > 2) from previous published data (Milner et al., PNAS,
2020) is overlaid (highlighted in blue). (d) GSEA of memory CD8" T cell gene-signature in
memory vs naive CD4" T cells. (e) GSEA of T¢p, signature in memory vs naive CD4" T cells.
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Figure 2.2. I1d3 expression defines CD4* T cells with increased memory potential. (a) Flow
cytometric analysis of donor Id3%F"* SMARTA CD4* T cells from C57BL/6 host mice over
the course of an LCMYV infection. (b,c) Frequency of 1d3 expressing cells among SMARTA
CD4" T cells (b) or total SMARTA CD4* T cells on indicated days of infection (¢). (d-k)
I1d3-GFP'" or 1d3-GFP" memory SMARTA CD4* T cells were sorted on days 28-32, transferred
to naive C57BL/6 hosts that were then infected with LCMV to be analyzed 7/8 days later. (d)
Experimental schematic for isolation of memory T cells based on expression of 1d3. (e) Total
SMARTA CD4* T cells recovered from host mice at day 7/8 of secondary LCMV infection.
(f) Analysis of Id3-GFP expression at day 7/8 of infection in donor cells from host mice that
received transfers of either Id3-GFP'° (left) or Id3-GFP" (right) memory SMARTA CD4* T cells.
Numbers on histogram peaks indicate percent of cells within indicated gates. (g) Frequency
among SMARTA CD4" T cells (left) and total SMARTA CD4* T cells (right) generated from
indicated transferred populations in (f). (h) Analysis of the percent SLAM*CXCR5™ (Tyl)
cells or SLAM!°CXCRS* (Tgy) cells generated from indicated memory populations following
secondary infection. (i) Frequency among SMARTA CD4" T cells (left) and total SMARTA
CD4" T cells (right) from indicated populations in (h) are shown. (j) Percent CXCR5 PD-1"
(Ty1) cells, CXCR5*PD-1" (Tgy) cells or CXCR5*PD-1* (GC Tgy) cells formed from indicated
memory populations following secondary infection. (k) Frequency among SMARTA CD4* T
cells (left) and total SMARTA CD4™" T cells (right) from indicated populations in (j). *P <0.05,
**P <0.01, ***P<0.001 and ****P <0.0001 (two-tailed unpaired Student s t test). Data are
representative of 3 experiments (a,c), each with n= 3-10 mice per group (mean £ s.e.m.) or
pooled from three (b, e-k) independent experiments with n=3-10 mice per group (mean =+ s.e.m.)
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Figure 2.3. The Ty1 population contain Id3-expressing cells. (a) Flow cytometric analysis
of donor 1d36F* SMARTA CD4* T cells from C57BL/6 host mice at indicated day of LCMV
infection (7, 32 and 41). Numbers in outlined area indicate percent SLAM*CXCRS5™ (Ty1) cells
(top) and the expression of Id3-GFP within the Tyl compartment (bottom). (b) Frequency of
SLAM*CXCRS5™ (Tgl) cells (left top) and total SMARTA CD4™ T cells (right top); frequency of
Id3-GFP-expressing cells among SLAM*CXCRS5™ (Ty1) cells (left bottom) and total SMARTA
CD4* T cells (right bottom). (c) Analysis of CCR7 expression on Id3°FP* SMARTA CD4* T
cells at days 7, 32, and 41 of LCMYV infection. (d) Frequency of Id3*CCR7" and Id3*CCR7* cells
among Tyl and Tgg cells. *P <0.05, **P <0.01, ***P <0.001 and ****P <0.0001 (two-tailed
unpaired Student s t test). Data are representative of two experiments each with n= 3-8 mice per

group (mean =+ s.e.m.).
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Figure 2.4. Id3-GFP" Ty 1 memory cells exhibit increased accumulation and multipotency
upon rechallenge. (a-i) C57BL/6 host mice received a transfer of either I1d3-GFP'° or Id3-GFP"
SLAM*CXCRS5™ Tyl memory SMARTA CD4* T cells, and were infected with LCMV for
7/8 days before analysis. (a,b) Experimental schematic for sorting SLAM*CXCRS5™ Ty cells
based on expression of Id3. (c) Total SMARTA CD4* T cells recovered from Id3lo Tyl or
Id3hi Tyl secondary transfer on day 7/8 of reinfection. (d) Expression of Id3 in indicated
memory populations on day 7/8 of reinfection. (e) Frequency among SMARTA CD4" T cells
(left) and total SMARTA CD4* T cells (right) generated from indicated transferred populations
in (d). (f) Percent of SLAM*CXCRS5" (T 1) cells or SLAM'°CXCR5™ (Tgy) cells generated
from indicated memory populations on day 7/8 of reinfection. (g) Frequency among SMARTA
CD4" T cells (left) and total SMARTA CD4* T cells (right) from indicated populations in
(f). (h) Percent CXCR5PD-1" (Ty1) cells, CXCR5*PD-1" (Tgy) cells or CXCR5*PD-1* (GC
Trp) cells formed from indicated memory populations at day 7/8 of reinfection. (i) Frequency
among SMARTA CD4* T cells (left) and total SMARTA CD4" T cells (right) from indicated
populations in (h). (j-m) Analysis of memory Id3GFP/+ SMARTA CD4* T cells at day 30 of
LCMV infection. (j) Schematic of experimental timeline. (k) Frequency of SLAM*CXCR5"
(Tg1) cells or SLAM'CXCR5™* (Tgy) cells among total donor cells (right) and Id3 expression in
indicated donor subset (right). (1) Histograms show expression of indicated protein on Id3-GFP'
(black) or Id3-GFPM (grey shaded) Ty1 memory populations. (m) Quantification of median
fluorescence intensity for indicated protein. *P <0.05, **P <0.01, ***P<0.001 and ****P
<0.0001 (two-tailed unpaired Student s t test). Data are normalized and pooled from two
independent experiments with n= 3-10 mice per group (mean + s.e.m.).
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Figure 2.5. I1d3-GFP" cells are a transcriptionally distinct Tz1 memory cell subset. (a)
Averaged (3 independent replicates) mRNA expression by expression plot of Ty 1 1d3-GFP"
vs 1d3-GFP cells from bulk RNA-sequencing. Highlighted genes (grey) indicate fold change
> 1.75 (b) GSEA of Ty [97] and Temp [24] signature in memory CD4* 1d3-GFP™ Ty1 vs
1d3-GFP!° Ty1 cells. (c-g) SMARTA CD4* T cells were adoptively transferred into congenically
distinct hosts 1 day before infection with LCMYV. Splenocytes were harvested and SMARTA CD4*
T cells were sorted at 7, 21, and 41 days of infection and subsequently processed for scRNA-seq
with the 10x Genomics platform. (c) uMAP plot of samples colored by sample ID (d) uMAP
plot of relative enrichment of memory Ty 1 (left) and Try (right) gene-signatures generated from
bulk-RNA sequencing of sorted Trg and Ty 1 memory cells (e) Relative expression of indicated
genes including known Tyl- and Tgyg-associated genes. (f) uMAP plot of samples colored
by sample ID. (g) Relative enrichment of memory Ty1 (left) and Ty (right) gene-expression
signatures generated from bulk-RNA sequencing of sorted Trg and Tyl memory cells. (h)
Relative enrichment of Ty 1 Id3-GFP! (left) and Id3-GFPM (right) memory gene-expression
signatures generated from bulk-RNA sequencing.
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Figure 2.6. Single-cell RNA-seq and bulk-RNA sequencing of memory SMARTA CD4* T
cells. (a) Averaged (3 independent replicates) mRNA expression by expression plot of >day
30 memory Tgy Id3-GFPM vs Ty 1 1d3-GFPM. Highlighted genes (grey) indicate fold change
>1.75. (b) Averaged (4 independent replicates) mRNA expression by expression plot of day
21 Tgy vs Tyl memory cells. Highlighted genes (grey) indicate those of the Tyl (left) or
Try (right) memory gene- signatures defined by FC > 2. (c) uMAP plot of samples colored
by cluster. (d) Violin plots of relative enrichment of memory Tyl (left) and Try (right) gene-
signatures generated from bulk- RNA sequencing of sorted Tgy and Tyl memory cells. (e)
Relative expression of 1d3 and indicated memory-associated genes on uMAP plots containing
cells enriched for the Tyl memory gene- signature. For filtering, violin plots were used to set
thresholds to select memory cells with an enriched Tyl cell gene-signature (>0.10) as well
as a diminished Tgy cell gene-signature (<-0.05). (f) Relative enrichment of Ty (left) and
Tem(right) (Milner et al., PNAS, 2020) [97] or (g) Tcmp (Ciucci et al., Immunity, 2019) [24]
gene-signatures on uMAP plots generated from scRNA-seq of sorted SMARTA CD4" T cells
over the course of an LCMYV infection (day 7, 21, and 41).
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Chapter 3

Unbiased approach for investigating puta-
tive transcriptional regulators of memory

CD4* T cells

3.1 Introduction

The previous chapter identified a marker of CD4* memory T cells by borrowing knowl-
edge from CD8* memory T cells. In this chapter, we elucidated an alternate approach towards
investigating transcriptional regulators of memory CD4* T cells. We first explored uniquely
accessible regions of the genome for effector and memory Tyl as well as Tgy cells using
ATAC- (Assay for Transposase-Accessible Chromatin-) sequencing. Then utilizing a novel
bioinformatics analysis that combines bulk RNA-sequencing and ATAC-sequencing, we are
able to predict putative transcription factors that may serve a role in the biology of memory Ty
cells. To validate these putative regulators, we employed CRISPR/Cas9 technology to knock out
potential genes of interest in SMARTA T cells prior to adoptive cell transfer and infection. A
similar approach was utilized by Yu et al. [150] to successfully identify two TFs important in
the differentiation of CD8* TE and MP effector T cells. By leveraging sequencing technology
and bioinformatics approaches, we are equipped to further expand our understanding of CD4*

memory T cell populations.
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3.2 Effector and Memory Tyl and Tyy cells possess unique
epigenetic signatures

To investigate chromatin accessibility of Tyl and Tgg cell as they differentiated to
effector and memory populations, we adoptively transferred SMARTA T cells into C57BL/6J
recipients followed by LCMV-Armstrong infection (Figure 3.1). At effector and memory
timepoints, we sorted out Tyl and Tgy populations for ATAC-sequencing as well as bulk RNA-

sequencing. Utilizing the ATAC-seq results, we identified accessible regions of the genome

Day -1 Day 0 Day 7 Day 20-41
| | | |
[ [ [ |
Transfer SMARTAs  Infect with LCMV “Effector” takedown “Memory” takedown
retro-orbital 2x10° I?FUS
,-&‘ Spleen: sort Ten & Tul Spleen: sort Ten & Tul
\ Bulk RNA Seq Bulk RNA Seq

C ATAC Seq ATAC Seq

Figure 3.1. Experimental schematics for RNA- and ATAC-sequencing. Data from effector
and memory SMARTA T cells will be used in the PageRank workflow to generate putative
regulators of CD4* memory T cells.

using the ENCODE ATAC-seq pipeline [26]. The pipeline generated a list of all accessible
peaks from the samples as well as quantify the number of reads within each peak. Replicate
samples for each subset showed strong similarity based on Spearman correlation (Figure 3.2a).
Interestingly, principal component analysis (PCA) of ATAC data revealed that while D20 Tgy
cells exhibited a chromatin state more similar to D7 Tgy effector cells, D20 Ty 1 cells actually
correlated more closely with D40 Ty 1 memory cells (Figure 3.2b). This pattern of D20 Tgp cells
being more similar to effector Try cells, while D20 Ty1 cells being more similar to memory
Tyl cells was similarly replicated by PCA of RNA-seq data of the same subsets (Figure 3.2c¢),
perhaps suggesting that the Try lineage take a longer time course to fully differentiate into a
long-lived memory cell-state, perhaps due to the prolonged presence of germinal centers after

viral clearance. Subsequently we identified 11,940 shared differentially accessible peaks between

45



D7, D20, and D40 cells for the Tyl and Try lineages. These peaks were then annotated and
subsequently filtered based on differential expression patterns in RNA-Seq before being clustered
based on expression profile similarities using k-means clustering (Figure 3.2d). Clustering results
of filtered differentially accessible peaks reaffirmed the previous finding that D20 Tgy cells
more closely resemble Ty cells from the effector timepoint, while the D20 Tyl cells look
more similar to D40 memory Ty cells (Figure 3.2d). Peaks in differentially accessible regions
(DAR) are enriched with intronic and distal intergenic regions compared to all peaks (Figure
3.2e), suggesting differentially accessible non-coding regions may regulate these populations.
Collectively the data suggests CD4* Ty effector and memory cells have unique chromatin

signatures that is shared by both the Ty 1 and Ty subsets.

3.3 PageRank analysis generates putative TF's for CD4*
memory T cells

Despite being critical transcription factors for two opposing CD8* effector lineages,
regulators of CD8" TE effector cells (T-bet, Id2, Irf4, Batf, Zeb2) and MP effector cells (Tcf7,
Eomes, 1d3, Bcl6) do not always exhibit differential mRNA expression between the two subsets
[154, 65, 66, 17]. This issue makes the identification of key TFs for differing subsets via bulk
RNA sequencing alone extremely challenging and inefficient. To circumvent this issue, the
PageRank analysis cleverly enlists the power of Assay for Transposase-Accessible Chromatin
with high-throughput sequencing (ATAC-seq) to globally probe open chromatin regions of the
genome [ 14, 144]. As previously noted, transcription factors can directly influence transcriptional
activity via DNA binding, but can also recruit co-factors to alter the epigenetic landscape of the T
cell’s genome [137, 141, 151]. This epigenetic shift then allows previously inaccessible regions
of the genome to become available for transcription and regulation. Thus the PageRank analysis
first utilizes ATAC-seq data to scan for TF binding motifs within the open regions of chromatin to

infer all potential TF binding sites and create TF networks consisting of all potential gene targets
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of any known TF [106, 150]. In the next step, the workflow assigns a weight to every gene within
each constructed TF network based on the level of differential expression in RNA-seq data across
different cell types or conditions. Lastly, the workflow applies the PageRank algorithm onto the
TF regulatory network to adjust the weight of each gene based on two criteria: 1) the number of
regulated genes and 2) the weight or importance of regulated genes (Figure 3.3). In essence, the
algorithm ensures that TFs that regulate more genes or regulate more important genes would

receive a higher weight or GeneRank score.

3.3.1 Putative regulators of Tyl and Tyg memory

To investigate novel putative transcriptional regulators of CD4* memory T cells, we first
transferred SMARTA T cells into host recipients and then infected them with LCMV-Armstrong
(Figure 3.1). At both effector and memory time points, we sorted out Tyl and Tgg helper T
cells for bulk RNA sequencing as well as ATAC sequencing (Figure 3.1). With RNA-seq and
ATAC-seq data from effector and memory Ty cells from both the Ty1 and Ty, we employed
the PageRank analysis workflow to predict putative regulators of Tyl and Tpg memory T cells.
To identify potential targets, we assessed the fold change of GeneRank scores (weight generated
by PageRank analysis) between memory and effector Ty cells within both the Tyl and Tryg
lineage. We selected a significant cutoff of fold change >2 and identified 88 putative regulators
(highlighted in purple) of Tpy memory cells (Figure 3.4) and 64 putative regulators (highlighted
in purple) of Ty 1 memory cells (Figure 3.5). The top predicted targets, i.e. genes that had the
highest positive fold change in GeneRank score between the memory timepoint and the effector
timepoint, for the Ty1 include: Zfp957, Rhox9, Hoxc9, Rorb, and Srebf2 (Figure 3.5). Top
putative regulators for Tpg memory are: Rorb, Hes1, Lhx5, Srebf2, and Pitx3 (Figure 3.4). The
full list of putative memory regulators can be found in Figure 3.6. After generating putative
regulators of memory CD4" T cells, we aimed to functionally validate these TFs in in vivo

experiments through an loss-of-function, gene-knockout approach.
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3.4 Functional validation of predicted TF's via Cas9-gRNA
ribonucleoproteins

Since the advent of CRISPR (clustered, regularly interspaced, short palindromic re-
peats)/Cas9 (CRISPR-associated protein 9) technology, it has become the prominent tool used
for genome editing. The Cas9 protein forms a ribonucleoprotein (RNP) complex with a func-
tional guide RNA (gRNA), which contains a CRISPR RNA (crRNA) portion as well as a tracer
RNA (tracrRNA) component. The crRNA contains sequences that target a specific region of
the genome while the tracrRNA anchors the crRNA to the Cas9 protein. The CRISPR-Cas9
complex then searches for genomic targets by binding to DNA and unwinding the double helix
to test for potential matches against the specific guide RNA [62]. Once the target sequence is
found within the genome, the RNP complex facilitates a DNA break at the specific location
to be repaired by cell endogenous mechanisms. The prominent repair mechanism in somatic
cells is called mutagenic nonhomologous end-joining (NHEJ) which often creates insertions
or deletion (InDels) at the DNA break site, leading to loss-of-function mutations in the target
gene. Early adaptations of CRISPR/Cas9 editing in T cells primarily utilized viral delivery of
Cas9 and gRNA [140, 79] plasmids or transfection via electroporation of gRNA/Cas9 constructs
[87, 131]. These methods resulted either in low targeting efficiencies or cell toxicity due to DNA
electroporation [108].

More recently, an approach utilizing electroporation of preformed Cas9/gRNA RNP
exhibited positive results for rapid and efficient target-gene knock outs in primary T cells [108].
While the previous methods required transcription and translation of various CRISPR/Cas9
components prior to gene-editing, the RNP system introduces a preformed CRISPR/Cas9
complex directly into the cell via electroporation (Figure 3.7), allowing gene-editing activities to
commence immediately. The RNP complexes are quickly degraded and removed within the cell,
making the editing activity short-lived, consequently reducing the chances of off-target effects.

To validate putative CD4* memory T cell regulators, we adapted the RNP electroporation

48



protocol by Oh et al. [108] to our SMARTA T cell system (Figure 3.8). To initiate Cas9-mediated
gene knockout, we first enriched and activated naive SMARTA T cells in vitro with anti-CD3 and
anti-CD28 stimulation. After 48 hours, we begin the generation of CRISPR/Cas9 RNP complexes
with crRNA against the pan T cell marker Thy1.2 (CD90.2) as well as putative memory regulators.
We utilized the Neon Invitrogen system to electroporate our activated SMARTA T cells with
preformed RNPs. One day post electroporation, we measured the efficiency using flow cytometry
by detecting fluorescence emitted by the special crRNA we use in our RNP complexes, which
contains the fluorescent label ATTOS550. We then transfer the RNP-transfected SMARTA T cells
into B6 hosts followed by LCMV-Armstrong infection. To investigate the effects of the CRISPR-
mediated knockout on SMARTA T cells post infection, we performed immuno-phenotyping on
splenocytes at both an effector and memory timepoint (Figure 3.8). An expected result from
knocking out an important memory regulator would likely entail minimal consequences for

effector cell generation accompanied by a significant loss of memory cell frequency.

3.4.1 Functional validation of putative regulators: Srebf2 and Rorb

For functional validation of the PageRank generated putative regulators, we prioritized
investigating the transcription factors Srebf2 and Rorb due to their status as top predicted memory
regulator in both the Ty 1 and Tgy lineage. While not much is known about the role of Rorb in T
cells, Srebf2 has been shown to have important roles in regulating T cell lipid homeostasis and
effector T cell generation [72]. To test the effects of knocking out Srebf2 and Rorb in CD4* T
cells, we first activated SMARTA T cells in vitro followed by RNP electroporation 48 hours after.
As noted previously, we detect RNP electroporation efficiency via the detection of ATTO550, a
fluorescent component of the RNP complex. However, since the RNP will be degraded over time,
we will lose the ability to longitudinally track our RNP-tranduced SMARTA cells throughout
an LCMV-Armstrong infection. To overcome this obstacle, we utilized crRNA against Thy1.2
(CD90.2) as our control baseline condition.

Thy1.2 or CD90.2 is a commonly expressed pan-immune surface marker that has no
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known impact on T cell fitness [73]. More specifically, Thy1 is a Glycosylphosphatidylinositol
(GPI) anchored surface protein that is highly expressed on neurons, thymocytes, and mature T
cells [50]. Embryonic deletion of Thy1 results in no defects in thymocyte numbers but a reduction
in mature CD8"* T cells [50]. Though no physiological ligand or potential receptor has been
identified in murine, in vitro cross-linking of Thy1 with monoclonal antibodies in the context of
strong CD28 co-stimulatory signals can partially substitute for TCR signaling, a phenomenon
also seen with other GPI-anchored proteins [S0]. Thy1-null peripheral T cells show a modest
decrease in proliferative responses to immobilized anti-CD3 mAb in vitro but responses to
Concanavalin A or PMA plus Ca** ionophore are normal with no effects on cytokine production
[50]. Therefore targeting Thy1.2 will not impact the SMARTA cell’s ability to respond to LCMV
infection but will allow us to detect RNP-transfected cells via the depletion of cell surface
CD90.2. Depletion of Thyl.2 provides a new method of tracking of RNP-transfected cells
longitudinally throughout the course of an infection in vivo. One day post RNP electroporation,
we measure the transfection efficiency and found that >94% of SMARTA cells are RNP-positive
(Figure 3.9a). It is worth noting that at 24 hours post RNP electroporation, we already detected
reduced surface expression of Thy1.2 (Figure 3.9b), evidence of CRISPR/Cas RNP mediated
gene-knockout. To confirm CRISPR-mediated disruption of Srebf2 and Rorb, we extracted
genomic DNA post RNP electroporation and performed sanger sequencing around the targeted
region. To estimate spectrum and frequency of Crispr-mediated InDels , we utilized the Tracking
of Indels by DEcomposition (TIDE) tool [13]. Though the percentage of RNP* (ATTO550%)
cells were consistently >94% across all samples, the actual InDel frequencies around the target
site were variable (Figure 3.10). While the Srebf2 targeting guides were able to generate InDels
around the intended disruption site, with Srebf2-AC having the highest InDel efficiency at 47.6%
(Figure 3.10a-d), the two Rorb targeting guides, AA and AB, seemed unable to induce disruptions
at the target site (Figure 3.10e-h). It is worth noting here that despite >96% of cells displayed
successful RNP transfection with Rorb targeting guides (Figure 3.9), actual genetic disruption

was minimal. One possible explanation for this is that the target genomic region is perhaps
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inaccessible in naive CD4" T cells, and thus successful RNP transfection would be unable to
mediate genomic editing.

Following the assessment of RNP efficiency, we transferred the transfected SMARTA
T cells into host mice followed by LCMV-Armstrong infection. Although Srebf and Rorb
are predicted regulators of memory CD4" T cells, an evaluation of the effector time point is
necessary as a compromised effector phase will undoubtedly impact the formation of memory
populations. We detected no significant difference in effector T cell frequency aside from a slight
increase in the Srebf2-AC treated group compared to the control (Figure 3.11a,b). However
an analysis of absolute numbers of SMARTA effector T cells no longer reflects this difference
(Figure 3.11b). To assess potential unwanted effects on the differentiation of CD4" effector T
cells, we first gate on our CRISPR-transfected SMARTA T cells based on low expression of
CD90.2 (Figure 3.11c¢). It is worth noting that we observed very consistent Thy1.2 depletion
efficiency across all test conditions despite the two Rorb targeting guides being ineffective at
inducing target gene disruption (Figure 3.11d). After gating on CD90" SMARTA T cells, we
observed no significant changes in the frequency of Tyl, Tgy, or GC-Tgy effector CD4* T
cells (Figure 3.11e-h). Collectively the data would suggest that CRISPR targeting of Srebf2
and Rorb does not affect CD4* effector T cell generation or differentiation. However it is
important to remember that the Rorb targeting conditions were unsuccessful in mediating InDels
at the intended site, and therefore no definitive conclusions can be made regarding the role of
Rorb. At the memory timepoint, we did not observe any significant differences in memory
SMARTA T cell frequency or total memory SMARTA T cells between test conditions and the
control (Figure 3.12a,b). However we were able to recover ample numbers of RNP-transfected
memory SMARTA T cells for ex vivo analysis, which was previously unfeasible when using
short hairpin RNA knockdown approaches. After gating on CD90” memory T cells (Figure
3.12¢,d), we found no significant changes in the frequency of Tyl and Tggy memory T cells
(Figure 3.12¢,f). Analysis of CRISPR-edited memory CD4* T cells would suggest that Srebf2

does not affect CD4* memory T cell generation or differentiation, however it is also possible that
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the deletion efficiency was not sufficient to significantly disrupt gene function and therefore no
phenotypic changes were observed. Target deletion of Rorb appeared unsuccessful and therefore

no definitive conclusions can be drawn regarding its role in CD4* memory T cells.

3.5 Discussion

While chapter 2 demonstrated how memory CD8" T cell knowledge can be leveraged
for memory CD4* T cell investigations, here we reported a possible strategy for an unbiased
approach on investigating novel putative transcriptional regulators of memory CD4" T cells.
We first compared transcriptomic landscape and chromatin accessibility between effector and
memory Tyl and Tgg cells. Interestingly, we found that while D20 Tgg cells exhibited a
transcriptomic as well as chromatin state that was more similar to D7 Tgy effector cells, D20
Tyl cells actually correlated more closely with D40 Tyl memory cells. RNA-seq data and
ATAC-seq data collectively suggest that perhaps Try memory cells take a longer trajectory to
reach their long-lived memory cell-state. This could be explained by the prolonged presence of
germinal centers post viral clearance that serve as a source for Tgy effector inducing signals. We
then took conserved differentially accessible regions between D7, D20, and D40 Ty 1 and Try
cells and filtered the DARs based on differential mRNA expression from RNA-seq. The resulting
peaks, or DARs that can presumably induce transcriptional changes, were clustered based on
k-means clustering and again we found that D20 Tggy cells more closely resemble Tgy cells from
the effector timepoint, while D20 Ty1 cells looked more similar to D40 memory Ty cells.

To predict putative transcriptional regulators of CD4" memory T cells, we utilized the
PageRank bioinformatics analysis which uses ATAC-seq data to scan for TF binding motifs to
construct a TF to gene network. Subsequently the workflow utilizes RNA-seq data to assign a
“weight” to each gene based on differential expression. Lastly the program then re-evaluates the
network and assigns TFs that either regular more genes or “heavier” genes a higher GeneRank

score. To generate putative CD4* memory T cell regulators, we calculated the fold change in
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GeneRank score between memory and effector Tyl and Try cells. The top predicted TFs have
the highest fold change in GeneRank score of memory over effector populations. Srebf2 and
Rorb were top predicted targets for both Tyl and Trg memory lineages and therefore were
selected for in vivo validation. Here we demonstrated an optimized gene-editing system in
CD4" T cells using electroporation of CRISPR/Cas9 ribonucleoproteins. The CRISPR-RNP
system leverages the genetic-editing capability of a preformed CRISPR/Cas9 ribonucleoprotein,
which when transfected into the cell, can mediate immediate gene deletion and will be degraded
shortly after to prevent off-target effects. The RNP complex contains a fluorescent component
which can be detected via flow cytometry in order to measure transfection efficiency shortly
after electroporation. We demonstrated that knockout of Thy1 can be perform in conjunction
with other target genes with no defects on CD4" T cell proliferation or memory formation. This
is valuable in providing the ability to longitudinally track CRISPR-edited T cells through an
infection in vivo. The two guides targeting Rorb were unable to induce InDels at the target site so
no definitive conclusions can be drawn about its role in CD4" memory T cells. CRISPR-mediated
editing of Srebf2 did not significantly impact effector or memory CD4" T cell generation and
differentiation. However this could be due to incomplete nullification of target gene function,
highlighting the important of guide design when utilizing this system.

Despite negative results on CRISPR-targeting of Srebf2 and Rorb, this optimized CRISPR-
RNP system can serve as a valuable resource for an efficient and simple method for mediating
gene-disruption in T cells that inevitably expands our capacity to investigate T lymphocytes.
This system can be used to effectively recover genomically-altered T cells at a memory timepoint
post viral infection, which was previously not possible with the shRNA knockdown system. It is
important to note that while RNP transfection efficiency, Thy1 knockout efficiency and actual
target gene InDel frequency should all be theoretically correlated, this is not necessarily the
case in practice. The Rorb targeting guides showed highly efficient (>96%) RNP transfection
efficiency as well as excellent Thy1.2 knockout efficiency but very little InDel frequency. This is

possibly due to poor guide design or more likely chromatin inaccessibility of the target gene.
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One possible method to circumvent this issue is to perform ATAC-sequencing on naive SMARTA
T cells to confirm the chromatin accessibility of intended targets in the future. Overall the
optimization of this gene-editing system shows great promise in expanding the scope of our
investigative capabilities. This system is also easily adaptable towards studies on other aspects
of T cell biology and hopefully can yield fruitful discoveries in the future.

Chapter 3, in part, is currently being prepared for submission for publication of the
material. Deng, T. Z., Goldrath A. W. The dissertation author was a primary investigator and

author of this material.
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Figure 3.2. Epigenetic landscape of effector and memory CD4* helper T cells. (a) Pearson
correlation for all peaks across all samples. (b) Principal component analysis of all ATAC-seq
samples. (c) Principal component analysis of all RNA-seq samples. (d) Heatmap of differentially
accessible regions (DAR) clustered based on k-means = 6. (e) Annotation of genomic region
type for all peaks (left) and DAR peaks (right).
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Genes | GeneRank F.C. RNAF.C. Genes | GeneRank F.C. RNAF.C. Genes | GeneRank F.C. RNAF.C. Genes | GeneRank F.C. RNAF.C.
gata3 3.50 1.07 dix6 1.36 0.00 zfp957 4.04 0.72 barx2 1.25 -0.28
spdef 3.18 1.86 nkx3-2 1.35 0.00 vsx2 3.02 1.81 2zscan20 1.21 1.26
hes1 3.15 0.46 hoxd9 1.34 0.90 dmrtat 263 213 foxb1 1.20 0.59
dmrtat 3.14 5.35 foxo4 1.33 0.21 Ihx1 2583 1.00 tef7 1.19 1.58
rorb 3.13 0.69 scrt1 1.32 0.00 nr1i3 243 1.02 zbtb7b 1.18 1.29
hoxa7 3.08 1.27 sebox 1.32 0.95 otp 2.30 1.33 arid5a 1.18 1.36
npas4 298 246 nréal 1.32 215 rorb 229 -1.21 hoxb5 1.15 0.00
srebf2 2.89 0.72 kIf9 1.32 1.67 hoxc9 222 0.90 gbx2 1.15 0.24
ppard 272 1.07 dix1 1.31 0.00 hoxd1 214 0.48 tx2 1.14 0.59
pitx3 252 0.71 gbx1 1.30 1.05 rhox9 212 0.59 hic1 1.13 278
Ihx5 245 0.54 pax5 1.30 -1.79 phox2b 207 1.27 bclé 1.12 3.00
arid5a 239 0.67 tgif2 1.29 1.10 zfp202 2.05 1.09 barx1 11 0.48
nkx2-3 224 0.54 foxal 1.28 2.60 srebf2 2.04 -0.09 foxa1 1.10 1.00
rarg 223 272 nkx2-9 1.28 0.00 nr1i2 1.96 0.25 nr1h2 1.08 0.29
neurod2 2.18 0.93 hnfda 1.26 0.48 meox2 1.87 0.00 irx3 1.06 0.00
ppara 2.18 -0.15 usf2 1.26 0.35 hoxa1 1.86 0.24 hoxa6é 1.04 0.48
dbx1 21 1.60 hbp1 1.25 -0.26 mnx1 1.84 -0.52 hoxd13 1.03 0.00
2fp957 2.10 1.24 tbr1 1.25 1.25 msx1 1.82 1.72 msx2 1.02 -0.28
vax1 2.10 1.21 hoxa9 1.22 1.15 prdm11 1.81 2.09 hsf1 1.01 0.85
oligd 2.09 1.15 tox19 1.22 1.50 insm1 1.77 0.48 dmrt1 1.00 0.00
dmrtc2 2.00 1.76 poudf3 1.22 0.90 barhl2 1.72 -0.24
glis1 1.94 -0.10 gsc2 1.22 0.49 dmrt2 1.71 0.78
foxd2 1.92 1.62 rara 1.22 3.83 Ibx1 1.70 0.68
nr3c2 1.80 3.12 pou3f1 1.21 1.64 dix3 1.70 1.04
hoxb13 1.80 1.44 hnfdg 1.20 -0.40 zfp523 1.62 224
otx2 1.79 0.54 mbd1 1.16 1.04 foxp3 1.60 4.43
nkx2-6 1.79 0.00 kdm2b 1.15 -0.33 foxl1 1.59 0.59
hoxc4 1.76 0.54 prrx1 1.15 1.31 tef 1.54 274
emx1 175 0.93 zict 1.15 1.78 hoxd4 1.53 0.59
gata5 1.72 -0.04 pitx2 1.15 -0.09 dbx2 1.50 1.12
zbtb4 1.68 0.42 myt1l 1.15 1.59 bhlha15 1.49 1.80
obox1 1.64 0.46 nkx2-4 1.13 -0.40 six2 1.48 1.54
prdm1 1.62 1.43 pouf1 1.1 1.18 2fp740 1.47 1.06
rfx2 1.60 262 msx1 1.1 0.49 Ibx2 1.46 0.94
alx4 1.59 -0.08 hoxb5 1.09 0.43 zic2 1.45 1.59
hmg20b 1.56 0.61 2fp263 1.06 1.10 barhl1 1.42 0.00
evx2 1.55 0.93 pousf3 1.04 1.1 hmga2 1.42 0.35
six4 1.53 1.56 crx 1.02 0.49 scrt1 1.40 0.92
sox6 1.48 216 nkx2-1 1.02 0.49 nr2f6 1.40 1.29
Ihx3 1.45 0.49 sox8 1.02 1.00 pax3 1.35 -0.27
cdx4 1.43 1.24 nr2ct 1.01 0.39 myt1l 1.30 -0.21
mafg 1.42 -1.07 zfp105 1.01 1.28 rarg 1.29 1.21
neurog1 1.40 0.86 hsf1 1.00 1.06 mzf1 1.26 1.48
hoxd13 1.38 0.20 six1 1.00 0.54 hsf2 1.25 0.00

Figure 3.6. Complete list of putative regulators for memory CD4* T cells. All values
displayed were Log,() transformed. Transcription factors are sorted based on highest fold change
in GeneRank from memory over effector T cells. Fold change in RNA expression also shown.
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Preformed
Ribonucleoprotein
(RNP)

Tranfection via
electroporation

Figure 3.7. Electroporation of CRISPR/Cas9 ribonucleoprotein complex. When preformed
RNP is introduced via electroporation into T cells, the enzyme complex rapidly starts cutting
targeted genomic DNA.
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Figure 3.8. Experimental schematics for validating putative regulators of memory CD4*
T cells.
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Figure 3.9. CRISPR/Cas RNP Electroporation Efficiency. (a) Representative flow plots
showing fluorescent expression level of ATTOS50 24 hours post RNP electroporation. (b)

Representative flow histogram depicting surface expression of Thyl.2 24 hours post RNP
electroporation.
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Figure 3.10. TIDE validation of Cripsr-mediated InDels. (a,c.e,g) InDel spectrum plot
depicting frequency of small InDels created around the target side; Bars to the left of O represent
the number of nucleotide deletions while bars to the right of 0 represent the number of nucleotide
insertions, frequency of such edits are represented at the top. (b,d,f,h) Aberrant sequence signal
plot representing the variability of nucleotide sequence between control (black) and test (green).
Increased test (green) signals after the expected cut site is representative of accurate disruption at
the intended site.
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Figure 3.11. Effector timepoint analysis of CRISPR-edited T cells. (a) Flow cytometric
analysis on frequency of donor SMARTA T cells at the effector timepoint. (b) Frequency of
SMARTA T cells among CD4* T cells (left) and total number of SMARTA T cells recovered
from the spleen (right). (c) Representative flow plots on CD90.2 expression. (d) Frequency of
CD90" and CD90" SMARTA T cells. (e) Representative flow plots for SLAM*CXCR5™ (Tyl)
and SLAM CXCR5" (Tgy). (f) Frequency of Ty1 and Tgy effector T cells. (g) Representative
flow plots for CXCR5PD-1" (Ty1), CXCR5"PD-1" (Tgy) and CXCR5*PD-1* (GC-Tgy). (h)
Frequency of Ty 1, Trg and GC-Tgy effector T cells. *P<0.05, (two-tailed unpaired Student’s T

test).
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Figure 3.12. Memory timepoint analysis of CRISPR-edited T cells. (a) Flow cytometric
analysis on frequency of donor SMARTA T cells at the memory timepoint. (b) Frequency of
SMARTA T cells among CD4* T cells (left) and total number of SMARTA T cells recovered
from the spleen (right). (c) Representative flow plots on CD90.2 expression. (d) Frequency of
CD90" and CD90" SMARTA T cells. (e) Representative flow plots for SLAM*CXCR5™ (Tgl)
and SLAM CXCRS5* (Tgy). (f) Frequency of Tyl and Tgyg memory T cells.
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Chapter 4

Conclusion

A typical antigen-driven T-cell response against an acute infection can be broadly broken
down into two main phases: a short-lived effector phase where large numbers of effector T cells
will have direct functional response against the infection followed by a contraction phase where
majority of the effector cells will die leaving behind only a small portion of long-lived memory
T cells that persists up to decades post antigen clearance. This memory T cell population is
especially important against re-infection with the same pathogen because it ensures both a rapid
and robust secondary response against the recurring pathogen, and thus is pivotal in conferring
long-term immunity against harmful pathogens. T lymphocytes are further subcategorized into
two main cell types based on expression of cell-surface molecules CD4 and CDS8. The primary
function of CD8* cytotoxic T cells is to eradicate infected cells while CD4* helper T cells
can differentiate into multiple functionally distinct helper cell types depending on the type of
infection and the cytokines present during their activation [95]. To ensure that each class of
pathogen is countered with the appropriate immune response, early host-pathogen interactions
will result in an infection environment that directs differentiation of naive CD4* T cells to acquire
specific helper functions. These helper cell types have been described to each have their own
unique transcriptional regulators as well as signature effector mediating cytokines.

Memory T cells have been under fervent investigation in the past decades due to their

indispensable role in mediating vaccine-based immunity. While significant advances have been
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made in understanding the biology of CD8* memory T cells, mechanisms underlying CD4*
memory T cell remain relatively uncharted compared to the CD8* lineage. Two main factors
have contributed to this knowledge deficit; firstly, CD4* T cells are inherently less proliferative
and CD4* memory T cell population appears to decline following antigen clearance, while the
CD8* memory T cell population is typically stable [40, 143, 1]. Secondly, the functional breadth
of the CD4* T cells combined with documented instances of lineage interconversion between
helper T cell lineages have added substantial complexity in regards to memory studies.

Current literature remains conflicted in whether there is a single CD4* memory T cell
precursor that gives rise to secondary Ty subsets or if there are memory precursor cells within
each helper lineage. In chapter 2, we reported that expression of 1d3, an inhibitor of E protein
transcription factors, definitively identifies a memory-precursor population within both the CD4*
Try and Ty 1 helper lineages. 1d3 expressing Ty memory cells exhibited greater potential in
response to secondary infection than their Id3'° counterparts. Notably, a small subset of Ty 1
memory cells expressing Id3 exhibited enhanced expansion upon response to pathogen, gives
rise to both Ty 1 and Try secondary effector cell populations, and is enriched for key molecules
associated with memory potential when compared to Id3!° Ty1 cells. Thus, Id3 serves as
an important conserved marker of multipotency for CD4* memory T cells. Identification of
such markers allow for further investigation into possible mechanisms underlying the cell-fate
decisions between an Id3" versus an Id3!° memory phenotype, perhaps shedding light on broader
principals of CD4" memory T cell formation.

While chapter 2 identified a universal marker of CD4* memory T cells by leveraging
knowledge from CD8* memory T cells, chapter 3 highlighted a possible strategy for an unbiased
approach towards investigating putative regulators of CD4" memory T cells. To generate
potential transcriptional regulators for memory helper T cells, we employed the PageRank
bioinformatics analysis which utilizes RNA expression as well as chromatin accessibility data
to predict potentially important transcription factors for memory CD4* T cells. Top predicted

regulators were taken for functional in vivo validation utilizing an optimized CRISPR/Cas9
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ribonucleoprotein electroporation protocol. Despite negative results on putative targets, the RNP
protocol provides a reliable and highly efficient method for achieving loss-of-function knockout
deletions in CD4* T cells. This system can be easily adapted toward other T cell investigations
as well which further empowers our ability to explore different aspects of T cell biology. We also
found that by deleting surface marker Thy1 in conjunction with potential targets, we were able to
successfully identify and recover genomically-edited cells throughout an in vivo infection, which
was not feasible with the shRNA system. Perhaps future exploration into putative regulators of
CD4* T cells could employ the CRISPR RNP protocol on Id3-GFP reporter SMARTA T cells to
probe possible effects on Id3 expression. Even further, perhaps the PageRank analysis should be
performed specifically on sorted Id3™ and Id3'° memory Ty populations to investigate possible
conserved regulators of Id3 expression in CD4* memory T cells. With concurrent advancements
in RNA-seq, ATAC-seq and CRISPR genome editing technologies, we are empowered with
more effective and efficient ways to explore T cell biology. By identifying a potent marker of
CD4" memory, we can leverage efficient gene-editing systems to further map out the molecular
networks underlying memory CD4* T cell formation in the hopes of improving future vaccine

design.
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Appendix A

Materials and Methods

Mice

All mice were housed under specific pathogen-free conditions in an American Association
of Laboratory Animal Care—approved facility at the University of California, San Diego (UCSD),
and all procedures were approved by the UCSD Institutional Animal Care and Use Committee.
Id3- GFP mice (37), SMARTA mice (38) (with transgenic expression of an I-Ab-restricted TCR
specific for LCMV glycoprotein amino acids 66—77) and recipient C57BL/6J mice were either
bred at UCSD or received from The Jackson Laboratory.

T cell transfer and infection

Naive CD45.1+ or CD45.1.2+ SMARTA CD4+ T cells (25,000 cells/mouse) were adop-
tively transferred into congenically distinct wildtype C5S7BL/6J recipients 1 day before infection
with 2 x 105 plaque-forming units (PFU) of LCMV-Armstrong, injected intraperitoneally.

Cell Preparation and Flow cytometry

Single-cell suspensions of spleen were prepared by standard mechanical disruption.
Surface staining for flow cytometry was performed with monoclonal antibodies against CD4
(RM4-5, 1:400), CD45.1 (A20, 1:400), CD45.2 (104, 1:400), B220 (RA3-6B2, 1:400), PD-1
(J43, 1:400), SLAM (TC15-12F12.2, 1:400), CD4 (GK1.5, 1:400), CD127 (A7R34, 1:400) and
CCR7 (4B12, 1:200). Staining was done for 30 min at 4 °C in PBS supplemented with 0.5%

bovine serum albumin and 0.1% sodium azide, unless specified otherwise. CCR7 staining was
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completed prior to other surface markers at 37°C for 45 min. CXCRS staining was performed
using purified anti- CXCRS5 (SPRCLYS, 1:50; Invitrogen) for 30 min, followed by PE-Cy7- or
BV510-labeled streptavidin (1:1000, eBioscience) at 4°C. Intracellular staining was performed
with monoclonal antibodies to Bcl2 (clone 3F11; BD Pharmingen, 1:20), TCF1 (clone C63D9;
Cell Signaling, 1:200), and polyclonal antibodies against GFP (cat. A21331; Invitrogen) using
the Foxp3 ICS kit according to manufacturer’s instructions (eBioscience). Stained cells were
analyzed using LSRII, LSRFortessa or LSRFortessa X-20 (BD) and FlowJo software (TreeStar).
All sorting was completed on a FACSAria (BD Biosciences).

Bulk RNA-seq Library construction and Sequencing

Sorted cell lysates (51) were used for Smart-seq2 library construction, prepared as
previously described (39, 40) with slight modifications. Briefly, total RNA was captured and
purified on RNAClean XP beads (Beckman Coulter). Polyadenylated mRNA was then selected
using an anchored oligo(dT) primer (5S-~AAGCAGTGGTAT CAACGCAGAGTACTVN-3) and
converted to cDNA via reverse transcription. First strand cDNA was subjected to limited PCR
amplification followed by Tn5 transposon based fragmentation using the Nextera XT DNA
Library Preparation Kit (Illumina). Samples were then PCR amplified for 12 cycles using
barcoded primers such that each sample carries a specific combination of eight base [llumina P5
and P7 barcodes and pooled together prior to sequencing. Smart-seq paired-end sequencing was
performed on an Illumina NextSeq500 (two full NextSeq runs per batch of 96 samples, for 10M
raw reads/sample on average) using 2 x 38bp reads with no further trimming.

10x Genomics library preparation and sequencing

Sorted cells were washed and resuspended in phosphate-buffered saline and 0.04% (w/v)
bovine serum albumin per the manufacturer’s guidelines. Single-cell libraries were prepared
according to the protocol for 10x Genomics for Single Cell V(D)J and 5 Gene Expression. About
10,000 sorted SMARTA cells were loaded and partitioned into Gel Bead In-Emulsions. scRNA
libraries were sequenced on a HiSeq4000 (Illumina).

Single-Cell RNA-Seq Analysis
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scRNA-seq analysis was performed using cellranger software and Seurat version 3.5.1 in
R Studio. Cellranger was used with default parameters. Seurat Analysis of 10x counter matrices
was done by following these steps: low-quality cells, identified by percent mitochondria j 10,
nFeatures RNA | 200 or ¢ 3,000, were removed, counts were normalized with FastMNN, dimen-
sionality reduction and cluster identification were done with uMAP (dims = 1:30), FindNeighbors
(dims = 1:30), and FindClusters (resolution = 0.6). FindAllMarkers function with default default
parameters and min.pct = 0.25 and logfc.threshold = 0.25. Overlay of gene signatures onto single
cell data was done with AddModuleScore. Statistical methods. Statistical tests were performed
using Prism (7.0/9.0) (Graphpad). Significance was determined by unpaired Student’s t-test with
95% confidence interval.

Assay for transposase-accessible chromatin sequencing and analysis

Spleens were isolated and pooled from 3—5 mice per group. Then, 2-5x10* CXCR5MSLAM'©
Try and CXCR5SLAM™ Ty1 SMARTA cells were sorted using a FACSAria. Cells were
pelleted and resuspended in 25 microliter lysis buffer, and pelleted again. The nuclear pellet
was resuspended into 25 microliter transposition reaction mixture containing Tn5 transposase
from a Nextera DNA Sample Prep Kit (Illumina) and incubated at 37°C for 30 min. Then,
the transposase-associated DNA was purified using a MinElute Purification kit (Qiagen). To
amplify the library, the DNA was amplified for twelve cycles using a KAPA Real-Time Library
amplification kit (KAPA Biosystems) with Nextera indexing primers. The total amplified DNA
was purified using AmPureXP beads. The quantity and size of amplified DNA was examined by
TapeStation to confirm that independent samples exhibited similar fragment distributions. The
libraries were sequenced using a HiSeq 4000 with paired-end sequencing (Illumina). Replicates
were generated from two independent experiments. Analysis of ATAC data was done using the
ENCODE ATAC-seq pipeline [26].

CRISPR-Cas9-mediated gene deletion of murine CD4* T cells

High-ranked guide sequences with the highest on-target and off-target scores were

selected by CHOP-CHOP or IDT. crRNA and ATTO-550-conjugated trans-activating CRISPR
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RNA (tracrRNA) were purchased from Integrated DNA Technologies. Purified Streptococcus
pyogenes Cas9-NLS protein was purchased from QB3 Macrolab of University of California,
Berkeley. crRNA and tracrRNA were duplexed by heating at 95°C for 5 min. RNP complexes
were generated by mixing crRNA—tracrRNA duplexes (240 pmol) and Cas9-NLS protein (80
pmol) for 10 min at 24-26°C. Isolated CD4" T cells were stimulated in 6-well plates pre-coated
with anti-CD3 and anti-CD28 for 2 days. The cells were then transfected with an RNP mixture
by electroporation using Invitrogen NEON transfection system (1600 Volts, 10ms Width, 3
Pulses). The transfected cells were cultured in R10 + 50 M 2-ME + 10 ng mll human IL-2
without TCR stimulation for 1 d, followed by in vivo cell transfer. crRNA sequences used
in the study were as follows: crCD90.2 (5-CGTGTGCTCGGGTATCCCAA-3), crSrebf2-AA
(5-GCACCTGCGGGGACGT CACG-3), crSrebf2-AC (5-CTTCAGCGTGGTCAACACAA-3),
crRorb-AA (5-CAG GTCAATGACGTGCCCGT-3), rRorb-AB (5-TACGGAGTCATCACGTGT
GA-3).

Study Approval

All animal studies were approved by the Institutional Animal Care and Use Committees
of the University of California, San Diego (UCSD) and performed in accordance with UC

guidelines.
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