UC San Diego

UC San Diego Electronic Theses and Dissertations

Title

Elucidating the Developmental Origins and Transcriptional Programming of CD4+ Tissue-
Resident Memory T cells in Anti-viral Immunity

Permalink
https://escholarship.org/uc/item/0677705]
Author

Nguyen, Quynh P

Publication Date
2021

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0677705j
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA SAN DIEGO

Elucidating the Developmental Origins and Transcriptional Programming of
CD4" Tissue-Resident Memory T cells in Anti-viral Immunity

A Dissertation submitted in partial satisfaction of the

requirements for the degree Doctor of Philosophy

in

Biology

Quynh Phuong Nguyen

Committee in charge:

Professor Ananda Goldrath, Chair
Professor John Chang

Professor Stephen M Hedrick
Professor Wendy Huang
Professor Susan Kaech

2021



Copyright
Quynh Phuong Nguyen, 2021

All rights reserved.



The dissertation of Quynh Phuong Nguyen is approved, and it is acceptable in quality and form
for publication on microfilm and electronically.

University of California San Diego

2021

i1



DEDICATION

“Cong cha nhu nti Thai Son,
Nghia me nhu nuée trong ngudn chay ra.
Mot long tho me kinh cha,

Cho tron chit hiéu méi 1a dao con.”

To my parents, Chinh M. Nguyen and Hue T. Do, who taught me the importance of hard work,
humility, and integrity.

v



EPIGRAPH

“Like musicians, like mathematicians—Iike elite athletes—scientists peak early and dwindle fast.
It isn’t creativity that fades, but stamina: science is an endurance sport. To produce that single
illuminating experiment, a thousand non-illuminating experiments have to be sent into the trash;
it is battle between nature and nerve.”

— Siddhartha Mukherjee, The Gene: An Intimate History



TABLE OF CONTENTS

Dissertation Approval Page ........ccooiiiiii i 1ii
DediCatION ...t e e v
0¥ 1) o \%
Table Of CONLENTS ... e vi
List Of AbDIevIations ......uonuiii e viil
] A G R D X
ACKNOWICAZEMENTS .....et e X
L xii
ADbSLract 0f DISSEITation ........oouuit e xiil
Chapter 1 Origins of CD4" circulating and tissue-resident memory T-cells ..................... 1
1.1 Effective vaccines rely on development of memory cell populations ............... 1
1.2 CD4" T cell differentiation in an immune reSPONSE ...........c.eveerenreneerearannnnn 2
1.3 CD4" T cell memory in secondary lymphoid organs.....................coooeivinnnn. 6
1.4 Tissue-resident CD4 " memory T cells.........coooviiiiiiiiiiiiiiiiieeee 16
1.5 ConCIUSION. ...t 24
1.6 AcknOwledgements. ... ....ouuiiiii e 25

Chapter 2 CD4" Tru in the small intestine share a developmental relationship with effector 26
Tu1 cells in the circulation during viral infection..................cooiiiiiiiii i,

2.1 INEEOAUCTION .. evve et et e e e 26
2 R SIS .ttt 28
2.3 DISCUSSION .. evetne ettt et e e e e e 52

Chapter 3 Blimpl, Id2, and Bcl6 balance effector and memory-associated programs to 54
promote CD4" Trum differentiation following viral infection ...................ocooiiiiin,

Vi



Bl INtrodUCtION . ... e 54
B2 RESUILS .. 55
3.3 DISCUSSION ettt ettt e et et e e e e et e et 69
Chapter 4 PErSPECTIVES ... ettt ettt et e e e 72
Appendix A Materials and methods ........ ..o 76

RETOIENCES ..o e e, 82

vil



Trm

Tul

Tru

LCMV-Arm

SPL

mLN

IEL

LPL

SLO

TF

LIST OF ABBREVIATIONS
Tissue-resident memory T cell
Type 1 helper T cell
Follicular helper T cell
Lymphochoriomeningitis virus-Armstrong
Spleen
Mesenteric lymph node
Intraepithelial lymphocyte
Lamina propria lymphocyte
Secondary lymphoid organ

Transcription factor

viii



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 2.7

Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4

LIST OF FIGURES

Effector and memory CD4" T cell differentiation..........................ooceenen.
Two models for Tra Multi-potency.........cooeviiiiiiiiiii e,

Following infection, CD4" tissue-resident memory cells (Trwm) are recruited to
tissues from circulation and secondary lymphoid organs (SLOs)..................

CD4" Tru cells resemble circulating Tu1 effector cells during viral infection.....
SI-homing cells from the spleen and mLNs are Tul effector cells..................

CD4" Trm in IEL and LPL produce Tul-associated effector
[0 T0) €1 TR

Transcriptional and epigenetic profile of CD4" Trm in viral
011 (T 103 ) D TR

Effector SI CD4" T cells in viral infection progress towards a mature Trm
02074 €4 o U

CD4" Trm cells at day 7 of infection are heterogencous and enriched for
3 LS 10 ) 8 1S

CD4" Tru cells at day 21 exhibit heterogeneity and express genes associated
with both effector and memory fates..................coooiii

CD4" Trmexpress Blimp1 and 1d2 during viral infection...........................
Loss of Id2 and Blimp1 impairs CD4" Trw differentiation........................
Loss of Bcl6 at day 7 enhances the Trym differentiation program....................

Loss of Bcl6 enhances the tissue-residency program in early CD4" Trm
dIfferentiation. . ..o

X

23

31

35

36

40

45

50

51

58

60

65

67



ACKNOWLEDGEMENTS

Good science is never done in a bubble (despite what the pandemic may have forced us to
think), and as with raising a child, nurturing a hypothesis into a project with publishable data takes
a village. I owe the following people my endless gratitude:

To my PI, Ananda Goldrath: For giving me the chance to train as a scientist under your
mentorship; for trusting me take the reins, try new things, and make mistakes; for your grace and
patience while I tried to balance a PhD with all my other interests; for your honesty and tough love
when you thought I was overtaxing myself; and for teaching me the value of collaboration in doing
great science. It has been a privilege to be a member of the Goldrath family.

To members of the Goldrath lab, past and present: For teaching me, engaging with my
random thoughts, feeding me, encouraging me, and pushing me to do my best science.

To my committee members — John Chang, Wendy Huang, Sue Kaech, and Steve Hedrick:
For your advice and encouragement, even when I proposed things you knew wouldn’t actually get
done.

To all our collaborators, especially Shane Crotty, Matthew Pipkin, Jinyong Choi, and your
lab members: For showing me that science is much more fun when you have others to commiserate
your failures and celebrate your successes.

To Anthony Phan: For being a mentor and friend from the start, and for believing that I
could in fact drive the bus.

To my closest friends and support system — Cong, Michelle, Evelyn, Andy, Ruby, Connie:
For your friendship and for being my ride or dies; for listening to every rant, and afterwards, telling
me to get back to work. You made sure I never lost sight of the bigger picture and my goals, even

when I wanted to give up.



To my parents: Thank you for your sacrifices and hard work which has allowed me to
pursue my dreams. I am here today because of you.

To my little brother, Kendrick: You are a much kinder and thoughtful person than I ever
was at your age. Hold on tight to this no matter what life and the world throws at you.

To all animal care technicians, core facilities staff, administrative assistants, finance/grants
administrators, custodial staff, and other essential workers at UCSD: You made sure I had all the
necessary tools to do my job, and I may not know you all by name, but I will always be grateful
for your support.

In loving memory of Arnaud Delpoux: When I think of flow cytometry, I think of you and

your advice to me during late nights, “Just work hard and then have a beer. Life’s good.”

Chapter 1, in part, is a reprint of the material as it appears in Immunology. Nguyen QP,
Deng TZ, Witherden DA, Goldrath AW. (2019). Origins of CD4" circulating and tissue-resident
memory T-cells. Immunology, 157(1), 3—12. The dissertation author was a primary author of this
paper.

Chapters 2 and 3, in part, are adapted from a manuscript which has been submitted for
publication. Nguyen QP, Deng TZ, O’Shea SM, Pipkin ME, Choi J, Crotty S, Goldrath AW.
(2021). Blimp1, 1d2, and Bcl6 balance effector and memory-associated programs to promote CD4*
Trwm differentiation following viral infection. The dissertation author was the primary author of

this paper.

X1



VITA
2015 Bachelor of Science in Biology, Massachusetts Institute of Technology
2021 Doctor of Philosophy, University of California San Diego
PUBLICATIONS

Nguyen QP, Deng TZ, O’Shea SM, Pipkin ME, Choi J, Crotty S, Goldrath AW. (2021). Blimpl1,
Id2, and Bcl6 balance effector and memory-associated programs to promote CD4" Trm
differentiation following viral infection. Manuscript submitted for review.

Shaw LA, Deng TZ, Omilusik KD, Nguyen QP, Goldrath AW. (2021). Id3 expression identifies
mouse CD4" memory Tul cells. Manuscript submitted for review.

Milner JJ, Toma C, He Z, Kurd NS, Nguyen QP, McDonald B, Quezada L, Widjaja CE,
Witherden DA, Crowl JT, Shaw LA, Yeo GW, Chang JT, Omilusik KD, Goldrath AW.
(2020). Heterogenous Populations of Tissue-Resident CD8+ T Cells Are Generated in
Response to Infection and Malignancy. Immunity, 52(5), 808-824.e7.
https://doi.org/10.1016/;.immuni.2020.04.007

Nguyen QP, Deng TZ, Witherden DA, Goldrath AW. (2019). Origins of CD4" circulating and
tissue-resident memory T-cells. Immunology, 157(1), 3—12.
https://doi.org/10.1111/imm.13059

Rosowski EE, Nguyen QP, Camejo A, Spooner E, Saeij JPJ. (2014). Toxoplasma gondii inhibits
gamma interferon (IFN-y)-and IFN-B-induced host cell STAT1 transcriptional activity by
increasing the association of STAT1 with DNA. Infection and Immunity, 82(2), 706-719.
https://doi.org/10.1128/1A1.01291-13

Melo MB, Nguyen QP, Cordeiro C, Hassan MA, Yang N, Mckell R, Rosowski EE, Julien L,
Butty V, Dardé ML, Ajzenberg D, Fitzgerald K, Young LH, Saeij JPJ. (2013).
Transcriptional Analysis of Murine Macrophages Infected with Different Toxoplasma
Strains Identifies Novel Regulation of Host Signaling Pathways. PLOS Pathogens.
https://doi.org/10.1371/journal.ppat. 1003779

xil



ABSTRACT OF THE DISSERTATION

Elucidating the Developmental Origins and Transcriptional Programming of
CD4" Tissue-Resident Memory T cells in Anti-viral Immunity

Quynh Phuong Nguyen

Doctor of Philosophy in Biology

University of California San Diego, 2021

Professor Ananda Goldrath, Chair

CD4" T lymphocytes are a key element of adaptive immunity, acting to coordinate and
enhance functions of innate cells, B cells, and CD8" T cells in response to diverse pathogens.

Following clearance of the pathogen, a small proportion of effector CD4" T cells persists and
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differentiates into long-lived memory cells, which enable a robust secondary response against
reinfection and are pivotal in conferring lasting cellular immunity. While the majority of memory
cells circulate between tissues and the secondary lymphoid organs (SLOs), tissue-resident memory
T cells (Trm) remain lodged in non-lymphoid barrier tissues, particularly at mucosal surfaces like
the intestine and serve as sentinels at sites of potential re-exposure to pathogens.

In this dissertation, I aimed to address two overarching questions regarding the biology of
virus-specific CD4" Trum in the small intestine (SI) following acute lymphocytic choriomeningitis
virus (LCMYV) infection. First, I addressed the developmental origins of CD4" Trm cells by
examining how the resident population is related to circulating CD4" T helper subsets in SLOs.
Second, I investigated potential transcriptional regulators in CD4" Tru cells, specifically factors
with known roles in driving effector versus memory T cell diffentiation. My work revealed that
LCMV-specific CD4* Trm at day 7 of infection shared a gene-expression program and chromatin
profile with Tul cells and progressively acquired a mature Trm program by a memory time point,
supporting a developmental relationship between Trm and Tul subsets. Furthermore, I
demonstrated that Trv cells expressed genes associated with both effector and memory T cell fates,
including the transcriptional regulators Blimp1, Id2, and Bcl6 which were necessary for CD4" Trum
differentiation. Tul-associated Blimp1 and I1d2 were both required for early Trm formation, while
Tru-associated Bcl6 initially inhibited Trv differentiation but was critical for development of long-
lived Trwm cells. These results identified new significance for transcription factors previously
associated with circulating CD4" T cell populations and their roles in driving SI CD4" Trwm
differentiation. This work may provide the basis to exploit the protective capacity of this essential

memory T cell population and modulate their activity in the immune response.
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Chapter 1 Origins of CD4" circulating and tissue-resident

memory T-cells

1.1 Effective vaccines rely on development of memory cell

populations

In late 2019, the first cases of COVID-19 caused by the novel respiratory coronavirus
SARS-CoV-2 was reported in Wuhan, China. By early 2020, COVID-19 cases were on the rise,
spreading across the globe and crippling the world’s greatest healthcare systems; countries resorted
to national lockdowns, mandated masking and social distancing, and restricted non-essential
activities. Meanwhile, scientists raced to develop a vaccine for this unknown foe. In December
2020, the first vaccine was administered in the United States, and since then, millions across the
globe have been vaccinated. While the vaccine is not a cure, as evidenced by a resurgence of
COVID-19 cases due to new variants of the virus, vaccination has been the most effective method
in reducing disease severity and mortality.

Vaccines have long been one of the most effective public health strategies for combating
infectious diseases, from the first polio vaccine by Jonas Salk in 1955 to the annual flu vaccine for
the common cold. They are essential training for our body’s immune system, presenting innocuous
or weakened pieces of the infectious pathogen to trigger a response and build up our defenses for
future infections. This strategy relies on the biological process of “immunological memory” in
which a population of pathogen-specific adaptive B and T cells remembers the offending agent
and persists long-term in the body, waiting to re-encounter the infection and respond more rapidly
and with a greater magnitude. Effective vaccines must ensure that the resulting immune response

provides sufficient and appropriate signals for memory cell differentiation and maintenance.



1.2 CD4" T cells differentiate into distinct effector cell subsets
following antigen encounter and develop into memory cells at

resolution of infection.

When the body encounters a foreign pathogen such as a virus, the initial response is
dominated by rapid innate cells and effector molecules which act on the order of hours to recognize
canonical molecular patterns common among subsets of pathogens and neutralize the pathogen.
Within the first few days, these innate cells pass along the message to the adaptive immune arm
of the immune system, consisting of B and T cells which are specific for viral antigen and can
launch a targeted second attack to eliminate the virus. B cells produce antibodies which bind the
surface of the infectious agent to mark it for killing or to neutralize its interactions with other cells.
T cells classically have been divided into two lineages, cytotoxic CD8" T cells, which kill infected
cells, and helper CD4" T cells, which direct and enhance the functions of other immune cells.
Effector CD4" T lymphocytes can differentiate into at least seven known functionally distinct T
helper (Tu) subsets including Tul, Tu2, T follicular helper (Trn), and regulatory T cells (Trec),
each with unique effector functions within the circulation, SLOs, and infected tissues. Depending
on the type of immunological threat, early host-pathogen interactions result in an infection milieu
that directs naive CD4" T cells to acquire the specific helper functions for the appropriate immune
response. Once infection has cleared, the majority of the adaptive cells die via apoptosis during a
contraction phase, while a small proportion persists and differentiates into long-lived memory cells
(Figure 1.1). This memory population enables a rapid and robust secondary response against
recurring pathogens, and is pivotal in conferring lasting cellular immunity, particularly against

pathogens where neutralizing antibodies alone are insufficient at providing long-term protection.



While significant advances have been made in understanding the generation and
maintenance of memory CD8* T cells and B 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 continues to decline even after the antigen is fully cleared,
resulting in fewer cells available for study, while the CD8" memory T cell population, if
established, is typically stable'. Second, the existence of functionally distinct effector Ty cell
subsets hinders our 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*™.

Memory T cells have been conventionally divided into central memory (Tcwm) cells, which
circulate between the blood and SLOs, and effector memory (Tewm) cells, which can migrate from
the blood into non-lymphoid tissues'®!!. Over the past decade, evidence of a novel subset of
memory cells called tissue-resident memory T cells (Trm) has emerged. Trm are seeded in non-
lymphoid tissues, particularly at barrier sites like the skin and intestinal mucosa'>™'3. Trm have
limited recirculation out of tissues and serve as sentinels at sites of potential reinfection, where
they coordinate the initial response to pathogens and provide a substantial boost to tissue immunity
via direct antigen recognition and recruitment of circulating immune cells!>!'®. The majority of
studies on Trm have focused on CD8" tissue-resident lymphocyte differentiation, survival, and
function, while less is known about their CD4" counterparts, which also contribute to antiviral
responses' 718, A better understanding of the precursors of CD4" Trm and the molecular

mechanisms mediating their differentiation will allow us to harness the protective capacity of this



memory population and modulate their activity in the context of infection or inflammatory
diseases. In this chapter, I summarize recent studies addressing the identity of memory CD4" T

cell populations and their precursors in both the periphery and non-lymphoid tissues.
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Figure 1.1 Effector and memory CD4" T cell differentiation. 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 effectors (TE) and memory-precursor (MP) effectors.
The majority of TEs die during the contraction, while MPs can survive and transition into resting
memory cells. CD4" tissue-resident memory cells (Trm) may differentiate from: (1) the naive
subset; (2) MP cells within the effector population; or (3) committed memory cells.



1.3 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', the models for memory CD8" T cell formation have
served as a useful framework for investigation of memory CD4" T cells. 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 Killer Cell Lectin-like Receptor subfamily G
member 1 (KLRG1) and interleukin-7 receptor-o. (CD127)!°. The KLRG1MCD127' population,
termed terminal effector cells (TE), is predominantly lost during the contraction phase, while the
KLRG1"°CD127" subset contains memory-precursor cells (MP), which can differentiate into long-
lived memory CD8" T cells'®. CD4" T cells also express KLRG1 (ref.?°) and CD127 (ref?!).
However, the roles of these molecules in memory CD4" populations are not well established nor
are there clear strategies for distinguishing shorter-lived effector cells and precursors of memory
Tu populations.

Evidence for long-lived CD4" memory T cells capable of responding to pathogen re-

22-25 and

challenge has been documented in studies of adoptive transfer of TCR transgenic T cells
endogenous immune responses>’. 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 (Tul, Tu2, Tul7, Tru, Treg) in

a secondary infection. An elegant study by Tubo et al. 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 (LM) infection, they demonstrated
that all microbe-specific naive CD4" T cells have the potential to give rise to memory cells
following acute infection?®. Different individual naive CD4" T cells generated antigen-specific
effector populations with varying frequencies of Tul and Tru effector cells. Notably, the relative
frequencies of these subsets were preserved into the memory phase, suggesting that both Tyl and
Tru effector cell populations contain precursors of memory cells that retain their effector Tx
characteristics (Figure 1.1). These data favor the idea that some CD4" memory T 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.

Tul and Try CD4" memory T cells

In efforts to address these questions, several groups have used lymphocytic
choriomeningitis virus (LCMV) to characterize the response of adoptively transferred CD4"
SMARTA (SM) T cells, which express an MHC Class Il-restricted T cell antigen receptor (TCR)
specific for LCMV glycoprotein (GP) amino acids 667724232728 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?>?*?6, During acute infection with LCMV-Armstrong, antigen-specific
CD4" T cells differentiate into two main helper subtypes in the spleen and lymph nodes: Tx1 and
Tru. Tul cells express the transcriptional regulator T-bet and are known for secreting their
signature effector molecule, interferon gamma (IFNy), while Tru 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 Tul and Try memory



cells, investigators utilized fluorescence activated cell sorting (FACS) to isolate Tul and Tru
effector and memory cells based on known cell-surface receptors and studied their characteristics
in the context of reinfection?%23-26:27,

Marshall et al. found that within the primary effector populations from the spleen at day 8
of infection, two CD4* T cell subsets which 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-1"Ly6C" cells, the PSGL-1"MLy6C!°* MP-like population
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®*.
These results led the authors to propose that differential expression of Ly6C can distinguish TE
from MP cells within the Tul subset. At day 8 of infection, PSGL-1"°Ly6C" effector cells showed
high expression of known Try cell-surface receptors (ICOS, CXCRS5, PD-1). This PSGL-1"°Ly6C'®
subset was found along with PSGL-1"Ly6C" and PSGL-1MLy6C!" Tyl cells within memory T
cell population at day 150 after infection, suggesting that MP of both Tu1 and Tru phenotypes may
persist long-term?*. Interestingly, while the PSGL-1"Ly6C!® MP population was thought to be
primarily Tul cells, it was later shown by Choi et al. that the PSGL-1"Ly6C!® MP population
actually contains both CXCR5™ Tul and CXCR5" Tru cells at comparable frequencies?. These
results highlight the complexity and heterogeneity within CD4" memory T cells and the need for

further studies.
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Figure 1.2 Two models for Tru multi-potency. (1) Tra memory cells retain cellular plasticity
and can differentiate into Tu1 or Tru secondary effectors based on signals present during secondary
challenge; (2) Trn memory cells are actually a heterogeneous population with subsets that are
biased or primed towards a particular secondary effector lineage (Tul or Trn).



To investigate the potential of Tru memory cells for re-differentiation upon reinfection,
Hale et al. utilized expression of CXCRS5 and Ly6C to distinguish between Tyl (CXCR5Ly6Ch)
and Tru (CXCR5"Ly6C" & CXCR5Ly6C") memory populations following acute infection with
LCMV-Armstrong?’, then transferred each of the three subsets into naive hosts for reinfection.
Tul memory cells mostly maintained high Ly6C expression with few effector cells gaining
CXCRS5 expression, while Try memory cells were able to give rise to both CXCR5Ly6C" Tyl
cells and CXCR5 Ly6C"' " Tgy cells. This multi-potency of Trn memory cells during re-challenge
has also been observed in acute bacterial infection with LM?° as well as in viral influenza
infection?.

In a concurrent study, Pepper et al. addressed CD4" memory T cell differentiation using
LM infection and the expression of CXCRS5 and CC chemokine receptor 7 (CCR7), a chemokine
receptor regulating trafficking to lymph nodes used as a marker in previous studies to identify
central memory T cells (Tcm). During acute infection, antigen-specific effector T cells segregated
into a CXCRS5" population consistent with the Tyl phenotype and a CXCR5" population®’. A
fraction of the CXCRS5 Tul population, which the authors termed Tul effector memory cells,
survived to a memory time point, and upon re-challenge, produced Tu1 effector cells. The CXCR5*
effector population included cells with high expression of the lineage defining factor Bcl6, were
localized to follicles, and were termed Try, while cells with lower Bcl6 levels showed co-
expression of CCR7 and were termed Tcwm. It is worth noting that the Trn subset resembled what
some studies term germinal center Tru cells (GC Tru); GC Tru can lose expression of Bcl6 after
infection, suggesting that, depending on the time point, the CXCRS5" population can include cells
that did not enter the GC as well as those that were transiently in the GC. While both Trx and Tem

in this study expressed CXCRS, Tcm were not seen in the follicles, and upon re-challenge,
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produced both Tyl effector cells and CXCR5" cells which likely include Try and GC Trn .
Notably, Choi et al. found that precursors of Try or the CXCR5" populations show greater potential
to develop into memory cells compared to Tul precursors and share gene expression signatures
with memory CD8" T cells?. These results suggest that both Tul and Trn effector T cells can give
rise to memory cells, and CXCR5" Tru-derived memory cells have greater plasticity in generating
secondary effector T cell phenotypes.

Corroborative reports affirming the increased plasticity of Trn memory relative to Trul
memory upon re-challenge suggests 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 CXCR5*
memory cells (Figure 1.2). One possible explanation is that Try memory cells are inherently more
plastic compared to other Ty memory cells, and therefore, retain the ability to differentiate into
alternative helper linecages upon reinfection. A second possibility is that the CXCR5" memory
population actually contains distinct subsets that are programed or biased towards a specific Tu
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 Tru/GC
Tru cells that have down regulated 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 Trn memory cells, perhaps using single-cell approaches, is needed to determine
whether the multi-potency of Tru memory is the result of cellular plasticity or population
heterogeneity, or both.

In line with this idea, a recent study by Ciucci et al. utilized single-cell RNA sequencing

to investigate the heterogeneity of antigen-specific CD4" effector T cells in response to acute
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LCMYV infection?!. Visualization of day 7 effector T cells using t-distributed stochastic neighbor
embedding (t-SNE) yielded multiple transcriptionally distinct clusters showcasing the
heterogeneity exhibited by Tul and Tru effector cells. At 30 days post infection, single-cell
analysis also showed multiple distinct transcriptional clusters with shared Tru features, supporting

the idea that memory CXCRS5" Try multi-potency may be the result of population heterogeneity.
Tu2 memory

Tu2 memory cells have been best characterized in the context of allergic inflammatory
disorders??, 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 to CD8" T cells?, which is why early investigations into
Tu2 memory relied on adoptive cell transfers of in vitro polarized Tu2 effectors®3. This system
involved activating CD4" T cells in vitro with antigen and antigen-presenting cells (APC) followed
by culturing in Ty polarizing conditions*® and subsequent adoptive transfer. Interestingly, in vitro
generated Tul and Tu2 cells retained their expression of lineage defining transcription factors
(TFs), T-bet and GATAZ3 respectively, for months after transfer into naive hosts**. However, upon
viral infection with LCMV, in vitro-derived Tu2 memory cells were able to adapt a Tul phenotype
and persist as a “hybrid” memory cell with combined Tul and Tu2 characteristics®*. Utilizing a
similar in vitro polarization system, Endo et al. identified an interleukin-5 (IL-5) producing subset
of Tu2 memory cells in the spleen that is primarily responsible for asthmatic symptoms such as
eosinophilic infiltration into the airway, airway hyper-responsiveness (AHR), and mucus hyper-
production in a murine model of Tu2-driven allergic airway inflammation®>. These studies
provided early evidence of the potential existence of Tu2 memory populations, but data

demonstrating direct in vivo generation was lacking until recently.

12



A study by Hondowicz et al. provided key insights into Ty2 memory studying the
endogenous allergen-specific CD4" T cells induced in response to house dust mite (HDM)
inoculation’®. Using pMHC class II tetramers to follow antigen-specific CD4" T cells, the authors
showed an expansion of allergen-specific CD4" Tu2 cells in SLOs and the lung following
intranasal HDM administration. Notably, this allergen system induces both antigen-specific Tu2
and Tru cells, analogous to the Tul and Tru response against LCMV-Armstrong. The allergen-
specific memory pool in the SLOs consisted of CXCRS5* and CXCRS5- cells that also expressed
CCRT7", consistent with the earlier observations that memory T cells retain characteristics of Tx
effector phenotypes. The authors further explored characteristics of allergen-specific Tu2 resident
in the lung, which will be discussed in the lung CD4" Trum section below.

Tul7 memory

Though not as extensively characterized as other helper subsets, memory Tu17 cells have
been documented in both humans and mice, primarily in the context of autoimmunity®’. Early
memory experiments using LM infection showed that Tu17 cells existed only transiently following
intranasal infection?’. However, it is worth noting that LM may not be an optimal infection for
Tul7 studies as it is an intracellular pathogen?® and most efficiently induces Tul cells. Muranski
et al. reported on long-lived memory Tul7 cells, but similar to early Tu2 studies, these cells
required in vitro polarization prior to transfer into host mice®. In a recent study of dry eye disease
(DED) Chen et al. 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 Tul7 cells in both the
inflamed site and draining lymph nodes*. Two cytokines associated with CD4" memory T

lymphocytes, IL-7 and IL-15 (ref. '), were shown to be crucial in the maintenance of these
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pathogenic Tul7 cells. Neutralization of these cytokines with topical application of anti-IL-7 or
anti-IL-15 antibody decreased the number of Tu17 cells in both the conjunctivae and lymph nodes,
offering a potential therapy for autoimmune disorders. One crucial caveat to note is that these
“memory” Tul7 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 T cells remains uncertain.

Uncovering the origin and identity of resting memory or MP cells within a particular helper
T cell lineage will lay the foundation for future molecular studies into how each memory T
lineage is uniquely regulated. However, in the next section, we will review two biological
requirements crucial for memory formation that appear to be conserved across all Ty subsets.

Memory differentiation cues: TCR signaling & IL-2

A comprehensive review of studies aimed at resolving the signals required for CD4*
memory T cell formation*? discussed the instructive signals both during the “early priming” phase
of initial antigen recognition and activation as well as at “late-acting checkpoints” prior to
contraction that play a role in the effector-to-memory transition. Much like the signals important
for CD8" memory T cell generation, strengths of TCR and co-stimulatory signaling also have
profound effects on memory Ty development*>*. Recent results from Snook et al. demonstrated
that TCR signaling 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 IL-2-receptor alpha (CD25), and activation of downstream TFs across the
CD4" memory T cell population**. TCR clones with stronger TCR signaling appear to differentiate
towards a more TE state and become largely depleted by memory time points, while clones with

comparatively lower signaling were memory-like and able to persist after antigen clearance.

14



Interestingly, it seems that stronger TCR signaling was associated with higher expression of Thl
cell-surface receptors, while weaker TCR signals correlated with higher expression of Tru cell-
surface receptors*, suggesting that there may be a connection between lineage differentiation and
memory potential for CD4" helper T cells.

Utilizing influenza A virus (IAV) as an infection model, Mckinstry et al. 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 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
wildtype and IL-2 deficient donors showed similar cell numbers at the peak of infection and
production of IFNy; 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. with LM infection showed that as early as 20 hours after antigen exposure in vivo, 1L-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. identified a role for TF Octl
and its coactivator OCA-B in poising the //2 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 signaling and IL-2 in CD4" memory T cells were completed
without investigation of specific Tu lineages. Therefore, further investigation into the required

transcriptional and epigenetic regulation for generation and maintenance of memory Th subsets is
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needed. Additionally, while targeting peripheral memory T cells in vaccination strategies can
provide systemic protection, in some cases, a localized strategy in which tissue-resident memory
T cells at barrier surfaces are activated as front-line defense against recurrent infections may be

more effective, thus how these signals pertain to Trm will be informative®®.

1.4 Tissue-resident CD4" memory T cells

Much like circulating CD4" memory T cells, studies of tissue-resident lymphocytes have
predominantly focused on CD8" Trwm due to the heterogeneity of CD4" memory T cells and the
existing gaps in knowledge regarding mechanisms governing memory CD4" T cell formation.
Classically, tissue-resident memory T Iymphocytes 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**-°, Thus, all circulating cells 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 labeled antibody to mark
cells in the circulating system and distinguish them from cells in the tissues’!. Any cells positive
for the label are considered “circulating” while unlabeled cells are assumed to have limited access
to circulation and are therefore “tissue-resident™. To determine the protective functions of tissue-
resident lymphocytes in secondary infection, immune mice were treated with FTY-720, an agonist
of sphingosine-1-phosphate receptor 1 (SIPR1), which causes decreased surface expression of
S1PR1 and therefore prevents egress of circulating memory cells from lymph nodes>?. When these
mice were re-challenged with the original pathogen, any immune response at the local site of

infection would be mediated only by cells resident to that tissue>?.
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Recent studies have highlighted a prominent population of long-lived CD4" T cells within
many non-lymphoid tissues (NLTs) including the lungs®64%346! small intestine (SI)'?!8:62-64
skin!>63-68 ' and female reproductive tract (FRT)!36%70 (Figure 1.3). A comprehensive assessment
of CD4" Trm populations in mucosal surfaces using parabiosis experiments revealed that the
majority of CD4" T cells in the SI, FRT, salivary glands, kidneys, and liver were tissue-resident
and expressed CD69 consistently’!. Depletion of CD4" Trm in the FRT resulted in decreased
frequencies of effector CD8" T cells and dendritic cells in the tissue, highlighting the importance
of CD4" Trum in alarm and recruitment functions to facilitate rapid immune defense upon re-
exposure to antigen’!"’2, To assess how CD4" and CD8" Trwm behave in the same tissues, cell-
surface receptor expression, cytokine production, and gene expression profiles of LCMV-specific
memory CD4" and CD8" T cells in the FRT and SI were analyzed following infection’!. Both
CD4" and CD8" Trm expressed CD69, though Ly6C and CD103 expression was minimal for CD4*
Trm compared to CD8" Trm. Additionally, the core CD8" Trm signature was enriched in CD4*
Trm samples, suggesting shared transcriptional regulation for Trm. However, this study and others
also observed that while residency was the norm for CD4" Trum, there was some equilibration
between CD4" Trm and circulating populations in most NLTs, compared to CD8" Trm’'. Further
investigation is required to address the recirculation potential and developmental origins of CD4*
Trwm and how tissue-specific cues can influence the development of this critical population

Lung CD4" Trucells

The lungs contain a population of CD4" Tru that play a critical role in recruiting CD8" T
cells and enhancing secondary immune responses against bacterial, viral, and worm
infections*>-36:60.73.74 In an influenza infection model, antigen-specific memory CD4" T cells

migrated to the lungs and were retained in the tissue without recirculation, as demonstrated by
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parabiosis experiments*- This subset of CD4" T cells showed a distinct phenotype from circulating
populations, specifically high expression of CD69, a membrane bound type II C-lectin receptor
and known marker of tissue retention’>’®. Functionally, these lung-resident CD4" T cells provided
protection from influenza virus when transferred to naive mice. Similar to its role in directing long-
term memory fate as discussed above, IL-2 also supported the formation of antigen-specific lung
CD4" Trm with a transcriptional signature distinct from that of circulating CD4" T cell populations
but similar to that of CD8" Trm>®"’. Interestingly, Strutt et al. also identified an IL-2-independent
population of influenza-specific lung CD4" Trm following infection, suggesting that IL-2 may not
be the only cytokine regulating lung Trm development and maintenance. In fact, IL-15 was shown
to be essential for these IL-2-independent cells, acting as an “alarm™ at local sites of infection to
promote both CD8" T cell responses and induce long-lived CD4" Trm*>¢. Additionally, IL-17A
producing CD4" Trm cells in the lung following Streptococcus pneumoniae (pneumococcus)
infection were shown to remodel the lung epithelial responses which increased recruitment of
neutrophils into the tissue’®. These results highlight the importance of lung CD4" Trwm in
coordinating a network of cells within the microenvironment to ensure an effective response.
Studies of lung Trm have also addressed the question of how circulating effector subsets
contribute to the Trm population. Using fluorescently labeled antibody injection, Hondowicz et al.
showed that LCMV-specific CD4" T cells migrated to the lungs as a T-bet" Ty1 subset with CD69
expression similar to influenza experiments, suggesting a developmental relationship between Trwm
and Tyl This establishment of LCMV-specific lung Tul Trum cells required IL-2 signaling;
however, for long-term maintenance and survival, additional interactions with B cells in tissues
were necessary>*. Alternatively, two recent studies by Swarnalekha ef al. and Son et al. identified

a subset of influenza-specific lung CD4" Trm which were phenotypically similar to Tru cells,
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expressed the master regulator of TFH lineage Bcl6, and were critical for stimulating local CD8"
T cell and B cell responses’®!. This “resident helper T cells” (Tru) subset was distinct from the
Tul-like CD4" Tru cells and depletion of the Tru population resulted in a decrease of flu-specific
antibody-secreting B cells. These findings raise further questions about the developmental origins
of CD4" Trw, specifically the cues determining differentiation of Tru- versus Trul-like subsets,
and how this paradigm may apply in other tissues.

Several groups have shown that allergens in an asthma model also elicit CD4" Trm
responses in the lung. After exposure to HDM, allergen-specific CD4" Trwm in the lungs were
shown to be resident by parabiosis experiments, expressed high levels of CD69, and required IL-
2 signaling for their migration to the lungs®*¢. Additionally, Bcl6, the fate-determining factor for
Tru cells, prevented HDM-specific CD4" Trum from entering the lungs, and loss of Bcl6 actually
increased the Trym population in the tissue®®. These results indicate an antagonistic relationship
between Trm and memory Tru cells and highlight a role for TFs in directing the development of
tissue-resident populations. In another study using the HDM model, lung CD4" Trm were shown
to be Tu2-like cells, though functionally and transcriptionally distinct from the circulating Tu2
subset, which has an important role in driving asthma®?. Within the lungs, CD4* Trum clustered
around the airways at rest and rapidly reactivated upon secondary exposure within their clusters to
produce IL-4, IL-5, and IL-17 and recruit dendritic cells®>> Additional studies highlight a role for
IL-7, along with IL-2, in the maintenance of allergen-specific CD4" Trm cells in the lung
parenchyma and airways. However, these IL-7-dependent CD4" Trm did not express CD69 (ref.
37), suggesting either that CD69 may not be a conclusive marker for CD4* Trum or that CD4" Trm
are highly heterogeneous, and further studies must focus on elucidating the different subsets.

Additionally, in both viral infection and allergen-induced asthma models, it remains unclear
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whether the same cells can become resident in both the parenchyma and airways, and if similar

survival signals sustain such subsets.
Skin CD4" Try cells

A second well-studied tissue for CD4" Tru cells is the skin, particularly in a herpes simplex
virus (HSV) infection model. Initial studies by Gebhardt et al. using intravital microscopy
demonstrated that HSV-specific gDT-I1 CD4" T cells showed a migration pattern distinct from that
of CD8" T cells in the skin following infection, homing to the dermis as opposed to the preference
of CD8" T cells for the epidermis'>- Additionally, dermal Ty cells were significantly more motile
and had lower expression of CD103 compared to CD8" T cells. Thus, it appears that CD4" Trm
can migrate between the skin and circulation much more easily than CD8" Trm and may not be a
permanenntly resident population. In another study of skin HSV response, Collins et al. examined
skin from naive mice and found resting CD4" T cells preferentially clustered around hair follicles.
Upon infection, circulating CD4" T cells were rapidly recruited to the skin, specifically to the
perifollicular regions; the majority of recruited cells were lost by day 30 but a small percentage
survived in tissue long after initial antigen exposure®® These skin CD4" Trym, as demonstrated by
parabiosis experiments, also aggregated in APC-associated clusters, consistent with experiments
done in FRT’%# as discussed below' Additional studies of skin CD4" Trum following Leishmania
major (L. major) infection showed evidence of a L. major-specific resident population in the
dermis with increased expression of interferon (IFN) genes and chemokine signaling pathways®>
These CD4" Trum cells were able to control parasite growth following a secondary challenge,
presumably through the aforementioned IFN response and recruitment of circulating immune cells.
Through FTY-720 treatment experiments, resident CD4" T cells were found to be the main

contributors to protection against L. major, recruiting inflammatory monocytes for production of
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reactive oxygen species to kill the parasites®® These results highlight another function of CD4*

Trwm in enhancing secondary responses and protection against recurring pathogens.
CD4 " Tru cells in other mucosal tissues

Through parabiosis experiments, CD4* Trm have been shown to be active in the FRT in
response to HSV-2 infection’®%* Intravaginal HSV-specific CD69* CD4" Trwm localized to
memory lymphocyte clusters (MLCs) containing CD8" T cells, macrophages, and other APCs and
were maintained in these structures by chemokines secreted by macrophages. Upon a secondary
re-challenge with lethal HSV-2, resident Tnu cells alone were sufficient for protection, largely
mediated by CD4" Trm production of IFNy to inhibit viral replication. In this context, FRT-resident
CD4" T cells were more directly involved in clearing the infection as opposed to their classic role
in alarming and recruiting circulating populations.

The small intestine contains a potential subset of tissue-resident CD4* T cells, which can
be found as both intraepithelial (IEL) and lamina propria lymphocytes (LPL), with a greater
proportion of CD4" T cells in the LPL. The majority of studies of gut-resident CD4" T cell subsets
have focused on endogenous polyclonal IEL which originate from the circulating population%383-8¢-
Upon entering the small intestine, these CD4" IELs downregulated the TF ThPOK responsible for
thymic CD4" T cell fate and upregulated Runx3, the fate-determining factor for differentiating
CDS8" thymocytes. This switch in programming towards a more cytolytic function appeared to be
important in the CD4" T cell response to endogenous gut microbiota®. Nevertheless, this study
characterized polyclonal CD4" T cells with variable TCR specificity and affinity, and further
investigations are necessary to determine whether similar transcriptional changes are seen in
antigen-specific responses. In an LM infection, antigen-specific CD4" T cells preferentially

migrated into the LPL (though a small population was seen in the IEL) to form a long-lived,
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predominantly Tul, antigen-specific memory population, expressed high levels of CD69, and
unlike lung-resident CD4" T cells, was independent of 1L-15 signaling®* Interestingly, this gut
“Trm” population had low Ly6C expression relative to other lymphocytes in circulation, similar to
the MP population of circulating Tx1 cells discussed in the Tul and Tru CD4" memory T cells
section above. This suggests that circulating and resident memory cells may share a common
precursor.

As discussed in the studies above, CD4" Tru differ greatly between infection models and
tissues, although some general principles can be drawn (Figure 1.3). As is the case with CD8" Truw,
the majority of CD4" Trm express high levels of CD69, but CD103 expression varies within and
between tissues!>*%%470 Across multiple tissues — lung, skin, FRT — CD4" Trym form clusters with
other resident immune subsets including CD8" T cells, macrophages, and APCs>7:%7% These
clusters position CD4" Trum in close proximity to the cells they need to activate in case of a
recurrent infection. This may be an optimized way for helper Trm cells to perform their “sense-
and-alarm” function’®”!, initiating the innate response to recruit circulating cells and activating
CD8" T cells to fight off pathogen. Additionally, cytokines appear to be critical in the recruitment,
formation, and maintenance of CD4" Trym in many tissues>>>"-%. However, which cytokines are
important for which tissues remain unknown, although IL-2 may play a key role for all Trm given
its known effects in circulating memory populations®”. It is also unclear which CD4" Ty effector
subset, if any, gives rise to Trm, or whether the tissue-resident precursor is distinct from the
peripheral population completely, residing in the tissue until the right signals are detected to induce

differentiation.
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Allergen (HDM)

CD69 high** CD69 high'® CD69 high®® CD69 high®* CD69 high®”
IL-2 dependent®® IL-2 dependent* Segregate to dermis™ Clusters with CD8 & Mainly in LPS7
B cells inhibit entry?46  Bc16 inhibits Potential to recirculate?®! APCs®™ IL-15 independent®”
IL-15 signaling?*® residency* Cluster with APCs® IFNy production®
IL-7 signaling?* Upregulate IFNy IL-17 signaling?%?

responsive genes®®

Figure 1.3 Following infection, CD4" tissue-resident memory cells (Trm) are recruited to
tissues from circulation and secondary lymphoid organs (SLOs). The majority of CD4" Trum
express high levels of CD69 and can form clusters with other resident immune subsets, including
CD8" Trm, macrophages and antigen-presenting cells (APCs). Cytokine signaling may also play a
role in recruitment and retention, although specific cytokines are preferred by each tissue.
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1.5 Conclusion

The diversity and plasticity of effector CD4" T cells create a heterogencous memory pool,
making the study of helper T cell memory differentiation complex. While there are some promising
cell-surface receptors to differentiate between memory Tul and Tray memory subsets?*?, it is still
unclear whether both helper memory populations originate from their respective effector cells or
whether the “stem-like” properties of Tru cells make them the primary precursor?. Likewise, in
other infection systems which elicit T2 or Tu17 effector cells, we do not know how these effector
subsets contribute to the final population of memory cells. Adding further to the complexity, CD4*
Trwm populations are highly variable across tissues and, their establishment and retention are likely
driven by tissue-specific cues similar to CD8" Trum cells®®. It is unclear whether the precursor for
CD4" Trm cells originates from the same memory-precursor population that yields circulating
memory cells or if it is found even earlier, before the effector versus memory cell decision. Both
non-Trx, such as Tul or Tu2 cells, and Tru subsets can contribute to the CD4" Trm pool, but we
do not know what cues drive their differentiation and if both populations exist in all tissues. Lastly,
it is clear that cell-surface receptors do not accurately identify sub-populations in effector and
memory cells, and further work requires examining TFs and transcriptional regulators which may
direct the memory program.

In this dissertation, I aim to address these outstanding questions, focusing on the CD4" Trum
population, using bulk and single-cell epigenetic and transcriptional profiling of cells in the
circulation and tissues over the course of an infection””#%°. Chapter 2 addresses the relationship
between CD4" Trum cells and circulating effector subsets, specifically examining how Tul cells
may contribute to the Trm population. Chapter 3 focuses on the role of Tul-fate associated factors

Id2 and Blimpl and Tru-fate master regulator Bcl6 in intestinal CD4" Trwm differentiation to

24



elucidate the transcriptional program of this critical immune subset. This work will further inform
our knowledge of transcriptional regulation involved in CD4" Trm cell biology and identify

potential targets for therapeutic purposes.

1.6 Acknowledgements

Chapter 1, in part, is a reprint of the material as it appears in Immunology. Nguyen QP,
Deng TZ, Witherden DA, Goldrath AW. (2019). Origins of CD4" circulating and tissue-resident
memory T-cells. Immunology, 157(1), 3—12. The dissertation author was a primary author of this
paper.

This review was supported by the American Heart Association Predoctoral Fellowship to
QPN, and US National Institutes of Health RO1 AI072117 and U19 AI109976 to AWG. The

authors thank Drs. Kyla D. Omilusik and J. Ty Crowl for critical review of the manuscript.

25



Chapter 2 Anti-viral CD4" TrMm in the small intestine share a

developmental relationship with effector Tyl cells

2.1 Introduction

Prominent populations of long-lived CD4" Trm cells reside in many tissues including
lung?36:49-73:54-61 "gkin!6:65-68 female reproductive tract (FRT)®-7°, and small intestine (SI)>%*. Trum
are critical for recall responses by producing cytokines to create a pro-inflammatory environment
and recruiting innate immune cells, CD8" T cells, and B cells to the specific tissue upon reinfection
or antigen exposure’!. While the phenotype, function, and regulation of CD4" Trum differ between
infection models and tissues, CD4" Trm express high levels of CD69 and physically cluster and
interact with other immune cell populations for optimized function and require tissue-specific
cytokines for their recruitment and maintenance. Lung CD4" Trum play a critical role in responses
against bacterial, viral, and worm infections and in allergic asthma3®-346%.7980 CD4" Try cells have
also been detected in the skin in herpes simplex virus (HSV) and Leishmania major infections
65.66.68 In the FRT, intravaginal HSV-specific CD69" CD4* Trm localized in clusters containing
CD8" T cells, macrophages, and other APCs, and produced interferon-gamma (IFNy) to directly
inhibit viral replication’. Furthermore, CD4" T cells can be found in either the intraepithelial
compartment (IEL) or lamina propria (LPL) of the SI, with a greater proportion residing in the
LPL'.

It has been challenging to address the developmental origins of CD4" Trm due to the
heterogeneity of the effector T cell population and unresolved mechanisms of CD4" memory T
cell differentiation®?. Studies have shown that CD4" Try are developmentally linked to the Ty cell

subsets with characteristics of the relevant helper effector cells, such as intestinal Tul cells in
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Listeria infection, lung Tu2 cells in allergic asthma, and lung Tu17 cells in Klebsiella pneumonia
immunization. This raises the question of whether there is a true Trm precursor cell or whether
Tru cells are a subset of prolonged effector T cells6-+64.70.71.80.93 However, CD8* Trm cells, which
also migrate to non-lymphoid tissues (NLT) to provide barrier protection against re-infection, have
been compared to Trn cells®. To facilitate trafficking to their respective tissues (GCs or NLT) and
prevent egress, memory Trny and CD8' Trum cells both express the C-type lectin CD69%°% and
downregulate transcription factor (TF) Kruppel-like factor 2 (K1f2)°"-® and its downstream target,
egress factor sphingosine-1-phosphate receptor 1 (S1prl). Additionally, both Try and CD8" Trm
subsets express ICOS, a costimulatory molecule which is thought to induce downregulation of
K1£29-192 and Bcl6, a transcriptional repressor that drives the Try lineage and promotes the CD8*
T cell memory program'®-197, Thus, it is not clear whether CD4" Try share a relationship with
effector Ty subsets or if they are related to Tru cells similar to their CD8" Trm counterparts.

In the following chapter, we characterized CD4" Trum in the SI following acute infection
with Lymphocytic Choriomeningitis Virus-Armstrong (LCMV-Arm), focusing on key regulators
of CD4" Trum differentiation, tissue-residency, and homeostasis. CD4" Trm exhibited an effector-
like identity, with cell-surface molecule expression, cytokine production, and transcriptional
enrichment of the Tyl gene expression signature. Notably, bulk RNA sequencing (RNAseq)
demonstrated that CD4" Trm expressed genes of both the effector and memory T cell programs,
and co-expression by the same cells was confirmed using single-cell RNA sequencing
(scRNAseq). We also investigated the heterogeneity within the CD4" Trm population at both

effector and memory time points, including differences between the IEL and LPL subsets.
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2.2 Results

Antiviral CD4" Try phenotypically resemble circulating Tyl cells

To establish our experimental protocol and confirm the presence of CD4" Trw in the SI,
we first transferred TCR transgenic SMARTA CD4" T cells, which recognize an LCMV
glycoprotein (GP) peptide presented by MHC-Class II, into congenically distinct host mice that
were subsequently infected with LCMV-Arm. On day 20 of infection, we intravenously injected
mice with anti-CD4 (RM4.5) antibody to mark CD4" T cells in the circulation before collecting
tissues. We found that SMARTA CD4" T cells in the IEL and LPL were negative for the anti-CD4
IV label, confirming that these cells were “tissue-resident”, while a high proportion of the cells in
the vascularized tissues of spleen, liver, lung, and kidney were IV" (Figure 2.1A). Since all cells
in the SI were IV-, we did not continue with IV labeling in further studies of IEL and LPL Trm
populations.

The developmental origins of antiviral CD4" Trw, specifically how Trwm cells are related to
effector CD4" Ty subsets, remain largely unresolved. To address this question, we studied
SMARTA CD4" T cells at days 7 and 21 of infection from the spleen, mesenteric lymph nodes
(mLN), and both IEL and LPL compartments of the SI for characterization by flow cytometry.
Following infection, circulating CD4" T cell effector subsets can be distinguished by expression
of the cell-surface molecules signaling lymphocytic activation molecule (SLAM) and CXC-
chemokine receptor type 5 (CXCRS), with Tul cells expressing high levels of SLAM while Tru
cells express CXCRS to traffic to the germinal centers'%1%. Consistent with this model, SMARTA
CD4" T cells in the spleen and mLN on days 7 and 21 were either SLAM™ Tul cells or CXCR5*

Tru cells, with a higher frequency of Tru cells present on day 21 (Figure 2.1B,C). Conversely, in
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the SI, the majority of CD4" T cells shared a phenotype with Tl cells at both day 7 and 21 after
infection.

To distinguish SI CD4" Trm from their circulating memory counterparts, we analyzed
expression of molecules previously associated with tissue-residency and/or memory by SI CD4*
Trm. CD8" Trm were distinguished from the circulating memory populations by their expression
of the C-type lectin CD69 and the integrin CD1037%°7:11° ' We confirmed that the majority of CD4"
TruM in both IEL and LPL expressed CD69 but not CD103 compared to CD4" T cells of the mLN
and spleen (Figure 2.1D,E) consistent with previous studies’’.

CD27, a costimulatory marker expressed by naive T lymphocytes, has been shown to be
critical in memory T cells development!'!. In humans, CD27 was used to distinguish between
memory CD4" T cell subsets, with high CD27 expression associated with less antigen recall ability
and greater plasticity''>!3, At the peak of LCMV-Arm infection, circulating and SI SMARTA
CD4" T cells were predominantly CD27* (Figure 2.1D,E). By day 21 of infection, the majority of
spleen and mLN CD4" T cells remained CD27*, while only half of IEL and LPL cells still
expressed CD27. Lymphocyte antigen 6 complex (Ly6C) was also used in studies of circulating
CD4" memory T cells to distinguish between terminally differentiated versus multi-potent
subsets?*?’. Specifically, Ly6C- memory cells were found to have increased proliferation upon
rechallenge and ability to differentiate into either Tul or Tru cells, compared to the Ly6C*
population®*?7. At the peak of infection, ~50% of CD4" T cells in all tissues expressed Ly6C
(Figure 2.1D,E). However, by day 21, the majority of SI CD4" Trm had downregulated Ly6C,
while the frequencies in circulating populations remained stable. The low expression of both CD27

and Ly6C was consistent with other studies of intestinal CD4" T cells at memory time points®*7!,
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A recent study identified two subsets of influenza-specific CD4" T cells in the lung,
canonical Tru memory cells and a new population of T resident helper (Tru) cells with
characteristics of Trm and Tru cells, which can be distinguished by their expression of P-selectin
glycoprotein ligand-1 (PSGL1) and folate receptor 4 (FR4), respectively’*%°, We assessed the
expression of both molecules by SI CD4" Trm populations on day 21 of infection and did not see
equivalent subsets (Figure 2.1F), which suggested that infection model and tissue-specific cues
likely influence the composition of the CD4" Trm population.

To determine whether the SI CD4" Trm phenotype differed between different antigens, we
obtained an additional TCR transgenic mouse (NIP) which are CD4" T cells specific for the LCMV
nucleoprotein (NP) peptide 311-325, the most abundantly produced viral protein during LCMV
infection and the main target of the immunodominant antibody response' 4. Relative to GP-specific
SMARTA cells, NP-specific NIP CD4" T cells more efficiently help NP-specific B cells and
generate greater numbers of Try during infection'!'S. We found that in response to LCMV-Arm
infection, NIP and SMARTA CD4" T cells showed relatively similar numbers of intestinal CD4*
Trm at memory time points and shared CD69" expression (Figure 2.1G). There was also a
population of CD27*Ly6C* NIP cells in the IEL and LPL at day 21 compared to minimal Ly6C
expression by SMARTA SI cells. The similarities between SMARTA and NIP Trm responses
provide us with another comparable model for studying CD4" memory T cell responses in the

periphery and non-lymphoid tissues.
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Figure 2.1 CD4" Trw cells resemble circulating Tyl effector cells during viral infection. (A)
Representative flow plots showing staining for anti-CD4 i.v. label to distinguish circulating and
resident SMARTA CD4" T cells from the spleen (SPL), mesenteric lymph nodes (mLN),
intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL) of the small intestine
(SI), liver, lung, and kidney. Mice were infected with LCMV-Arm for 20 days. (B-C) Expression
of SLAM and CXCR5 by SMARTA CD4" T cells in the SPL, mLN, IEL, and LPL on days 7 and
21 of LCMV-Arm infection. Representative flow cytometry plots (B) and quantification (C) of
Tul (SLAM'CXCRS") and Try (SLAMCXCRS5') SMARTA cells. (D-E) Expression of CD69,
CD103, CD27 and Ly6C by SMARTA CD4" T cells in specified tissue on indicated day of
infection. Representative flow cytometry plots (D) and quantification of frequencies of CD69*,
CD27", and Ly6C" cells from D. (F) FR4 and PSGL1 expression by specified tissue on day 21 of
LCMV-Arm infection. Numbers in flow plots indicate percent of cells in corresponding gate. (G)
Representative flow plots showing expression of CD69, CD103, CD27 and Ly6C by NIP CD4" T
cells in specified tissue on day 21 of infection. Data are representative (B,D,F,G) or cumulative
(C,E) of 3 experiments (B-E) with n=2-4 mice per experiment. Graphs show mean + SD; *p <
0.05, ** p<0.01, *** p<0.001, ****p< 0.0001.
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Antiviral CD4" T cells with tissue migration potential are Tyl cells and produce
effector cytokines

C-C chemokine receptor type 9 (CCR9) and integrin alpha 4 (CD49d) are two gut-homing
molecules that are upregulated by cells that traffic from the circulation to the SI at early stages of
viral infection''®. To investigate whether SI-homing cells were derived from Tul or T cells at
this early time point, we profiled CCR9 and CD49d expression by SMARTA cells in the spleen,
mLN, and SI of mice infected with LCMV-Arm between days 6 to 8 of infection to capture the
cells during peak effector response (Figure 2.2A,B). We observed an increase in CCR9"CD49d"
CD4"' T cells in the IEL and LPL as cells migrated from the circulation between days 6 and 8 of
infection. In contrast, only a small population of cells in the spleen expressed both CCR9 and
CD49d during these three days. Interestingly, of the CCR9*CD49d" cells, more than 80% of cells
from the spleen and 90% of cells from the lymph nodes were SLAM" Tl cells (Figure 2.2C,D),
indicating a developmental relationship between Sl-specific Trm and the Tl lineage.

To assess the functional capacity of anti-viral SI CD4" Trm and splenic effector cell
subsets, we isolated SMARTA cells from each tissue on day 7 or 21 of infection then re-stimulated
them ex vivo with the LCMV-Arm GP66 peptide. On day 7 of infection, more CD4" T cells in the
SI produced IFNy and/or TNFa compared with the splenic population upon peptide re-stimulation
(Figure 2.3A,B). However, at a memory time point, there were fewer cytokine-producing cells in
the SI compared to circulation. SI CD4" T cells also expressed higher levels of Granzyme A and
B at both effector and memory time points (Figure 2.3C,D). This was similar to the Tul cytokine
profile and consistent with the effector nature of Trm cells, in that they must be poised for rapid
response upon reinfection at barrier surfaces.

It has been shown that following influenza A infection, a cytotoxic subset of CD4" T cells,

called ThCTL, developed in the lung'!”. These cells mediated MHC-II-restricted cytotoxicity,
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produced high levels of effector cytokines, and can be distinguished from other CD4" T cell subsets
by expression of inhibitory molecule NKG2A/C/E!''3. To determine if there were parallels between
ThCTL and Trwm in viral infection, we compared LCMV-specific CD4" Trwm in both the IEL and
LPL on day 21 of infection. We found that CD4" Trm in both compartments expressed minimal
levels of NKG2A/C/E compared to circulating CD4" T cells, CD8" circulating and Trwm cells, or
NK cells (Figure 2.3E). Despite their shared expression of IFNy and Granzyme B, Sl-resident
CD4" Tru cells did not express canonical cell-surface receptors of ThCTL, which further indicated

that the Trm program may be influenced by different infection and tissue-specific cues.
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Figure 2.2 SI-homing cells from the spleen and mLNs are Tul effector cells. (A-B) CCR9 and
CD49d expression by CD4" T cells in specified tissues on days 6-8 of LCMV-Arm infection.
Representative flow cytometry plots (A) and quantification (B) of CCR9"CC49d" SMARTA CD4*
T cells. CCR9"CC49d" quadrants are highlighted in red (C-D) Expression of SLAM and CXCRS5
by CCR9"CC49d" SMARTA CD4" T cells (red) in the spleen or mLN on days 6-8 of LCMV-Arm
infection. Representative flow cytometry plots (C) and quantification (D) of Tl (SLAM CXCRS5"
) and Tra (SLAMCXCRS5") SMARTA cells. Data are representative (A,C) or cumulative (B,D)
of 2 experiments with n=2-4 mice per experiment. Graphs show mean + SD; *p < 0.05, ** p<0.01,
**% p<0.001, ****p<0.0001.
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Figure 2.3 CD4" Tryv in IEL and LPL produce Tul-associated effector cytokines. (A,B) [FNy
and TNFa expression by CD4" T cells on indicated day of infection following ex vivo GPg1 peptide
stimulation in specified tissues. Representative flow cytometry plots (A) and quantification (B) of
IFNy" and TNFo" SMARTA CD4" T cells. (C,D) Granzyme A (GzmA) and B (GzmB) expression
by SMARTA CD4" T cells in specified tissues on indicated day of infection. Representative flow
cytometry plots (C) and quantification (D) of Gzma* and Gzmb®™ SMARTA CD4" T cells. (E)
NKG2A and NKG2A/C/E expression by specified tissue on day 21 of infection. Numbers in flow
plots indicate percent of cells in corresponding gate. Data are representative (A,C,E) or cumulative
(B,D) of 2 experiments with n=2-4 mice per experiment. Graphs show mean = SD; *p < 0.05, **
p<0.01, *** p<0.001, ****p< 0.0001.
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CD4" Try share a transcriptional and epigenetic profile with effector Tul cells

To investigate the transcriptional profile of SI CD4" Trm cells and how they compare to
effector Ty subsets, SMARTA CD4" T cells or SLAM™ Tyl cells and CXCR5" Trg SMARTA
cells were sorted from the SI or spleen, respectively, on day 7 or 21 of infection, and analyzed by
bulk RNA sequencing. Principal component analysis (PCA) of gene expression revealed a clear
separation of D21 IEL/LPL samples from D7 samples, Tru samples, and naive cells (Figure 2.4A).
Of note, day 7 IEL and LPL CD4" cells aggregated closely with day 7 Tul cells, consistent with
the phenotypic similarities between CD4" Trm and Tu1 cells we observed. We also observed some
separation between D21 IEL and LPL samples, which may explain the heterogeneity of the overall
SI population driven by tissue localization or functional requirements. Gene enrichment analysis
(GSEA) was used to compare the transcriptional profiles of CD4" T cells from the SI and spleen
on day 21 of infection (Figure 2.4B). Consistent with the Tx1-like qualities of CD4" Trwm, SI cells
were highly enriched for the Tul signature’! when compared to Tru cells, and showed minimal
enrichment of the Try signature®!. Furthermore, CD4" Trm were enriched for the published CD8"
Trm'"® and CD4" non-lymphoid tissue (NLT) signatures’! when compared to both Tul or Ten
splenic subsets, regardless of the subset (Figure 2.4B).

Next, we performed the Assay for Transposase-Accessible Chromatin using sequencing
(ATACseq) on CD4" T cells paired with bulk RNAseq timepoints to understand the epigenetic
landscape of splenic and SI CD4" T cells and assess accessible regulatory regions in these
populations. A correlation heatmap comparing differentially accessible regions among all samples
revealed that D7 IEL cells were more closely associated with the Tul subset at both effector and
memory time points (Figure 2.4C). We directly quantified peaks in differentially accessible

regions (DARs) for D7 IEL, Tru, or Tul cells, we found few peaks distinguishing IEL and Tyl
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samples compared to 2,036 differentially accessible peaks between the IEL and Tru subset (Figure
2.4D). When we compared differentially accessible peaks at specific gene loci among different
timepoints and tissues, we observed similar profiles for D7 IEL and D7 Tul cells which were
distinct from naive and D7 Tru profiles (Figure 2.4E). Overall, these data revealed similarities
between CD4" Trm and effector Tul cells in surface-receptor phenotype, transcriptional profile,

and chromatin landscape, suggesting that these two populations are related.

39



Figure 2.4 Transcriptional and epigenetic profile of CD4* Trwm in viral infection. (A) Principal
component analysis (PCA) of bulk RNAseq of circulating and resident SMARTA CD4" T cells
from spleen and SI, harvested on day 7 or 21 of LCMV-Arm infection. (B) Gene enrichment
analysis (GSEA) of day 21 RNAseq data. (C-E) ATACseq of circulating and resident SMARTA
CD4" T cells from spleen and SI on day 7 or spleen on day 21 of infection. (C) Pearson correlation
for peaks in differentially accessible regions. (D) Volcano plots comparing peak counts between
D7 IEL and Tul or Tru subsets. Numbers in volcano plots indicate number of differentially
accessible regions in IEL compared to either Tyl or Tru samples. (E) Genome browser tracks
depict ATACseq chromatin accessibility across samples for indicated gene. Data are cumulative
of 3 experiments (A,B) or 2 experiments (C-E) with n=4-5 mice per experiment for day 7 and
n=12-15 mice per experiment for day 21.
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Progressive acquisition of CD4" Try signature

Effector CD8" cells in the SI at day 7 of infection transcriptionally resembled CD8" Trm
cells at day 35 of infection, with “core” Trm genes shared between the two time points!!'®. However,
SI CD4" cells at day 7 compared to SI CD4" cells at day 21 were transcriptionally distinct with D7
SI cells grouping very closely with D7 Tu1 cells (Figure 2.4A). Further analysis revealed that only
13-15% of the genes differentially expressed between mature D21 Trm cells compared to splenic
Tul or Tru subsets were also differentially expressed between D7 Trwm cells compared to effector
splenic cells (Figure 2.5A). We also observed changes in phenotype between the two time points,
such as the loss of Ly6C expression by Trwm cells at a memory time point (Figure 2.1D).

To further explore changes in Trm between effector and memory time points, we examined
the expression of specific genes encoding for cell-surface receptors, effector molecules, and TFs
with known roles in effector and memory CD4" T cell development or the CD8* Trm program by
splenic and SI CD4" T cells on days 7 and 21 of infection (Figure 2.5B). When compared to naive
CD4" T cells, IEL and LPL samples at both effector and memory timepoints were enriched for
expression of genes associated with SI-homing and the Trm program such as Ccr9 and Cd69.
Although there were low levels of CD103 protein on day 21 IEL and LPL cells (Figure 2.1D), we
observed higher expression of /tgae gene in SI samples compared to splenic subsets. However,
unlike with CD8" Trwm, there was no enrichment of Tgfb or Tgfbr1, which induces ltgae expression,
suggesting that the regulation and function of CD103 protein were different between CD4" and
CD8" Trm. CD4" Tru cells from IEL and LPL at day 21 expressed genes associated with both the
effector/Tul program, such as Gzma, Gzmb, Ifng, Tbx21, Prdml, Id2, Stat4 and the memory/Trn
identity such as Icos, Pdcdl, Stat3, Bcl6. Additionally, D20 IEL, LPL, and Tul populations

expressed both Bcl6 and Prdm 1, which was surprising given the defined reciprocal antagonism of
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these two TFs in circulating Tw cell differentiation. GSEA of IEL and LPL cells on day 21 showed
enrichment of the CD8" Trm, CD4" NLT signature, and CD4" T cell memory signatures’!
compared to SI cells on day 7 of infection (Figure 2.4C). Together, these data indicate that ST CD4*
cells at day 7 are still progressing towards the Trm phenotype, and this effector population may
require further regulation to become mature Trwm.

To explore differences in the transcriptional programs between effector and memory SI
populations and to evaluate heterogeneity among cells within the populations, we utilized
scRNAseq to compare gene expression of SMARTA CD4" T cells from the spleen, IEL, or LPL
of LCMV-Arm infected mice on days 7 and 21 following infection. Due to the cell number
requirements for high-quality scRNAseq results and the lower numbers of SMARTA cells in the
IEL compartment at D21, we were only able to isolate and analyze D21 LPL sample. Unsupervised
Uniform Manifold Approximation and Projection (UMAP) clustering separated samples by
tissues, with D21 LPL cells (purple), and D21 SPL cells (blue) grouped separately from other
samples and enriched for their respective gut or spleen signature (Figure 2.5D). While a subset of
D7 IEL and LPL cells (yellow, red) clustered together, a high proportion of D7 SI cells were mixed
with D7 SPL cells (green) and were diffused throughout the UMAP. This was consistent with our
observations that SI cells at day 7 were not fully mature Trwm, and these effector cells did not yet
express the gut signature. Next, we assigned a module score to each cell for the specified gene
signatures generated from our bulk RNAseq data or published datasets (Figure 2.5E). The memory
Tul signature (defined by fold-change >1.5 between D7 and D41 Tu1 cells) was enriched in both
the D7 and D21 SI clusters compared to splenic cells, although the D7 spleen replicates did show
variable expression of the Tu1 signature. The memory Tru gene signature (defined by fold-change

>1.5 between D7 and D41 Tru cells) was only enriched in D21 SPL samples, highlighting the Tl
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versus Tru division within CD4" splenocytes. The D21 LPL cluster showed highest enrichment of
the CD4" NLT and CD8" Trm signature, although the D7 SI samples were also moderately
enriched for residency-related genes compared to splenic samples (Figure 2.4E). These data reveal
differences between effector and memory SI CD4" T cells, with D7 SI cells sharing transcriptional

similarities with D7 splenic cells instead of being distinct tissue-resident population.
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Figure 2.5 Effector SI CD4" T cells in viral infection progress towards a mature Trm
program. (A) Top, comparison of gene expression of IEL (left) and LPL (right) Trm cells relative
to Tul and Tru subsets on day 21 of LCMYV infection. Red denotes genes increased in Trwm relative
to Tul and Tru cells; blue denotes genes increased in Tul and Tru relative to Trm cells. Bottom,
comparison of differentially expressed genes in mature Trwm cells (from top panel) in cells from
IEL or LPL on day 7 of infection. Black denotes genes from top panel (either blue or red) which
are differentially expressed by day 7 SI cells compared to day 7 splenic subsets. (B) Heatmap
showing gene expression of transcriptional regulators (left) or cell-surface receptors/cytokines
(right). Values are calculated as a log>fold change between each sample and naive population. (C)
Gene enrichment analysis (GSEA) of day 7 and 21 SI cells. (D-E) Single-cell RNAseq of
circulating and resident SMARTA CD4" T cells from spleen and SI, harvested on day 7 or 21 post-
infection. (D) UMAP dimensional reduction colored by tissues (top) and enrichment of indicated
gene signatures (bottom). (E) UMAP reduction and violin plots showing enrichment of indicated
gene signatures. Data are cumulative of 3 experiments (A-C) or 2 experiments (D-E) with n=4-5
mice per experiment for day 7 and n=12-15 mice per experiment for day 21.
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CD4" Try are heterogeneous and express genes associated with both effector and

memory fates

Single-cell RNAseq analysis combining datasets from both D7 and D21 time points may
mask Trm population heterogeneity within or between tissues. Therefore, we next performed a
focused analysis of D7 (Figure 2.6) or D21 samples (Figure 2.7) to examine the heterogeneity
within each timepoint and the differences between effector and memory phases.

Analysis of only spleen and SI cells at day 7 revealed 8 clusters, with D7 IEL and LPL
cells mainly aggregated in clusters 0, 1, and 4 while splenic cells grouped in clusters 2, 3, 5, 6, and
7 (Figure 2.6A). All clusters had a mixture of cells from both spleen and SI, indicating that IEL
and LPL cells at day 7 were not yet fully distinct from circulating cells which is consistent with
our bulk RNAseq results (Figure 2.4A). The clusters were separated into Tyl and Tru subsets,
with clusters 0, 1, 2, 4, 6, and 7 highly expressing effector Tu1 signature and the associated genes,
Slamfl and 1d2, while clusters 3 and 5 were enriched for the effector Tru signature and the
associated genes, Cxcr5 and Id3 (Figure 2.6B). The CD4" NLT signature was also enriched in
clusters 0, 1, and 4, with cluster 1 having the highest expression of tissue-associated genes. Cells
in cluster 1 also showed the highest enrichment for genes upregulated in D20 SI cells compared to
D7 cells, such as Cd69 and ltgal. Meanwhile, cells in cluster 0 and 4 had higher expression of
genes downregulated in D20 SI cells, suggesting that cluster 1 cells have more of the SI Trwm
programming than remaining SI cells (Figure 2.6C). This supported our hypothesis that day 7 SI
cells were not mature Trm cells and might require specific tissue or memory cues for their
differentiation to Trwm.

Reanalysis focusing on D21 spleen and LPL cells revealed 4 distinct clusters, with the LPL

sample divided into clusters 0 and 1 and the spleen sample divided into clusters 2 and 3 (Figure
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2.7A). The LPL clusters were enriched for the CD4" NLT’!, CD8"* Trm'!®, and memory Tul gene
signatures, with cluster 1 having the highest expression of the tissue-associated genes (Figure
2.7B). Cells in cluster 2 expressed the highest level of the memory Tru signature, with moderate
expression by cluster 3, compared with LPL cells. Among genes differentially expressed between
the SI and splenic clusters, we were specifically interested in those closely associated with T cell
memory and tissue-residency. We focused on transcriptional regulators involved in the effector
versus memory programs, specifically Be/6 and Stat3 for memory cells and /d2 and Prdm1 for Tul
effector cells'! (Figure 2.7C). All four genes showed elevated expression by the LPL compared to
splenic clusters. The levels of expression of these factors varied between LPL clusters and even
within cluster 1, indicating a level of heterogeneity within this population. We also examined
expression of Runx3 and KIf2, two TFs which regulate the generation of CD8" Trm®”'"°. LPL cells
were enriched for expression of Runx3 and expressed low levels of KIf2 compared to the spleen,
with accompanying downregulation of its target Siprl (Figure 2.7C). This suggests that similar
mechanisms of tissue retention are shared by CD4" and CD8" Trm. We also observed variation in
the expression of Ccr9, Cd69, and P2rx7, which have been shown to be involved in migration to
and maintenance of T cells in tissues, specifically the intestine!'%!2° (Figure 2.7C).

It was unexpected for us to observe that both Blimpl and Bcl6 were expressed by Trwm
samples at levels higher than spleen populations in bulk RNAseq analysis. Therefore, we used
scRNAseq to determine if the expression of these genes was from different subpopulations or if
co-expression was in the same cells, and found overlapping expression. To determine whether any
LPL cells co-expressed TFs associated with both effector and memory fates, we compared
expression of either Bcl6 and Prdml or Stat3 and Stat4 in single cells (Figure 2.7D). Indeed, a

small number of cells did co-express Bc/6 and PrdmI mRNA, and the majority of cells in cluster
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3 expressed both Stat3 and Stat4, another pair of TFs with opposing roles in effector and memory
T cell programs, revealing the intriguing possibility that CD4" Trum do have a hybrid transcriptional
program. We also transferred Blimp1-YFP SMARTA CD4" T cells to congenically distinct mice
that were subsequently infected with LCMV-Arm, then sort-purified Blimpl® and Blimpl-
SMARTA cells from the spleen and SI at day 14 of infection. Using qPCR, we observed a two to
three-fold increase in Bcl6 mRNA in Blimp1™ and Blimp1-IEL and Blimp1* LPL cells compared
to splenic populations, confirming the surprising co-expression of BlimpI and Bcl6 (Figure 2.7E).
Altogether, these data highlighted the heterogeneity within the ST CD4" T cell population starting
at the effector phase, and implicated the TFs Blimp1, 1d2, and Bcl6 as possible regulators of a dual

effector-memory residency program.
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Figure 2.6 CD4" Trw cells at day 7 of infection are heterogeneous and enriched for effector
genes. (A) UMAP dimensional reduction of spleen and LPL CD4" T cells colored by tissue
identity (left) or cluster (right). (B) UMAP reduction and violin plots showing enrichment of
indicated gene signatures. (C) UMAP reduction showing relative expression of indicated
transcriptional regulators or cell-surface receptors and cytokines in UMAP reduction (left) or
violin plots by clusters (right).
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Figure 2.7 CD4"* Trw cells at day 21 exhibit heterogeneity and express genes associated with
both effector and memory fates. (A) UMAP dimensional reduction of spleen and LPL CD4" T
cells colored by tissue identity (left) or cluster (right). (B) UMAP reduction and violin plots
showing enrichment of indicated gene signatures. (C) UMAP reduction showing relative
expression of indicated transcriptional regulators or cell-surface receptors and cytokines in UMAP
reduction (left) or violin plots by clusters (right). (D) UMAP dimensional reduction showing
merged expression of indicated TF pairs. (E) Bar plot showing relative fold-change of Bc/6 mRNA
in indicated tissue compared to spleen in Blimp1* versus Blimpl- SMARTA cells from mice on
day 15 of LCMV-Arm infection. Data are cumulative of 1-2 experiments with n=12-15 mice per
experiment.
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2.3 Discussion

The data presented in this chapter revealed a shared phenotype and transcriptional profile
between CD4" Trm and the Tl subset, which is considered more effector-like compared to Tru
cells. We found that SI-homing CD4" T cells from the spleen and the Trwm cells were predominantly
SLAM" Tyl cells, consistent with studies in other infection models and tissues where Trm cells
reflect the Ty effector program associated with the acute pathogen/antigen exposure’®>+%3, At
barrier surfaces, Trum cells are among the first to encounter antigen and are required to rapidly
coordinate a local recall response’!, which is consistent with enhanced effector traits compared to
circulating memory populations to effectively respond to reinfection. Nevertheless, the
relationship between Tul and TrMm is somewhat unexpected given that fate-committed Tru cells
are the main proportion of the circulating CD4" memory T cell population®. Tru cells have a
transcriptional program that has been associated with memory and long-term survival, and CD4"
Trm may require aspects of the Tru program for their maintenance or share common progenitors
with Try cells.

While CD4" Trm populations were enriched for the core CD8" Trym signature, there were
clear differences between the two lineages. For example, while ST CD8" Trum cells expressed both
CD69 and CD103, CD4" Trum cells had minimal levels of CD103. Additionally, while effector
CD8" T cells in tissues are fully mature Trym, effector SI CD4" T cells at day 7 are distinct from
the memory SI cells and gradually gain the Trm program as the immune response progresses. This
slower development of the CD4" Trum identity may be due to the varied Ty subsets in the effector
stage and the resulting heterogenous memory population.

Work on circulating memory CD4" T cells identified distinct subsets with varying levels

of CD27, where high expression is associated with memory and recall potential, and Ly6C, where
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low expression is tied to increased longevity and plasticity. In a viral infection, we found that CD4*
Trm downregulated both CD27 and Ly6C compared to circulating populations, making the
“memory” characteristics of these cells unresolved. Nevertheless, half of the population retained
CD27 expression, especially within the LPL compartment, suggesting that LPL cells may be the
more “memory-like” population compared to IEL cells which are directly at the barrier surface
and constantly exposed to antigen from the microbiota. The variation in expression of cell-surface
molecules within and between the IEL and LPL samples is also reflected in the transcriptional
heterogeneity within our sequencing data.

In this chapter, we have demonstrated that CD4" Trum in viral infection are a heterogeneous
population which co-express genes important for both effector and memory T cell lineage
differentiation. Future work will focus on identifying possible Trm precursor cells within early
Tul effector cells using adoptive transfers of Tul and Tru cells and computational methods such
as trajectory mapping. We also aim to identify key transcriptional regulators of CD4" Trwm
differentiation, starting with known regulators in Tu1 versus Tru differentiation and effector versus
memory fate determination.

Chapter 2 was adapted from a manuscript which will be submitted for publication. Nguyen
QP, Deng TZ, O’Shea SM, Pipkin ME, Choi J, Crotty S, Goldrath AW. (2021). Blimp1, 1d2, and
Bcl6 balance effector and memory-associated programs to promote CD4" Tru differentiation

following viral infection. The dissertation author was the primary author of this paper.
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Chapter 3 Blimpl., 1d2. and Bcl6 balance effector and

memory-associated programs _to promote CD4" Tgrm

differentiation following viral infection

3.1 Introduction

The expression and activity of transcriptional regulators critical in circulating CD4" T cells
differentiation are not well understood in the Trm population. Bel6 and Blimpl both have
established roles in CD4" T cell fate determination, with Bcl6 promoting Try and memory CD4*
populations, while Blimp1 directly inhibits Trn development’®!%3, Bcl6-deficient CD4* T cells
following influenza infection did not differentiate into lung Tru cells at a memory time point,
although loss of Bcl6 in effector CD4" T cells following house dust mite exposure resulted in more
CD4" T cells in the lung, highlighting potential involvement of Bcl63¢7%3°, Blimp1 has also been
shown to be a central regulator of the CD8" tissue-resident program and may play a similar key
role in CD4" resident populations''°. Notably, Blimp and Bcl6 are both co-expressed by regulatory
follicular helper cells (Trr), a population that also displays hybrid functions of Tyeg and Ter!2!122,

Similarly, E protein TF and their inhibitors, Id proteins, also play critical regulatory
functions in CD4" T cell differentiation'?3124, 1d2 is highly expressed by CD4" Tul cells and is
essential for maintaining Tu1 identity, partly through inhibiting the Try transcriptional program'?°.
Thus, I1d2 is likely responsible for directing the generation of effector populations in CD4" T cells.
Conversely, current work suggests that 1d3, a known Id protein which drives Tru differentiation

126 can mark memory-precursor CD4" T

and responsible for memory CD8" T cell differentiation
cells. In an acute LCMV infection, Id3" CD4" T cells in the spleen survived following the

contraction phase and exhibited multipotent potential upon rechallenge, indicating that Id3 marks
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long-lived memory CD4" T cells in circulation (Shaw, under review). Despite these TFs being
vital for the formation of circulating CD4" T cell subsets, it is unclear how these transcriptional
regulators influence the Trm population during the course of viral infection.

In this chapter, through studies of Blimp1, Id2, 1d3, and Bcl6 function in antiviral CD4"
Trwm populations, I demonstrated that Blimp1 and 1d2 were both required for early Trm formation,
while Bcl6 initially suppressed Trwm formation but was required as the infection resolves for

maintenance of long-lived Trwm cells.

3.2 Results

Blimp1 and 1d2 are required for virus specific CD4" Tru development

To better understand the relationship between CD4" Trm and Tul population, we
investigated the role of two transcriptional regulators of Tul development and effector function,
Blimp1 and 1d2'%*!25, Our bulk and scRNAseq data showed that D21 SI Trm expressed both
factors, suggesting that Blimp1 and Id2 may function in CD4" Trm differentiation. We also utilized
the PageRank algorithm as previously described to identify important TFs in our day 7 SI Trm
cells®>1"°. PageRank analysis of bulk RNAseq and ATACseq data highlighted PrdmI as a gene
with a higher PageRank score and gene expression in SI samples relative to splenic cells at day 7
of infection. Additionally, PageRank also identified 7¢f72, which encodes for the TF HEB and is
a target of Id2 protein, as a gene with higher score and gene expression in the SI. These data
suggest that Blimp1 and 1d2, Tul-associated factors, may be critical for early Trm development
(Figure 3.1A).

First, we examined the expression of Blimp1, Id2, and 1d3 by CD4" T cells following acute
viral infection. To assess Blimp1 expression in circulating and SI CD4" T cells following viral

infection, we transferred Blimp1-YFP SMARTA CD4" T cells to congenically distinct mice that
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were subsequently infected with LCMV-Arm. On day 7 and 21 of infection, SMARTA CD4" T
cells were isolated from the spleen, mLN, and SI (Figure 3.1B,C). On day 7 of infection, the
majority of SI CD4" T cells expressed Blimp1 compared to only 40-50% of Blimp1™ CD4" T cells
in the circulation. By day 21 of infection, the frequency of Blimp1™ CD4" T cells in the SI dropped
to ~60% but was still higher than in circulating CD4" T cell population. We also transferred
SMARTA CD4" T cells expressing 1d2-YFP and Id3-GFP reporter alleles to naive recipients that
were subsequently infected with LCMV. We found that IEL and LPL CD4" T cells expressed only
Id2 at effector and memory time points while the majority of circulating CD4" T cells expressed
both Id2 and 1d3 (Figure 3.1D,E). Recent work showed that Blimp1 and Id3 expression can identify
functionally and transcriptionally distinct subsets in CD8" Trm and tumor-infiltrating lymphocytes
(TIL)'?7. We investigated whether similar subsets can be identified in SI CD4" Trm using a mouse
model expressing both Blimp1-YFP and Id3-GFP reporter alleles (Figure 3.1 F,G). On day 7 and
21 of infection, we observed distinct Blimp1™ and Id3" populations in the spleen and mLN, while
SI cells were mainly Blimp1*. These results were consistent with our bulk RN Aseq data in which
the Tul subset and SI cells expressed /d2 and Prdml mRNA while only the Tru populations
expressed the /d3 mRNA (Figure 2.5B).

To investigate the requirement for Id2 in SI CD4" T cells, we transferred a 50:50 mix of
WT and 1d27" CD4-Cre* (Id2-KO) SMARTA cells into congenically distinct hosts and infected
the mice with LCMV-Arm. On days 7, 14, and 21 of infection, we isolated the transferred cells,
and again, compared the frequency and numbers of WT and KO cells. On day 7, Id2-deficient
CD4"' T cells accumulated at a reduced frequency in the SI compared to WT cells, similar to that
observed in the spleen and mLN (Figure 3.2A,B). By day 14 and 21 of infection, 1d2-KO CD4" T

cells were even further reduced in the SI compared to spleen and mLN. Consistent with the role
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of Id2 in Ty1 differentiation, splenic 1d2-KO cells did not express SLAM and were predominantly
Tru (Figure 3.2C). The reduction in CD4" T cells lacking 1d2 was also reflected in the cell numbers
at both effector and memory time points (Figure 3.2D).

To determine if Blimp1 contributes to regulating CD4" Trym differentiation, we transferred
Blimp17f{CD4-Cre* (Blimp1-KO) SMARTA T cells as a 50:50 mix with wild-type (WT)
SMARTA T cells into congenically distinct hosts and infected the mice with LCMV-Arm. On
days 7, 14, and 21 following infection, we isolated the transferred cells and compared the
frequency and number of WT to Blimp1-KO cells. Loss of Blimpl significantly impaired the
accumulation of the CD4" Trm population starting from the day 7 effector stage, with Blimp1-KO
CD4" T cells making up ~10-15 % of the total SMARTA population isolated from the SI (Figure
3.2E,F). There was no evidence of delayed Trum differentiation as the Blimp1-KO SMARTA CD4*
T cells remained at a dramatically reduced proportion compared to WT cells at the memory time
points. In spite of an absence of SLAM™ Tu1 cells at day 7, there was a similar accumulation of
cells in the spleen (Figure 3.2F). However, starting at day 14 of infection, there was an
accompanying decrease in Blimp1-KO cells compared to WT cells in the spleen and mLN,
although the deficit of Blimp1-KO CD4" T cells in circulation did not reach the levels seen in the
SI. The difference between WT and Blimp1-deficient cells were also observed in absolute cell
numbers, with significantly fewer Blimp1-KO cells compared to WT cells in the SI starting at day
7 of infection (Figure 3.2G). Blimp1 has also been shown to work in conjunction with the TF Hobit
(encoded by Zfp683) to mediate Trm development!!%128; however, Zfp683 was not detected in our
bulk RNAseq data. All together, these data demonstrated a requirement for Blimpl and Id2 in
CD4" Trm development and further strengthened a developmental relationship between Trm and

Tul cells.
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Figure 3.1 CD4" Trm express Blimp1 and Id2 during viral infection. (A) ) Plot of PageRank
scores and gene expression of SMARTA IEL and LPL samples over SMARTA spleen samples.
Data are cumulative of 2 experiments with n=4-5 mice per experiment for day 7. Yellow points
denote genes with an absolute value of greater than 1 for the log2 of fold-change between SI values
and splenic values. (B) Representative histograms of Blimp1-YFP expression by SMARTA CD4*
T cells from spleen, mLN, and SI on day 7 or 21 following LCMV-Arm infection. (C)
Quantification of Blimp-YFP" cells of total SMARTA CD4" T cells in indicated tissues. (D)
Representative flow plots of 1d2-YFP and Id3-GFP expression by SMARTA CD4" T cells from
SPL, mLN, and SI on day 7 or 21 of infection. (E) Quantification of the frequency of Id2-YFP* or
ID2-YFP*1d3-GFP™" cells of total SMARTA CD4" T cells. (F) Representative flow plots of
Blimp1-YFP and 1d3-GFP expression by SMARTA CD4" T cells from SPL, mLN, and SI on day
7 or 21 of infection. Numbers in flow plots or histograms indicate percent of cells in corresponding
gate. Data are representative (A,C,E) or cumulative (B,D) of 3 experiments with n=2-4 mice per
experiment. Graphs show mean &+ SD; *p < 0.05, ** p<0.01, *** p<0.001, ****p<(0.0001.

58



A 4 | Prdm1 Crem B D7 D21
) I Zbtbt Rel Lin54 Nr4a3 A
8 Bhiha1s | Statsa Nikb2 A3 Tgift  Bhihedo \
(%] Zpe9t MYPI2 aridsa Tgits [ |
< | SPL 43 ||
© Tbx21 ¢ 17
% i ~Tcf12 /
0| et o -
o b y
k] : \
\8/ ax. Sy i Zfp652 mLN H 61 |1 }
N cle  Tef ga
8" Bop Rx?b Mnt o Bbx Staté Arnt2 / 45
- Tcf7 Esrra prszl;'g1 Foxé 1 Ahrr
-4 | PoubF1 Clock !
2 0 4 \
Log2(FC of Gene Expression) ) ] /
IEL
\ 83 61
c D7 D ]
1004 ns RkRE bk A ¥
. . k ] A
o : SPL
£ 50 e e > A i I
£ . LPL
@ : ; £ 87 ] 69
= . 5] 1)
0 all B2 5
SPL mLN |EL LPL >
Blimp1-YFP
D21 mLN Endogenous — SMARTA
100 ns ns ns *kk i
:5. . F T B
g 50 . o . o
@ 1L I 8
R ﬁ IEL
0 i
SPL mLN |EL LPL
[ 1Blimp1- M Blimp1*
E D7 LPL &
* NS odkkk Rk >
100 P %
Q
5 Id3-GFP >
g 501,
© F SPL mLN IEL
° A
SPL mLN IEL LPL ]
D21 b7
sk ok obkk dobkk
100 "
o]
©
8 50
:
R D21 = |]
0 Q.
€11
SPL mLN IEL LPL =

(id2: Mid2+1d3+

1d3-GFP

59




Figure 3.2 Loss of I1d2 and Blimp1 impair CD4" Trwm differentiation. (A,E) Representative
flow plots comparing the frequency of WT and 1d2-KO (A) or Blimp1-KO (E) SMARTA CD4*
T cells in indicated tissues at specific timepoints. (B,F) Quantification of the frequency of WT and
Id2-KO (B) or Blimp1-KO (F) of total SMARTA CD4" T cell population. (C,G) SLAM and
CXCRS5 expression by WT and 1d2-KO (C) or Blimp1-KO (G) SMARTA CD4" T cells from the
SPL to distinguish Tul (SLAM*CXCRS5") and Tray (SLAM CXCRS5™) subsets at indicated day of
infection. (D,H) Cell numbers of WT and 1d2-KO (D) or Blimp1-KO (H) SMARTA CD4"* T cells
presented as log>fold-change of KO to WT cells on indicated day of infection. Data are
representative (A,C,E,G) or cumulative (B,D,F,H) of 3 experiments with n=2-4 mice per
experiment. Graphs show mean &+ SD; *p < 0.05, ** p<0.01, *** p<0.001, ****p<(0.0001.
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Bcl6 plays a dual role in the antiviral CD4" Try differentiation program.

The requirement for Blimpl and Id2 in regulating the residency program suggests a
relationship between the CD4" Trm and Tl subsets. However, based on our sequencing data, we
also observed expression of Bcl6 by D21 SI CD4" Trm (Figure 2.5B), which was unexpected given
the antagonism of Blimp1 and Id2 by Bcl6. Thus, we hypothesized that Bcl6 may also be regulating
the CD4" Trm program in a manner that is distinct from its known function within circulating
effector and Tru populations.

To assess the role of Bcl6 in CD4" Trm development, we transferred a 50:50 mix of WT
and Bcl6""CD4-Cre* (Bcl6-KO) SMARTA cells into congenically distinct recipients and infected
with LCMV-Arm (Figure 6A). On days 7, 14, and 21 of infection, we isolated the transferred cells,
and compared the frequency and numbers of WT and Bcl6-KO cells. In contrast to the Blimp1 and
Id2 results, loss of Bcl6 resulted in a small but significant increase in SI CD4" T cell accumulation
compared to the WT cells at day 7 of infection (Figures 3.3A,B). However, by day 14 of infection,
the frequency of Bcl6-deficient cells was lower than that of WT cells in the SI compartment, and
this reduction continued into the later memory time point. Loss of Bcl6 also significantly reduced
the splenic and lymph node CD4" T cell populations starting at day 7 of infection, and this
deficiency was amplified at memory time points (Figure 3.3A,B). The differences in frequencies
of WT and Bcl6-KO CD4" T cells were mirrored in the absolute cell counts (Figure 3.3E).
Consistent with the role of Bcl6 in Try differentiation, splenic B¢l6-KO cells on day 7 of infection
did not express CXCRS and were predominantly SLAM* (Figure 3.3C). However, by day 21 of
infection, subsets of SLAM" and SLAM- were observed in Bcl6-KO CD4* T cell population from
the spleen. Interestingly, Bcl6-deficient ST CD4* T cells displayed increased CD69 expression on

day 7 and 21 and reduced CD27 expression on day 21 compared to WT cells, indicating that Bcl6
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may inhibit the Trm program at the peak of infection (Figure 3.3D). This was consistent with
mRNA levels for day 7 in which IEL and LPL effector cells expressed lower Bcl6 than splenic
samples (Figure 2.5B). Thus, the impact of B¢l6 in the SI is more complex than previously thought,
with different roles at effector versus memory time points and within the circulation versus non-
lymphoid tissues.

To further assess the role of Bcl6 in early CD4" Trm development, we performed bulk
RNAseq of WT and Bcl6-KO SMARTA CD4" T cells at day 7 of infection. PCA of gene
expression for these samples showed that SI Bcl6-KO CD4" T cells were a distinct population,
while splenic Bcl6-KO CD4* T cells clustered closely with WT SI and Tx1 samples (Figure 3.4A).
GSEA also revealed that loss of Bcl6 resulted in an enrichment of the CD4" NLT gene signatures
by both splenic and SI populations and the CD8" Trwm signature by SI CD4" T cells (Figure 3.4B),
which is further supported by module score analysis of scRNAseq data (Figure 3.4C). This
indicated that Bcl6 may repress or antagonize Trm characteristics at day 7 of infection.
Interestingly, Bcl6-KO cells in the IEL and LPL at day 7 were enriched for genes upregulated in
D21 SI samples compared to D7 SI samples, suggesting that Bcl6 might repress the progression
of effector SI cells into mature Trm (Figure 3.4B). Finally, we examined how the loss of Bcl6
influenced gene expression in the early CD4" Trm program by comparing WT and Bcl6-KO cells
in scRNAseq (Figures 3.4C,D). Loss of Bcl6 in IEL and LPL cells led to increased expression of
direct gene targets of Bcl6 repression, Id2, Prdml, and Runx3, which supported the role of Bcl6
in inhibiting Trwm cell differentiation during early infection'*»'?°, There was decreased expression
of Trum-defining surface molecule Cd69 by Bcl6-KO IEL cells and a very minimal increase in
Bcl6-KO LPL cells; however, Cd69 is not a known direct target of Bcl6 and may not be involved

in this circuitry. Lastly, we observed no changes in KIf2 expression nor any commensurate
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decrease in SIprl by the Bcl6-KO CD4" T cells in the SI, which is unexpected given that Bcl6 is
known to inhibit expression of K/f2 in circulating effector CD4" T cells'?’. Collectively, our data
demonstrated that Bcl6 inhibited tissue-residency genes at an early phase of an immune response

and was needed to maintain long-lived Trm populations.

64



Figure 3.3 Loss of Bcl6 at day 7 enhances the Trwv differentiation program. (A) Representative
flow plots showing the frequency of WT and Bcl6-KO SMARTA CD4" T cells in indicated tissues
at specific time of infection. (B) Quantification of the frequency of WT and Bcl6-KO of total
SMARTA CD4" T cell population. (C) SLAM and CXCRS5 expression by WT and Bcl6-KO
SMARTA CD4" T cells from the SPL to distinguish Tyl (SLAM'CXCR5") and Tru (SLAM-
CXCR5") subsets at indicated day of infection. (D) Quantification of geometric mean fluorescence
intensity (gMFI) of CD27 and CD69 by WT and Bcl6-KO SMARTA CD4" T cells in indicated
tissues at specific time of infection. (E) Cell numbers presented as log>fold-change of Bcl6-KO to
WT cells at indicated day of infection. Data are representative (A,C,D) or cumulative (B,E) of 3
experiments with n=2-4 mice per experiment. Graphs show mean + SD; *p <0.05, ** p<0.01, ***
p<0.001, ****p<(0.0001.
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Figure 3.4 Loss of Bcl6 enhances the tissue-residency program in early CD4" Trm
differentiation. (A,B) Bulk RNAseq of WT and Bcl6-KO SMARTA CD4" T cells from SPL and
SI, harvested at day 7 of LCMV-Arm infection. (A) Principal component analysis (PCA) of
RNAseq data. (B) Gene enrichment analysis (GSEA) of Bcl6-KO compared to D7 WT RNAseq
data. (C,D) Single-cell RNAseq of WT and Bcl6-KO SMARTA CD4" T cells from SI, harvested
at day 7 and 21 of LCMV-Arm infection. (C) Violin plots showing module score enrichment of
indicated gene signature in WT and Bcl6-KO SMARTA CD4" T cells from SPL and SI, harvested
at day 7 and 21 of LCMV-Arm infection. (D) Violin plots showing expression of important
transcriptional regulators or cell-surface molecules. Data are cumulative of 1-2 experiments with
n=12-15 mice per experiment. Graphs show mean £+ SD; *p < 0.05, ** p<0.01, *** p<0.001,
*Ex¥1n<(.0
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3.3 Discussion

Both our bulk and single-cell RNA sequencing analyses revealed the transcriptional
heterogeneity of CD4" Trwm, with co-expression of genes important in both the effector and
memory cell differentiation program. We thus investigated the function of three transcriptional
regulators, Blimp1, 1d2, and Bcl6, in driving the development of an ST CD4" Trm population.

We showed that both Blimp1 and Id2, critical factors in Tul effector T cells, were required
for the early seeding of CD4" Trw in the SI, favoring Tx1 effector cells as the precursors of ST Trm
in LCMV-Arm infection. Given its established role as the Tul fate-defining TF and tissue
residency, Blimp1 may be driving the Tul characteristics as well as the tissue-residency aspects
of the CD4" Trm program. This is consistent with previous studies on the functions of Blimp1 and
its family member, Hobit, in regulating the transcriptional program of CD8" Trwm by inhibiting
lymphocyte egress from the tissues and by repressing the development of circulating memory

110 and in driving Trm-mediated colitis in human CD4" Try in the colon!?®, It is possible that

cells
Blimp1 and Hobit are also cooperating in SI CD4" Trm, though Blimp1 seems to be the dominant
TF between the two. We do not see evidence of a role for Hobit in CD4" Trum as loss of Blimp1
depleted the Trm population, and we did not observe significant Hobit expression. Id2-deficiency
led to a significant decrease in CD4" T cells in both the SI and spleen on day 7 of infection.
However, by day 14, when cells have transitioned into the memory phase, the loss of KO cells in
the SI was significantly greater than the defect in spleen and mLN. This suggested that Blimp1
and Id2 are driving more than the Tul-associated factors in Trwm cells, mediating expression of
genes required for the migration into tissues or inhibiting genes that allow for egress.

In our study, loss of Bcl6 led to an initial relative increase in the SI CD4" Trm population

compared to WT SMARTA cells, suggesting that Bcl6 may act as an repressor of the early Trwm

69



developmental program. This result is consistent with the essential activity of Bcl6 in Try cells,
repressing Blimp1 and 1d2 to inhibit the Tl program!?’. In the absence of Bcl6, Blimp1 and 1d2
are unrestrained and can direct more effector CD4" T cells towards the Tul/Trm fate. When we
compared the transcriptional profiles of WT and Bcl6-KO cells at day 7, we observed an
enrichment for Trwm-associated genes by KO cells from the SI and even within the splenic
population. It is noteworthy that Bcl6 deletion did not increase the expression levels of K/f2 or
Siprl by SI cells at day 7, even though KIf2 is a known target for Bcl6 inhibition. This may be
due to higher observed expression of Icos in Bcl6-deficient IEL and LPL cells, which leads to
greater inhibition of Foxol signaling by Akt, a downstream target of ICOS. It appears that at the
effector stage, Bcl6 is actively inhibiting the ability of Trm to become resident, more so than
enhancing these cells’ ability to stay in the circulation. Surprisingly, by a memory time point, Bcl6
was needed for the Trm population, as Bcl6 was expressed in day 21 SI cells and deletion of Bcl6
on day 14 and 21 decreased the frequency and number of Trwm cells. This may be because Bcl6 is
required to repress KIf2 in order for Trwm cells to downregulate S1prl and prevent recirculation,
which is supported by our bulk RNAseq analysis®”'?°. Bel6-expressing Tru cells have been shown
to share a transcriptional profile with CD8" memory-precursor T cells and contribute to the CD4"
memory T cell population, suggesting that Bcl6 promotes long-lived CD4" and CD8" T cells. Thus,
in CD4" Trum cells, Bel6 may actively enhance the memory attributes of this population which
otherwise is controlled by effector-associated factors including Blimp1 and 1d2.

Here, we have highlighted the importance of Blimpl, 1d2, and Bcl6 in the CD4" Trm
population in viral infection for regulating the differentiation of this critical immune subset.
Blimp1 and Id2 were required at early stages of development to oppose the active inhibition of

Tu1- and tissue-associated and genes by Bcl6 and to direct the Trm precursors into a SI-oriented,
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resident program. During the contraction phase, Bcl6 appeared to be promoting tissue residency,
possibly repressing genes that would drive cells to leave the tissue and re-enter circulation. Further
work is required to elucidate how CD4" Trm are maintained in the tissues, particularly how Bcl6
may be regulating the Trm program differently in effector and memory stages. A better
understanding of the transcriptional regulation of CD4" Try in the intestine will enhance our
knowledge of Trm directed immune responses in the context of long-term memory and how to
target these cells for therapeutic purposes.

Chapter 3 was adapted from a manuscript which will be submitted for publication. Nguyen
QP, Deng TZ, O’Shea SM, Pipkin ME, Choi J, Crotty S, Goldrath AW. (2021). Blimp1, 1d2, and
Bcl6 balance effector and memory-associated programs to promote CD4" Tru differentiation

following viral infection. The dissertation author was the primary author of this paper.
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Chapter 4 Perspectives

This dissertation aimed to elucidate the differentiation pathway and transcriptional
programming of antiviral CD4" Trwm cells in the SI. Trm cells, by nature, are required to be both
rapid effector cells and long-lived memory cells, thus raising the question of how their
transcriptional network balances these contrasting characteristics. In the context of viral infection,
we found that CD4" Trm were a heterogenous population with phenotypic, transcriptional, and
epigenetic similarities to the Tul subset during the effector time point. As CD4" Trwm cells
transitioned into a memory population, they developed a distinct transcriptional profile from
splenic cells, specifically expressing both Tul/effector (7bx21, Prdml, 1d2, Stat4) and
Tra/memory-associated (Icos, Pdcdl, Bcl6, Stat3) genes in the same population, including co-
expression of antagonistic factors, Blimpl and Bcl6, in the same cells. We identified roles for
Blimp1 and Id2 in driving early CD4" Trm development consistent with their importance in Tyl
lineage differentiation and the Tu1 functional characteristics of CD4* Trm. Bcl6 inhibited the early
Trm program, consistent with its role as a key TF in Tru differentiation and known repressor of
Blimpl and Id2. However, by the later memory stage, loss of Bcl6 expression resulted in a
significant decrease in frequency of CD4" Trum in the SI, suggesting that Bcl6 is required for long-
term persistence in tissues.

Multiple levels of regulation necessary for CD4" Trum differentiation have been proposed,
including elements which dictate tissue localization versus circulation, determine CD4" versus
CDS8" lineage commitment, and regulate stable residency versus recirculation potential’!. Our data
adds an additional level of regulation, one directing the effector versus memory characteristics of
TrM cells. We propose that CD4" Trm required a gene expression signature with TFs associated

with both effector and memory cell fates in order to balance the required rapid response of effector
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lymphocytes against the persistence and plasticity inherent in memory populations. In acute viral
infection, we find that CD4" Tru cells likely originate from a T 1-like progenitor, which accounts
for many of the effector characteristics in their transcriptional program. Once Trm migrate to the
site of infection, tissue-intrinsic cues and antigen clearance can activate a second wave of
transcriptional programming which enforces the memory qualities of this long-lived population.

The fine-tuning mechanisms required for such a “hybrid” cell-state remains unexplored,
but our work on Blimp1, 1d2, and Bcl6 provides a solid foundation for elucidating the interwoven
transcriptional networks in Trm. The repressor activity of Bcl6 in Trw, especially in the memory
phase, is particularly intriguing given that we do not yet know how Bcl6 is acting in circulating
Tu1 and Tra memory populations. Bel6 was expressed by D21 Twul in sequencing data, suggesting
role for this gene in memory Tyl cells. A potential strategy to address this question is using Bcl6”
ER-Cre SMARTA mice for induced deletion of Bcl6 at later stages of infection such as day 7 with
peak virus levels or day 14 when effector T cell contraction begins. These studies may reveal how
Bcl6 contributes to the maintenance of the CD4" Trwm population and identify downstream targets
of its repressor activity during the memory phase.

As the Trwm field moves forward, there are three outstanding questions which warrant
further investigation. First, much of work on Trm have examined these subsets in isolation, but in
the body, CD4" Trm are constantly interacting with CD8" T cells, B cells, innate immune cells,
and non-immune cells in the tissue'3°. Future studies must consider the transcriptional regulation
of the aggregate cell-cell interactions and how perturbations in one subset, such as Trw, affect the
remaining cell populations and the collective immune response. Visualization techniques which
combine fluorescent imaging with proximity-based chemical tagging can elucidate how Trwm cells

physically interact with their surroundings'3!. Additionally, technologies such as Single Cell
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Optical Phenotyping and Expression (SCOPE-seq), which combines live single-cell imaging and
scRNAseq, will enable real-time monitoring of live cells and allow for exploration of the inter-
and intra-cellular transcriptional networks!?. Second, as transcriptional regulators are identified
for Trm in mice, concurrent work must focus on exploring the role of similar transcriptional
programs in human Trm populations. Lastly, recent work has highlighted the ability of some Trm
to migrate out of the tissues and re-enter circulation and SLOs during the secondary response, an
example of “outside-in” immunity'33. However, it remains unclear which tissues or Trm subsets
have this recirculation potential and how this phenomenon is regulated in the overall tissue-
residency program.

Tissue-resident T lymphocytes are becoming increasingly understood for their importance
in immune defenses, and the potential to target Trm, especially CD4" T cells, for tissue-specific
vaccines and therapies is exciting. The majority of infectious pathogens invade through our
mucosal barrier surfaces, including many which cause diseases for which we have no vaccines or
treatment. We can address this need, especially in many developing countries, by targeting Trm
cells which are specific for these pathogens and localized to the likely sites of re-infection'34.
Additionally, in the context of cancers, Trum-like cells have been identified as a component of
tumor infiltrating lymphocytes within solid tumors and can be an effective target for cancer
vaccines or immunotherapy'*>!13¢, Finally, CD4" Tru cells have been implicated in the pathology
of autoimmunity given the tissue-specific nature of many autoimmune diseases'3”!3¢, Enhancing
Trm formation, function, and maintenance can reduce pathogen spread in the earliest phases of
infection and can be leveraged for vaccines which prevent infection from becoming established in

the first place and therapies which protect against disease symptoms and improve clinical

74



outcomes. The work in this dissertation will provide a basis to better understand this essential

memory T cell population and exploit their protective capacity in the immune response.
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Appendix A

Material 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.
Blimp1-YFP mice (stock #008828;The Jackson Laboratory), Id3-GFP mice '3°, Id2-YFP mice '%,
1d2"" mice '*!', CD4-Cre mice (stock#017336; The Jackson Laboratory), SMARTA mice (T cell
receptor (TCR) transgenic for I-AP-restricted LCMV glycoprotein amino acids 66—77 (Oxenius et
al.), CD45.1, and CD45.1.2 congenic mice were bred in house. Bcl6”/CD4-Cre"CD45.1"
SMARTA and Prdm1”’CD4-Cre"CD45.1" SMARTA mice were received from the Crotty lab at
the La Jolla Institute. Recipient C57BL/6J (B6) mice were either bred at UCSD or received from
The Jackson Laboratory.

T cell transfer and infection

Naive wild-type, Blimp1-YFP, 1d2-YFP/Id3-GFP SMARTA CD4" T cells congenically distinct
for CD45 were adoptively transferred intravenously at 1x10° cells. For cotransfers, Prdm 17" CD4-
Cre", 1d2"/CD4-Cre*, Bcl6”/CD4-Cre" and corresponding control SMARTA CD4" T cells were
mixed in a 1:1 ratio and adoptively transferred at 1x10° total cells per recipient mouse. Mice were
then infected intraperitoneally with 2x10° plaque-forming units (PFU) of lymphocytic
choriomeningitis virus-Armstrong (LCMV-Arm).

Preparation of single cell suspensions

Single-cell suspensions were prepared from spleen or lymph node by mechanical disruption. For

small intestine (SI) preparations, Peyer’s patches were excised, luminal contents were removed,
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and tissue was cut longitudinally then into 1 cm pieces. The gut pieces were incubated while
shaking in 10% HBSS/HEPES bicarbonate solution containing 15.4mg/100[ /L of dithioerythritol
(EMD Millipore) at 37°C for 30 minutes to extract SI-IEL. For lamina propria lymphocyte
isolation, gut pieces were further treated with 100U/ml type I collagenase (Worthington
Biochemical) in RPMI-1640 containing 5% bovine growth serum, 2 mM MgCl; and 2 mM CaCl,
at 37°C for 40 minutes. Cells were then filtered to remove any remaining tissue pieces.
Lymphocytes from all tissue but skin, spleen and lymph node were purified on a 44%/67% Percoll
density gradient.

Antibodies, flow cytometry, and cell sorting

The following antibodies were used for surface staining (all from eBioscience unless otherwise
specified): CD4 (GK1.5), CD45.1 (A20), CD45.2 (104), B220 (RA3-6B2, 1:400), SLAM (TC15-
12F12.2, BioLegennd), CD8 (53-6.7, BioLegend), CD69 (H1.2F3, Biolegend), CD103 (2E7),
CD27 (LG.7F9), Ly6C (HK1.4, BioLegend), CD199/CCR9 (eBioCW-1.2), CD49d (R1-2), P2Rx7
(1F11, BioLegend). Cells were incubated for 30 minutes at 4°C in PBS supplemented with 2%
bovine growth serum and 0.1% sodium azide, unless specified otherwise. CXCRS staining was
performed by incubating cells with purified anti-CXCRS (SPRCLS, 1:50; Invitrogen), followed
by PE-Cy7- or BV510-labeled streptavidin (1:1000, eBioscience) each for 30 minutes at 4°C.
Intracellular staining was performed using the eBioscience FOXP3/Transcription Factor Staining
Buffer Set and the following antibodies: Granzyme A (3G8.5, BioLegend), Granzyme B (GB12,
Invitrogen), IFNy (XMG1.2, BioLegend), IL-2 (JES6-5H4), and TNFa (MP6-XT22). For cytokine
staining, CD4" T cells from the spleens, lymph nodes, and SI were incubated for 6 hours at 37°C
in RPMI-1640 media containing 10% (v/v) bovine growth serum with 10nM GPes.g1 peptide and

Protein Transport Inhibitor (eBioscience). Stained cells were analyzed using LSRFortessa or
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LSRFortessa X-20 cytometers (BD) and FlowJo software (TreeStar). All sorting was performed
on the BD FACSAria instrument.
Bulk RNAseq library construction and sequencing

On day 7 or 21 of LCMV infection, 1x10° Tyl (CD4"'SLAM'CXCR5’) or Ten
(CD4"SLAM*CXCR5") SMARTA CD4" T cells from the spleen and 1x10° total SMARTA CD4*
T cells from the IEL or LPL were sorted into TCL buffer (Qiagen) with 1% 2-Mercaptoethanol.
On day 7 of LCMV infection, 1x10* Bcl6”/CD4-Cre” or WT SMARTA CD4" T cells from the
spleen, IEL, or LPL were sorted similarly. RNAsequencing was performed on duplicate or
triplicate samples as such: for day 7 LCMV sorts, 3-4 spleens and SI IEL or LPL were pooled per
replicate; for day 21 LCMV sorts, 10-15 spleens and SI IEL or LPL were pooled per replicate; for
Bcl6-KO experiments, 5-8 spleens and SI IEL or LPL were pooled per replicate.

For all samples, total RNA was captured and purified on RNAClean XP beads (Beckman
Coulter). Polyadenylated mRNA was then selected using an anchored oligo(dT) primer (5'—
AAGCAGTGGTATCAACGCAGAGTACT30VN-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 Illumina 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.

Bulk RNAseq analysis
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Normalized counts were analyzed using the Deseq2 R package to identify differentially expressed
genes across all samples using a padj <0.05. For principal component analysis (PCA) plots,
samples were graphed using the plotPCA command using only identified differentially expressed
genes. Gene set enrichment analysis was performed on each cell subset using the GSEA software
143,144 The CD8" Trum signature is from Milner et al., 2017, the CD4" NLT Signature is from Beura
et al., 2019, and the Tul Signature and Tru Signature are from Ciucci et al.,2019. Normalized
enrichment scores (NES) and false discovery rate (FDR) were visualized using the ggplot2
package in R. Heatmaps in Figure 3 were created using the seaborn python package, and genes for
cell-surface molecules and transcription factors were cherry picked based on importance.

10x Genomics library preparation and sequencing

SMARTA CD4" T cells at day 7 or 21 of LCMV-Arm infection were sorted from the spleen or SI
IEL and LPL and resuspended in PBS+0.04% (w/v) bovine serum albumin. Approximately 10,000
cells per sample were loaded into Single Cell A chips (10x Genomics) and partitioned into Gel
Bead In-Emulsions (GEMs) in a Chromium Controller (10x Genomics). 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 RNAseq analysis

scRNAsequencing 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 < 10,
nFeatures RNA <200 or > 3,000, were removed, counts were normalized with FastMNN (cite),

dimensionality reduction and cluster identification were done with uMAP (dims = 1:30),
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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.

Three cell-gene matrices were generated:

(1) Raw UMI matrix.

(2) UPM matrix. The raw UMI matrix was normalized to get UMIs per million reads (UPM), and
was then log2 transformed. All downstream differential analysis was based on the UPM matrix.
(3) MAGIC matrix. UPM matrix was further permuted by MAGIC 4. R package Rmagic 1.0.0
was used, and all options were kept as default. MAGIC aims to correct the drop-out effect of
scRNAseq data; thus, we used MAGIC-corrected matrix for visualizing the gene expression
pattern rather than using the UPM matrix. All gene expression overlaid on TSNE plots were based
on the MAGIC matrix.

Overlay of gene signatures onto single cell data was done with AddModuleScore. Gene signatures
were taken from published studies (CD8" Trwm signature from Milner et al., 2017, the CD4* NLT
Signature from Beura et al., 2019) or calculated from bulk RNAseq data as follows: 1) SPL
signature: genes upregulated in spleen samples compared to SI samples at day 7 and 20 by at least
a fold change of 1.5

2) Gut signature: genes upregulated in SI samples compared to spleen samples at day 7 and 20 by
at least a fold change of 1.5

3) Memory Tul: genes upregulated in D40 Tu1 samples compared to D7 Tul samples by at least
a fold change of 1.5

4) Memory Tru: genes upregulated in D40 Tru samples compared to D7 Tru samples by at least a
fold change of 1.5.

ATAC-seq library construction, sequencing, and analysis
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Sorted cells (2.5-5.0 x 10%) were resuspended in 25 pL of lysis buffer and spun down at 600g for
30 min at 4°C. The nuclear pellet was resuspended in 25 pl of Tn5 transposase reaction mixture
(Nextera DNA Sample Prep Kit, Illumina) and incubated for 30 min at 37°C. Transposase-
associated DNA was subsequently purified (Zymo DNA clean-up kit). For library amplification,
DNA was amplified using indexing primer from Nextera kit and NEBNext High-Fidelity 2x PCR
master mix. Then, the amplified DNA was size-selected to fragments less than 800 bp using NEB
Ampure XP Beads. The library was sequenced using Hiseq 2500 for single- end 50-bp sequencing
to yield at least 10 million reads. ENCODE pipeline % was used for mapping and peaks counting.
Differential accessibility regions between samples were calculated using optimal peak files in
DiffBind '4"-148, PageRank analysis was performed with Taiji software as described previously %
as a separate bioinformatic algorithm based on differential gene expression and TF binding motifs
that provides compatible results with differential ATAC—seq analysis, although the nature of the
PageRank algorithm is more effective for identifying activator TFs rather than repressors. This
algorithm works by generating a network of DAR and differentially expressed genes, and then
predicting the transcription factors most likely to be driving these differences based on the TF
motifs present in DARs. Each transcription factor is then assigned a score based on its weight in
the network.

Statistical methods.

Statistical tests were performed using Prism (7.0/9.0) (Graphpad). Two-tailed paired or unpaired
t-test was used for comparisons between groups. P values of <0.05 were considered significant.
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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