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ABSTRACT

In light of the recent COVIBEL9 pandemic, it has become imperative to understand
how CD8 T cells, an important line of defense in the adaptive immune system, are activated
in response to virus infections and other diseases. Although past work informs our
understandig about the biology of CD8 T cell response at the later stages of the adaptive
immunity (usually 57 days post initiation), only scanty information is available about the
events that shape CD8 T cell activation during the early time poirdsd@ys post
initiation). To address this knowledge gap, this study investigated the early events that
characterize CD8 T cell activation. In the first part of this work, we focused on bystander
activation of CD8 T cells. Here, we studied how naive CD8 T cells areatetdivin a
bystander manner within 24 hours of exposure to virus. We elucidated the role of type 1
interferons and STATL1 in this bystander activation of naive CD8 T cells and further
demonstrated that metabolic reprogramming occurs in these cells atriyisne@ point.

We additionally discovered a role for NAD+ salvage metabolism in the bystander induction
of naive CD8 T cells. This study provided novel insight into the early events that impact
the biology of naive CD8 T cells after virus exposure and sd@ive to guide better
development of antiral treatments and vaccines that rely on effective CD8 T cell
activation.

In the second part of this study, we focused on a poorly characterized CD8 T cell
subset identified as CD44lowCD62LIow CD8 T cells. Wdirst discovered that
CD44lowCD62LIow CD8 T cells are induced as early as 1 hour after ardjggaific
stimulation. We demonstrated that the CD44lowCD62LIow CD8 T cells were capable of
functional activityvia IFN-0  p r o dasiearty mso6rhours aftermstilation and that type
1 interferons drove increased functional capacity of these cells. Further, we revealed that
these earlCD44lowCD62LIowCD8 T cells were metabolically unique when compared
to the other naive, effector and memory CD8 T cell subsetsafalyses uncovered a role
for aminoacyl tRNA biosynthesis in the metabolism of CD44lowCD62Llow T cells and
overall, our studies support the model that naive CD8 T cells differentiate to this unique
phenotypeCD44lowCD62LIowa transition state inducedi@r to effector or memory
differentiation This previously unreported, very early differentiation event provides
invaluable insight into antigedriven early CD8 T cell activation and will be critical for
future studies aiming to study/harness CD8 T delldreatment across multiple disease
areas.
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Chapter 1. Introduction

The immune system plays an important role in our bodies by protecting ugxXtemal

and internathallengesFor example, iprotects us fronmfectious agents such bacteria,
viruses protozoa, and parasitdsalso protects us from diseases like cancer that can arise
spontaneously within the bodythe immune system also interacts with commensal
microorganisms that are ngathogeniand ceexist with other cells in the human body
(Wiertsema et al., 2021Fhese interactions allow our immune system to become tolerant
to the indigenous microbion{&oo et al., 202Q)Together, this complex interplay between
immune cells, microorganisnesnd norimmune cells allows the immune system to mount
an appropriate immune response.

Dysregulation othe immune system is at the corenudstdiseasein the human bodyn

the case oéxternalinfections and internal threats like canceg rbbusimmune response

is notinducedt can lead tdife-threateningliseas€Fridman et al., 2017; Oshi et al., 2022)
This phenomenon is quite evidentthe recent SAR®€ov2 pandemic, wherein many
individuals are asymptomatic or have mild disease, and some have sewtnegédifening

di sease based on t toenountranimmune respdnsedo theaiua c i t i
(BlancaMelo et al., 2020; Lewis et al., 2021; Merad et al., 202%) the other hand,
autoimmune diseases like lupus, type 1 diabetes, and others occurtloeieveractivity

of the I mmune sys cellsmTreatmenis fosduch tonditiond iovdblyed s
strategically subduing the immune response to protect the body from(Bsetfet al.,
1998) Hence, regulation of immunity is at the core of health and-betlg. Several

factors determine whether an individual will ind@eappropriate immune response to the



threat including age, sex, diet, genetics, and lifesf@iemmermann and Curtis, 2019)o
better understand how the immune systeonks in health and disease, it is essential first
to understand the two parts of the immune systenate and adaptive immunity.

1.1.Innate Immunity

The innate arm of the immune system is the first line of defense and is responsible for the
early recognition and elimination phthogensit consists of anatomical barriers like the
skin and mucous membranes, chemical barriers like stomach acid andcraiizh
peptides, and cellular components of the myeloid and lymphoid linesgef are
discussed in detail below.

1.1.1. Cellular components of innate immunity

Innate ells ofthemyeloid lineagelike macrophageslendritic cellsand granulocyteare
phagogtic in nature andserve tointernalizeand degrade pathogens. Monocytes are
immature macrophages that circulate in the blood and can migrate into tissues where they
differentiate into specialized macrophages like microglial cells in the brain and alveolar
macrophages in the lun@Soillard and Segura, 201 acrophages perform various roles

in the immune system, primarily as phagocytic cells, but also function in inducing
inflammation by producing cytokines, recruiting other cells to the site of infection, and
acting as scavengers to clear dead cells and cellular d€lanidon and MartinePomares,

2017) Further, depending on the pathogen and the inflammatory response induced,
macrophages can be polarized to haveipilammatory functions or antnflammatory

roles and exist on spectrumMurray, 2017)

Dendritic cells (DCs) are another type of phagocytic cell that plays a crucial role in the

functioning of the innate immme system. They continually take in a large amount of



extracellularfluid via macropinocytosisPathogens taken up by the cells are degraded
leading to the generation of antigeAstigens derived from different parts of the pathogen
are displayed by DCsnotheir cellular surface via major histocompatibility molecules
(MHC). These are recognized by T cells and lead to T cell activation (discussed later)
Consequently this leads to the activation ahe adaptive arm of the immune response
(Howard et al., 2004)For this reason, dendritic cells are known as professional antigen
presenting cells (APCsAntigen presentation typically occurs wao different pathways
presentation viaViIHC class | orclass Il moleculesCytosolic peptides derived from
intracellular pathogens or cell proteins are presented via the MHC class | pathway.
Endocytic peptides typically derived from extracelluaurces are presented WeHC

class Il moleculesA unigue antigen presentation pathway that occurs in DCs is- cross
presentation wherein antigens derived from extracellular sources may be presented via the
MHC class | pathwayThis pathway is important for the presentatioranfigens derived

from the lysis of virus infected cells or cancer cells for exanipdmdritic cells can also

be of various typegPatente et al., 2019 onventional dendritic cells (cDCs) present
antigens to T cells and are responsible for producing cytokinesnli&deukin2 (IL-2)

which regulate cell survivaln contrast, plasmacytoid dendritic cells (pDCs) are important
for responses to viruses and produce type 1 interfendnish can activate antiiral
immunity. Other types of DCs include migratory DCs that are found in lymphoid organs
and can migrate to fiierent tissues

The final class of phagocytic cells in the innate immune system are the granulocytes which
include neutrophils, eosinophils, and basophils. Neutrophils are among the most abundant

cells in the innate immune response and are among theseaglsponders upon exposure



to a pathogeifAulakh, 2018) They can take up pathogens by phagocytosis and degrade
them in intracellular vesicles with the help of granules and enzymes. Eosinophils and
basophils play an important role in host defense agparssites and are also responsible
for detrimental allergic respons@sadif et al., 2013)

Mast cells are essential and versatile players in the innate immune system and are best
known for their role in allergy and inflammation (Marshall and Jawdat, 2004They
contain large cytoplasmic granules filled with histamigleased upon mast cell activation
Mast cells have important roles in protection against pathqgehsand Sheppard(022),

wound healindTrabucchi et al., 1988and immune tolerand€ostelaRuiz et al., 2018)
Natural killer (\NK) cellsare cells of the lymphoid lineage that are also regarded as a part
of the innate immune system due to their ability to respond to pathogens irspawfic
manner. NK cellscanrecognize and Kill tumor celland cellsinfected withvirusesor

intracellular pathogen@/ivier et al., 2008)
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1.1.2. Molecular sensors of innate immunity

The innate immunseystem is responsible for early protection upon exposure to pathogens.
A key feature of this response is the ability to mount a very rapid immune response (within
minutes and hours). If this immune response is not regulated, it can cause immense damage
to the healthy cells of the bodyalm and Medzhitov, 2007An important element that
allows for recognizing pathogens upon exposure and initiating the immune response is the
presence of highly evolved and conserved molecular pathogens sensoesimmétte
immune system. These sensors recognize specific elements of pathogens and damaged
cells and help initiate molecular signaling networks that lead to inflammation and early
regulation of the immune respon@ehamy et al., 2008)Collectively, these sensors are
known as pattern recognition receptors (PRRS).

PRRs can be free receptors like mannaseing lectin (MBL) which trigger the
complement response of the innate immune system, or they may be mebduradeor
cytoplasmic.

Onre set of PRRs, first discovered in Drosophila melanogaster, are thik&akceptors
(TLRs). TLRs can be activated by variopmthogerassociatedmolecular patterns
(PAMPs)(Kumar and Barrett, 2022YLR3, discussed later in this thig, is activated by
doublestranded RNA found in viruses like reovirus. Similarly, sirgflanded RNA from
viruses like flaviviruses can activate TLR7. TLR9 recognized unmethylated CpG
dinucleotides from bacteria and viruses. Other TLRs like TLR4 andbTdrR important

for recognizing PAMPs from bacteria, e.g., Lipopolysaccharides (LPS) and flagellin,
respectively. Upon binding, TLR signaling can activate transcription factors likieBNF

and AR1, which produce prinflammatory cytokinegKawai and Akira, 2007)Another



family of transcription factors activated is the IRF fam{iyonda and Tanigthi, 2006)

which is also discussed later in this thesis. These lead to the production of type 1
interferons, which are important early mediators of-amél immunity.

TLRssuch asTLR3, 7, and 9 are important for the identification of PAMPs from viruses.
However since they are primarily located in the endosomes within cells, they can only
recognize PAMPs from extracellular material thasentered the endocytic pathway. RIG
I-like helicases are another important set of proteins that can recognize viral RINA in t
cytoplasm. These include proteins like retinacidinducible genel (RIG-1) and
melanoma differentiatioassociated protein 5MDA-5), which can sense uncapped
cytoplasmic viral RNA and dsRNA, respectively. This leads to the activation of
downstreamignaling molecules like MAVS, TRAF6, and TBKThoresen et al., 2021)

The consequence of this recognition and activation is the production of type 1 interferons.
Other PRRslike NOD-like receptors (NLRs) are cytoplasmic sensors responsible for
sensing bacterial infections. Most TLRs that recognize bacterial PAMPs are located on the
cell surface and serve to identify extracellular bacteria. NLRs are important for the
recognition of itracellular bacteria and lead to the activation ofrhéear factor kappa
light-chainenhancer of activated B celldNF-eB) pathway and initiation of a pfo
inflammatory responsgim et al., 2016) A summary of molecular sensing of the innate
immune system can be foumdFig. 1.2.

Overall, he innate immune system iscatical, early componentfothe immune system

that mounts aapidresponse to pathogens. This rapid,-specific response helps control

pathogens and allows time for the adaptive immune responsyétop.
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1.2. Adaptive immunity

The adaptive immune response is the second arm of the immune response. It is
characterized by the activation of an antigpecific immune response that develops
slowly over time (days to weeks). The main cells that mediate adaptive immunity are B
cells and Tcells.

1.2.1 B cells

B cells are important cellular components of the adaptive immune response. They mature
in the bone marrow and have B cell receptors (BCR) capable of recognizing atfigems.
antigen binding by BCRs, B cells are activated difigrentiate into plasma cells capable

of producing antibodiedAntibodies are soluble forms of the respective membbanmd

BCR that can circulate in plasma and bind free antigens directly. Most B cells require
Ahel po from T c el rbductidn@rotty,f2016)8B belisrcanalsotact bso d y
APCs and present antigen to T cells leadng cell activation.

1.2.2.T cells

T cells are another type of lymphoid cell that mature in the thymus and form an important
component of the adaptive immune response. Broadly, they can be of 2@ypesand

CD8 T cells. CD4 T cells are commonly knoans hel per T cell s as
signals to a myriad of cellsncluding B cells for antibody production. CD8 T cells are
known as cytotoxic T cells because they are primarily responsible for killinginfected

and tumor cellslt is importantto note thathese classifications are beingdated with
recent literature othe discovery of cytotoxic CD4 T cell€enerenti et al., 2022ndCD8

T cells with more regulatory functiorftevescot and CefBensussan, 2022%ince this



thesis focuses on dell responses to virus exposure, we dive deeper into the biology of T
cells.

1.2.2.1 T cell activation

T cell activation requires 3 signals (Fi@). The first signal is provided by peptideund

MHC molecules present on the surface of APCs. ThesadpetHC complexes are
recognized by thd@ cell recepto(TCR) on the surface of T cells. Recognition of antigen
by TCR in conjunction with CD3 leads to activation of downstream TCR signaling and
initiates the process of T cell activati@ourtney et al., 2018 cell signal strength has
important consequences for the activation and differentiation of T (&Hkkiba et al.,
2022) (discussed later). The next signal required for T cell activation-&icwlation.

Upon activation of APCs, costimulatory molecules like CD80 and CD86 are upregulated
on their cell surface. These are recognized by corresponding receptors like CD28 on the
surface of T cells and constitute the second signal of T cell activatiestir@alation
reduces the signal threshold for stimulation, increagiegurvival and proliferaon of T
cells(Pardigon e#tl., 1998) The next and final signal required for T cell activation is the
presence of cytokines. Cytokines like-2, Interleukin7 (IL-7), Interleukin 15 (L-15),

and type 1 interferons are soluble molecules that bind to correspoademiors on T cells

and provide signal 3 of T cell activation required for enhanced survival, proliferation, or

differentiation(Curtsinger and Mescher, 2010)
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1.3.CD8 T cell responses to virus infection

1.3.1. Phases of T cell response

Before antigen stimulation, T cells exist as naive T celd. (These are characterized by
low expression of CD44 adhesion molecule and high expression of CD62L
(CD44lowCD62L+). Upon priming with antigen, T cells can differentiate into effector
memory (Em) and central memory €lr) T cells (CD44hiYKaech et al., 2002)em cells

are characterized by loss of CD62L expression (CD44hiCBH6&hereas tw cells retain
CD62L expression (CD44hiCD62L+). cell responses occur after exposure to viruses

3 different phasef~ig.4). The first phase islonal expansionUpon activaton of T cells

by APCs T cells undergo clonal expansion over time to produce a large number of effector
T cells(Denizot et al., 1986; Kaech et al., 200Phese effector T cells migrate to the site

of infection and are responsible tbedirect killing of cells infected with the virutlpon
clearance of the virus, effector T cells undergorgraction phasewvherein many effector

T cells die by apoptosiBadovinac et al., 2004and a small percentage of cells remain
behind in the final phase ofemory formationwhichleads to the generation of lofiged
memory T cells thaprovide longterm protection againsteinfection (Omilusik and
Goldrath, 2017)Studiesthus far have demonstrattdht thegeneration of memory T cells

is not randomandeffector T cellswith differentmemorypotentialsexist(Kaech and Cui,
2012) These cellbave variablédong-termpersistence and memory formaticapabilities

For example, ppulations like memory precursor effector cells (MPECs) and 4iked
effector cells (SECs) have been identifieglithin Tem cells with differential persistence
(Joshi et al., 2007MPECsare characterized by increasagressiorof IL-7R or CD127

and reduced expression of KLRGthereas SLECs have the opposite phenotype.
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Fig. 1.4: Phases of a T cell response to acute virus infectioBxpansion occurs over
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cleared over the course of this phase. Contraction follows expansion wherein most effector
T cells die off over a period of weeks. The maintenance phase involves memory T cells
that are left behind after the contraction for the seconuamyune response in case of
reinfection.

[Adaptedfrom Kaechand Cui, 2012Nature Reviews Immunology
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1.3.2. Models of T cell differentiation

Various models have been proposed for explaining the dynamics of effector and memory
T cell generation after acute virus infection. The decreasing potential model orete |
model suggests that naive T cells transition into less differentiated memory T cells called
stem cell memory T cells and progressively into central memory, effector memory, and
effector T cell{Durek et al., 2016; Restifo and Gattinoni, 2013)e memory potential of

the T cds is progressively reduced, and the moslgjgests a linear transition based on
certain factors like TCR signal strength, duration, or extent of stimulation during T cell
activation(Gattinoni et al., 2017; Kaech et al., 2003jrong TCR signaling leads to the
generation of more differentiated effector subsets, whereas lower antigenic stimulation
leads to theselection of memory T cells. A contradictory model, the circular model or the
Aoofffondo model , suggests that napve T cell s
dedifferentiate into memory T cells anddiferentiate into effectors upon reinfemti
(Henning et al., 2018)'he asymmetric division model is another model that suggests that
T cells with effector and memory potentials arise a$yems after the % cell division
(Arsenio et al., 2015; Flossdorf et al., 2018) this case, the fate of the T cells is
determined by the asymmetric division of transcripticctdes and epigenetic regulators
between the daughter cells that, in turn, dictates whether the daughter T cells will have

effector or memory capabilities.
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cells dedifferentiate into memory T cellBN- Naive Tcell, TSCM Stem cell memory T
cell, TCM- Central memory T cell, TEMEffector memory T cellTEFF Effector T cell
Created with BioRender.co(@022).

[Adapted fromHenning et al., 201,8\Nature Reviews Immunology

1.3.3. Bystander T cellresponses in virus infection

With lessons from SAR&ow-2, H7N9, MERS, and SARS, has become clear that
activation of heterologous immunity is an important factor for protection against viral
infections that can otherwise prove to be severe anthligateningChannappanavar et

al., 2014; Lee et al., 2020; Moss, 2022; Veit et al., 20l8)erologous immunity may be

a consequence of cressactve T cell activation or bystander activation. Crosactive T

cells are T cells specific for other viruses that are activated by antigenic peptides because
of sequence homology between the infecting virus and other vinuaéschthe individual

has been previously exposgae et al., 2020)Crossreactive T cell activation occurs in a
TCR-deenden manner, and this type of T cell activation has been discussed in detail in
an earlier section. Bystander activatioTSR-independent cell activation and occurs
when T cells, typically prexisting memory T cells from other virus infections, are
activated by cytokines and lead to cytotoxidityge et al., 2022)Bystander activation is
important during virus infection that can be beneficial by conferring rapid early protection
or may be involved in contributing to immunopathology andt damagéim and Shin,
2019; Lee et al., 2022The following section discusses bystander actinadioT cells in

the context of different viruses and the mechanisms that drive bystander activation.

In acute hepatitis A virugHAV) infection, severe liver injury may occ(8hin et al., 2016)

and it is debated whether this is due to hepatitis A agpexific T cells. Although virus
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specific T cells are detected in the liver, studies have shown that their numbers do not
increase until after both viremia and injury are redu@ubu et al., 2012)On thke other
hand,bystandefactivatedT cells have also been detected in the liver upon acute HAV
infection, and these cells are capable of intizee cytotoxic activity(Kim et al., 2018)
Unlike hepatitis A, hepatitis B and C can cause chronic infection, andspegsfic T cells
become exhausted throughout infect{@hin et al., 2016)BystanderactivatedT cells

have been identified in both hepatitis B andnctionsand are associated with severe
immune pathologyMaini et al., 2000; Sandalova et al., 2010)

Bystanderactivated T cells have also been identified in other infections like human
immunodeficiency virus (HIV]Dalod et al., 1999; Doisne et al., 200@pstein Barr virus
(EBV), and influenza A virus infeéion. In HIV infection, it is hypothesized that both
antigenspecific and nosspecific T cells can drive immune activatifiiaas et al., 2011)
Immune activation is aimportant factor contributing to immunopathology and disease
progression in HIV. Bystander activation of CD8 T cells occurs early during HIV infection
and a strong correlation exists between CD8 T cell activation and loss of CD4 T cells
(Deeks et al., 2004)n EBV infection, the frequency dfystandefactivatedmemory T

cells was comparable before and after primary EBV infect{@dumade et al., 2012)
suggesting that bystander T cell activation can prevent loss of memory T cells and have
enhanced survival. Bystander CD8 T cells are also found in the lung during influenza A
virus infection(Ely et al., 2003) They have cytotoxic capabilities, but the full impact of
their role on disease progression or immunopathology during the infestimiclear.
Bystander activation occurs via many different mechanisms and is a cyt@peadent

phenomenon. Interleukih5 (IL-15), interleukinl8 (IL-18), and type 1 interferons are
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some of the most important cytokines responsible for bystander amivditi cells(Kim

and Shin, 2019)BystanderactivatedT cells can exert their protective functions via the
production ofinterferongamma(lFN-2), Granzyme B, and NKG2D activati¢bee et al.,
2022)

Upon exposure to H15, preexisting memory T cells can undergo proliferation and exert
effector capabilitiegLiu et al., 2002)IL-15 drives memory T cells to upregulate NK cell
receptors like NKG2Roberts et al., 2001} also leads to the upregulation of granzymes
and perforin(Correia et al., 2011Upon engaging NK ligands, these bystandervatetd
memory T cells can exert cytotoxic effects by degranulation of perforins and granzyme B
(Soudja et al., 201250, IL-15 is resposible for bystander activation of T cells that leads

to innatelike cytotoxicity.

IL-18, on the other hand, binds ta 18R on memory CD8 T cells. It synergizes with other
cytokines like 1l-:12 to induce bystander activation and lead to the proliferafidncells

and the production of IFd (Berg et al., 2003ambayashi et al., 2003fomparedo IL-

15, which can cause immunopathology with its intidde cytotoxicity, IFNO  pr oduct i o
via IL-18-drivenbystander activation is considered to have an early protective role during
infections(Lertmemongkolchai et al., 2001; Raué et al., 2013)

Type 1 interferons can also lead to bystander activation of T (dedlsgh et al., 1997,
1996) Since type 1 interferons are among the earliest mediators -@i@himmunity and

form acentral topic of research in this thesis, the impact of type 1 interferons on T cells,

bystander or otherwise, has been discussed at length in subsequent sections.
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1.4Type 1 interferons

1.4.1. Type 1 interferon signaling

Type 1 interferons are among the earliest responders to viruses and play an important role
in controllingtheinfection.Type 1 interferons are imded when innate cells of the immune
systenrecognize viral nucleic acids via sensors like TLRSs recognition sets a complex
signaling mechanisnmto motion activating transcription factors like NB and the
interferon regulatory factordRF) family of transcription factors, whicldrives type 1
interferon productior{Hiscott et al., 2003)Type 1 interferons bind to thaterferonU / b
receptor (IFNAR)which is a heterodimer of IFNAR1 and IFNAR2 proteifbese are
constitutively bound to tyrosine kinase 2 (TYK2) and Janus kinase 1 (JAKpe 1
interferon bindiilg induces phosphorylation of both proteins via transphosphorylatiis.

can lead to a myriad of signaling pathways being activated that drive further transcription
of important genegChen et al., 207). One family of transcription factors activated
because otype 1 interferon signaling is th&ignal transducers and activators tbé
transcription (STATsYamily. STAT1 and 2 are one such pair of STATs that can be
activated by type 1 interferon$n combination with IRFQ, STAT1 and STAT2 are
collectively known asnterferonstimulated gene factor @SGF3 (Fu et al., 1990)This
complex tanslocates into the nuckeandeadsto the transcription ahterferorstimulated
genes (ISGs) and antiral proteingChen et al., 20175 TAT1 can also form a homodimer
that translocates in the nucleus and reguthttsanscription of inflammatory genedther
STATs like STAT34,5, and 6 can alstorm homao or heterodimers and translocate to the

nucleus to regulate the inflammatory respofieNab et al., 2015)STATS5 can also act
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in combination with CrkL protein to translocate into the nucleus upon phosphorylation and
regulate inflammatory immune respongeish et al., 1999)

Next, another family of proteins activated by type 1 interferon signalinghes
phosphoinositide ¥inase(PI13K) family. PI3K bindsinsulin receptor substrate (IRS1/2)
and can lead to the activation of Protein kinase B or Akt as it is also known. Akt leads to
the activatiorof IaB kinase(lKkK) and | eads to the degradati on
ThisfreesupN B t o t r athenudaeuasandalrive thettranscription of survival
related genes. Akt can also lead to increased protein synthddmckingthe mammalian
target of rapamycin (MTOR) and activating mRNA translaiimashkiv and Donlin,
2014)

Another important pathway activated by type 1 interferon signaling ismibegen
activated proteikkinase (MAPK) pathway. Vav,guanine nucleotideexchangefactors
(GEF9, andRasrelated C3 botulinum toxin substratgRacl) lead to the activation of
MAPKKK, which causes growth inhibition and chromatin remodelingnaitogen and
stressinducedkinase(MSK1/2) (lvashkiv and Donlin, 2014)Overall, type 1 interferons

can lead to various signaling pathways being activated in the cell that peodigerse
range ofsignals from survival to the transcription of iawiral factors. A comprehensive
summary of the pathways involved in type 1 interferon signaling has been shown in Fig.

1.7.
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1.4.2. Type 1 interferons and CD8 T cells

Type 1 interferons can impact T cell responses in many ways. They can act on APCs that
affect the development of the T cell response ordaeictly on T cells and have an
immunoregulatory function. Upon exposure to viruses, APCs produce type 1 interferons
rapidly, upregulate MHC molecules and migrate the lymphoid organs and prime T cells.
In these lymphoid organs, type 1 interferons cante#uak attrition of preexisting memory

T cells and the proliferation of antigspecific T cells(Welsh et al., 2012)The STAT
family of transcription factors mentioned earlier are important regulators of proliferation
in T cells. STAT1 may be upregulated upon exposure of T cells to type 1 interferon. STAT1
blocks proliferation but is downretated upon antigespecific stimulation of T cells
(Tanabe et al., 2005; van BoxeEzaire et al.2006) T cell expansion may also occur
through the activity of other STATs like STAT4. STAT3 and STAT5 are patrticularly
important in providing praonitogenic and amnapoptotic signals in T cells that
downregulate STAT1 after antigen primifDurbin et al., 2006; Tanabe et al., 2005)
Hence,type 1 interferon can have contalépendent roles in T cells, either limitiog
causingheir proliferation depending on the activation status (antigen primed or unprimed)
or differentiation status (naive versus memory) of T cells. In mixed lymphoejite c
cultures, the dose of type 1 interferon has been shown to inhibit or increase T cell
proliferation, further substantiating the contefpendent roles of type 1 interferons on T
cell proliferation(Welsh, 1984)

Another important factor that determines the role of type 1 interferons on T cells is the
timing of interferon exposure. We have discussed Hraigenprimed T cells can

proliferate upon exposure to type 1 interferons; however, if T cells are exposed to type 1
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interferon before antigen priming, a rapid pathway of effector differentiation may be
activated upon priminéMarshall et al., 2010)This allows for rapid cytolytic activity and
cytokine production (for exampldFN-2 ) when napuve T cells ar
interferon before priming with antiggUrban et al., 2016)This altereddifferentiation
pathwayis thought to occur due to increasszli-MHC presentation via APCs to T cells

due to type 1 interferon®larshall et al., 2010)This provides a lovlevel signal to naive

T cells for activation as omsed to a direct effect of the exposure of T cells to type 1
interferons.

In the context of bystander T cell activation discussed earlier, studies have shown that type
1 interferons can drive the n@pecific proliferation of T cells. Specifically, viraifection

and LPS have been shown to drive typatérferondependenproliferation of T cells in

mice (Tough et al., 1997, 1996]ype 1 interferons have also been shown to drive T cell
proliferation in an LCMV model of infectio(DURBIN et al., 2006) In HIV infection,

type 1 interferons have been shown to drive T cell activation and disease progression
(Hardy et al., 2013)The exact mechanisms of bystander activation by type 1 interferons
are not known. Since bystandactivation has typically been studied in the context of
memory T cells and type ihterferoncan drive attrition of memory T cells, it has been
suggested that type 1 interferons may be detrimental or low levels of type 1 interferons
may be necessary foy&tander activation of memory T ce{l§im and Shin, 2019)

In general, bystander activation is studied primarily in the contexeedsting memory

T cells. Naive CD8 T cells are also activated in a bystander manner as a consequence of
being in an inflammatory milieu after virus infectiand being exposed to cytokindhe

bystander activation of naive CD8 T cells remainshkracterized in general, and even
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less is known in the context of type 1 interferons. A recent study has demonstrated that
bystander activation of naive CD8 T cells by type 1 interferons modulateell
homeostasis and functignd e r g o v i | . Medh remdins tp beZiid@rstopd about the
role of type 1 interferons in the bystander activation of naive CD8 T cells, and this topic
forms a central theme in this thesis.

1.5.Immunometabolism

Immunometabolism is a rapidly evolving, important area in the field of immunology that
helps understand the role of metabolism in the differentiation and function of immune cells.
It describes thelmnges in metabolite levels upon activation or suppression of immune
cells and the implications of such changes on immune regulation. Major pathways
interrogated in the study of immunometabolism include glycolysis, tricarboxylic acid
(TCA) cycle, pentose lpsphate pathway, fatty acid oxidation, fatty acid synthesis, and
amino acid metabolism.

T cell immunometabolism is a particularly exciting field that has helped delineate how
different types of T cells, like memory and effector T ¢eldy on differant metabolic
pathways for their functional capabilities.

1.5.1. Important metabolic pathways

1.5.1.1.Glycolysis

Glycolysis is a essentiaimetabolic pathway that occurs in the cytoplasm of a tell.
involves glucose uptakénto the cell and results in its ultimate e@nsion to pyruvate.
Byproducts of glycolysis formed at various steps like glugpbosphate and-3
phosphoglycerate are diverted to other important pathways like the pentose phosphate

pathway and serine biosynthesiespectively(Alvarez et al., 2013; Reid et al., 2018)
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Glycolysis, by itself, is an anaerobic process and can be divide@nergyconsuming
andenergyproducingstagesThe F'stage usesvo molecules ofdenosine triphosphate
(ATP), whereas the second stage proddocasmolecules of ATPHence, glycolys leads
to thegeneration ofwo net molecules of ATP fromneglucose moleculdt also leads to
the reduction ofnicotinamide adenine dinucleotid@NAD*) to NADH which is an
important cefactor for enzymesAlthough glycolysis does not produce a largeoant of
ATP, itis upregulated by rapidly dividing and growing cells and is essential for dtheng
proliferation of immune cells like T cel(€hang et al., 2013; Menk et al., 2018)

1.5.1.2.Tricarboxylic acid cycle

The TCA cycle al so known as t hecydeiis another ingportard

cycl

cellular metabolic pathway that occurs in the mitochondrial matrix. It uses the end product

of glycolysis pyruvateand converts it to acetyl GmzymeA (CoA), which is then
converted to citrate, the first metabolite in theleyécetytCoA may also be synthesized
from fatty acids before entering the TCA cy(Wang et al., 2018)Although acetyiCoA
is the major starting point for the cycle, other important metabdikeglutamatealso
enter the cycle through conversiondaetoglutarateTwo important reduced products of

the TCA cycle are NADH andFlavin Adenine DinucleotideFADH». These reduced

products transfer electrons to the electron transport chain, leading to ATP generation via

oxidative phosphorylation. Combined with oxidative phosphorylation, the TCA cycle

accounts for the majority of ATP production during cellular resipma Intermediates of

the TCA cycle also provide substrates for other metabolic pathways like amino acid

synthesis, lipid synthesis, and heme generation. Due to the efficient ATP production via
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the TCA cycle and oxidative phosphorylation, most quiescelig mely on this pathway
for their longterm energy requiremenfiélohammad et al., 2019)

1.5.1.3.Pentose phosphate pathway

The pentose phosphate pathway mether important metabolic pathway that supports
cellular growth and proliferatiorGlucose6 phosphatethe first metabolite generated in
glycolysis by the phosphorylation of gluceserves as the starting point of this pathway.
The pentose phosphate Ipaty occurs in the cytosol in two distinct phasesdative and
nonroxidativephasesln the oxidative phase, gluceéephosphate is converted to ribulese
5-phosphate and NADPHNADPH is an important redox molecule that, like NADH, acts
as an electron dan. It is also important for the synthesis of other metabolites like fatty
acids.In the noroxidative phase of the pentose phosphate pathway, ribbHpeesphate
can be converted into ribesephosphatewhich isessentiator the synthesis of nucleotisle

for making DNA and RNARibose5-phosphate may also be converted into adi®on
molecule which, over a series of steps involving interconvergivesrise to intermediates
that may feed back into glycolysis or may be involved in the synthesis ob atiuts like
phenylalanine, tyrosinend tryptophanHence, the pentose phosphate pathway can drive
growth and proliferation by allowing for nucleotide production and synthesis of many
important cellular metabolit§gs O6 Nei | | .et al ., 2016)

1.5.1.4 Fatty acid synthesis

Fatty acid synthesis involves the productioh lipids from the products of various
metabolic pathways discussed aholNee glycolysis, the TCA cycleand the pentose
phosphate pathwayCitrate, produced in the TCA cycle, can be shuttled out of the

mitochondria and converted back to acetyl CoA and oxaloac#tastyl CoA can then be
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converted to malonyCoA and fatty acids like palmitate by utilizing reducing molecules
like NADPH, obtained from the pentose phosphate pathwfier straightchain fatty

acids of different chain length®ay besynthesized from palmitic acidhe synthesis of
brancheechain fatty acidsrequiresthe availability ofbrancheechain amino aciddike
leucine as starting substratédl the enzymes for fatty acid synthesis are pnese the
cytoplasm but its substrate, acetyl CoA, is made available by shuttling citrate from the
mitochondria and breaking it down in the cytoplasmtty acid synthesis an important
anabolic processritical for cell growth and proliferatiofii et al., 2012)

1.5.1.5.Fatty acid oxidation

The fatty acid oxidation pathway allows for the production of a large amount of energy via
a pr oc e sogidatooa of fatey dcidbmoleculdse palmitate.For this process, fatty
acids in the cytoplasm are activated in an Al@pendent manner to produce fatty acid
acylCoA. This is the first step of fatty acid oxidatioNext, activatedshortchain fatty

acids (less thasix carbon molecules) can diffuse into the mitochondviedium and long

chain activated fatty acids need to be transported into the mitochondria by conjugation with
carnitinebeforeshuttling.Once in the mitochondria, the carnitine group is rempaad
b-oxidation of the fatty acid acyl CoA is initiatetlhe mitac h o n d r i-axitlatioa ofd b
fatty acids leads to the generation of many products like acetyl CoA, NARH-FADH2

which can further be utilized to produce energy via the TCA cycle and oxidative
phosphorylation.The shuttling of activated fatty acids frothe cytoplasm into the
mitochondria is a key feature of fatty acid oxidatittns important because the enzyme
involved in activatingmedium andong-chainfatty acids carnitine palmitoyltransferase

1A (CPT1A)- is inhibited by malonylCoA, an intermedite product of fatty acid synthesis
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in the cytoplasmThis is critical forregulatingfatty acid oxidation and does not allow fatty
acid oxidation to occur when a cell is undergoing fatty acid synthesis.

1.5.1.6.Amino acid metabolism

Amino acids are important @cursors for the synthesis of proteiApart from this, amino

acids can also serve as substratesyoithesizingnucleotides andbrancheechain fatty
acids.Glutamine is an important substrate for many cells as it can be directed into the TCA
cycleviat s b r e ak eketmghutaratenlr this mannerglutamine can be used for
ATP generation athegeneration of TCA intermediates like citrate for fatty acid synthesis.
Glutamine can also be used for purine and pyrimidine synthdssh is requiredio
producenucleotides.

Tryptophan is anothesubstratéhat can be broken down by thiee novopathway for the
generation of NAD. NAD" is responsible for maintaining redox balance and serving as a
co-factorfor several cellular enzymatic reactioigyptophan metabolism also generates
other key metabolites like kynurenine that have an emerging role in immunosuppression
in tumor microenvironment¢Belladonna et al.,@07).

1.5.1.7.0ne-carbon metabolism

Onecarbon metabolism israetabolic pathway that contributesonecarbon metabolites
via the interconversion of serine, glycine, and foldtthas emerged as an important
regulator of immune functioespeciallyin early activated T cell@&urniawan et al., 2021;
Richter and Clarke, 2021)0Onecarbon metabolism contributed® onecarbon units
required for nucleotide synthesMADPH generation for maintaining redox balapaed

the generation of methyl groups for methylation reactions in epigenetic mainteaece.
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carbon metabolism can also contribute to energy generation in the mitochondria by

regulatingmitochondrial proteirsynthesis by mitochondrial tRNA methylation.
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Overview of metabolic pathways
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Fig. 1.8: Overview of metabolic pathways in the cellDifferent metabolic pathways
depicted above include central energy metabolism pathwaylysis andricarboxylic
acid (TCA) cycle- as well asthe starting points for metabolic pathwailse pentose

phosphate pathway, hexosamine pathveend serine metabolisthat use the products of
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central energy metabolism pathways to generate a wide range of important metdholites.
Phosphate, DHAPDihydroxyacetone phosphat&A3P. Glyceraldehyde phosphate
NAD+: Nicotinamide Adenine Dinucleotid®ADH+: reduced NAD AcetylCoA Acetyl
CoenzymeA, -KG@: alphaketoglutarate SucCoA Succinyl Coenzyme A OAA:
OxaloacetateA d a p t e dvarburgEeffeadi, by Bi o RO2 Retrievedccfrorm (
https://app.biorender.com/biorenetemplates

1.5.1.8.NAD"* biosynthesis

NAD™ is an important cofactor that catalyzes several reactioreergy metabolism,
including steps of glycolysjglutaminolysis, and fatty acid oxidation. Outside of energy
metabolism, NAD+ acts as an essential cofactor for many enzymes involved in cellular
senescence, chromatin remodeling, and DNA rgBalenky et al., 2007; Verdin, 2015)
NAD™ decline has been associated with manyratpted diseases, and NABepletion is

being explored as a strategy for targeting these diséhdasson and Imai, 2018; Verdin,
2015) NAD* can be generated via many different pathways in the cell. Firddethevo
pathway invéves the breakdown of tryptophan in a series of steps to producé.NAB

NAD* salvage pathway utilizes nicotinamide to generate NAMA nicotinamide
mononucleotide (NMN). Finally, the Priebkandler pathway involves the conversion of
nicotinic acid to NAD. These pathways are critical for NAQeneration for supporting
enzymes that serve a series of functions, as mentioned above. Different cell types rely on
different NAD" pathways for the geration of NAD, and not all pathways are fully

utilized in all cells.
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Fig. 1.9:NAD™ biosynthesis pathwaysNAD™ can be generated in the cell from different
pathways, including the de novo pathway, wherein NAdDgenerated from tryptophan
(Trp) broken down via a series of steps, the Priess Handler pathway, which uses nicotinic
acid (NA) or niacinamide (NAR) and kaks them down to generate NABs well as the
salvage pathway which recycles nicotinamide or nicotinamide riboside to"NAlage

generated using Biorender.
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1.5.2. T cells immunometabolism

As describeckarlier, T cells can undergo many changg®nactivation in the presence of
virus infectionand inflammatory stimuli. Bive T cellsbecome activated and, over time,
proliferate into effector T cells and memory T celiffector T cells are responsible fitve
cytotoxic functionand memory T cells amesponsible for providinpng-termimmunity

and are activated again in case ofnfection. This activation leads to the acquisition of
many different functions by T cells, likihe production of cytokines and cytotoxic
molecules, proliferation, and mtion. The rapid acquisition of new functions and
eventual transition into memory T cells is possible because naive T cells can transition
from their quiescent states to more active states. This trangtjoires them to switch to
different metabolic plaways as the T cells progress from naive to effector to memory T
cells(Buck et al., 2017; Mdnet al., 2018)

1.5.2.1 Effector T cell metabolism

When raive T cellsare not activated by an antigen, ttag quiescent and mainly rely on
oxidative phosphorylation for their energy neédmn der Windt and Pearce, 201@pon
stimulation with antigen, naive T cells undemetabolic reprogramming. The resulting
effector T cells are highly proliferative anals a resujthavesignificantlyincreaseanergy
demandsThe rates of glycolysis and oxidative phosphorylation are both increased in
effector T cell{Buck et al., 2017; Chang et al., 2018khough glycolysis produces fewer
molecules of ATP compared to oxidative phosphorylation, effector T cells rely heavily on
glycolysis to meet their immediate energetic and proliferative n@gdusn et al., 2016)
This increased rate of glycolysis allows for the generation of important metabolic

intermediates like gkose6-phosphate, used in the pentose phosphate pathway for
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nucleotide synthesisind 3phosphoglycerate, used in the serine biosynthesis pathway for
the generation of amino aci¢Bearce et al., 2013; Wang et al., 20 )rther, increased
glycolysis helps maintain the redox balance bgintaining the NAD+/NADH ratio
(Anastasiou et al., 2011; Vander Heiden et al., 2088)increase in glycolysis can be
supported edy and quickly by overexpression of the enzymes involved in the process as
compared to increased oxidative phosphorylation, which would require mitochondrial
biogenesig O6 Nei | | .é&lawevar| effectord @ellsGalso have increased oxidative
phosphorylation that helps meet themergy requirementMaclver et al., 2013)The
breakdown of pyruvate in the TCA cycle also generates metalndéiomediates like
oxaloacetate, which can also be used for nucleotide synthesis. For effector T cells
proliferating at a rapid rate at this stage, the generation of nucleotides is a critical process
supported by this metabolic rewiring. Similarly, otheabolic processes are important for
cellular growth and biomass generation at this stage, and citrate from the TCA cycle can
be used to generate lipids. Further, succinate, an intermediate in the TCA cycle, has been
linked with reactive oxygen species (RO&d hypoxia nduci bl e flalk)t or
(Lukyanova eal., 2018) ROSis important forthe T cell function(Belikov et al., 2015;
Murphy andSiegel, 2013)and inhibition of succinate dehydrogenase has been shown to
impact T cell functior{Gudgeon et al., 2022; Nastasi et al., 2021)

1.5.2.2.Memory T cell metabolism

Memory T cells like naive T cellsare also quiescent but are antigexperienced andan

be activated to produce cytokines and proliferate at a rate that is much faster than naive T
cells. In terms of their development, it has been suggested that when naive T cells are

activated, two types of effector T cells are formeHortlived effecbr cells (SLECs),
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which are transient in their response, and memory precursor effector cells (MPECs) which
will be longlived and eventually generate memory T cgltsshi et al., 2007; Youngblood

et al., 2017)The differences in the three signals of T cell activatonigenic stimulation,
costimulation, and cytokinesletermine the development and ratio of SLECs and MPECs
(Kalia et al., 2010; Sarkar et al., 2008)ostimulation, in particular, has been shown to
play an important role in the generation of memory T cells. Without CD28 costimulation,
for example, primarily effector T cells are generated. Memory T cells primarilyorely
catabolic processes like fatty acid oxidateord oxidative phosphorylatidon sugain their
energetic demandsCD28 costimulation leads to increased fatty acid oxidation via
overexpression of CPT1ahich is important for the transportlohg-chainfatty acids and

t h e-oxidatidn(Klein Geltink et al., 2017)CD28 costimulation also sends signals to the
mitochondria for inhibition of cristae loosening and allows for the generation of rgemo

T cells with increased spare respiratory capagftiein Geltink et al., 2017)Further,
cytokines play an important role in the generation of memory T cells. Studies have shown
that during virus infection, cytokines like 4L and 115 help drive memory T cell
generation by activation of catabolic metabolic proce§sézadeh et al., 201 ui et al.,

2015; Hurton et al., 2016)This is achieved again by enhancing fatty acid oxidation,
increasing mitochondrial biogenesis, awderexpressingthe CPTla enzyme. The
increased mitochondrial mass and consequent increase in spare respiratoity edpw

the memory T cells to survive for longer and have rapid response abilities upon
restimulation.

CD28 costimulation also leads to an increase in glycol¢siauwirth et al., 2002)

Memory T cells employ a seemingly futile pathway that involves the conversion of glucose
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to fatty acids and consequent fatty acid oxidationdnergy productiofCorrado and
Pearce, 2022 There is no net gain of ATP in the process, and it is unclear why memory T
cells adopt this choice of pathways. It has been suggested that doing so allows for
generating metabolic intermediates that may be necessary for other pathways and
maintainingredox balance. It has also been hypothesized that this might help engage
glycolytic and lipogenesis machinery and maintain mitochondrial health during quiescent
periods formemory TcelcCor rado and Pearce, .ZHeabdve OO6 Sul
choice of substrates is commonly seen with central memory T cells that circulate through
the secondary lymphoid orgarigssueresidentmemory T cells, on the other handiline

fatty acids from the microenvironment for fatty acid oxidatiBan et al., 2017Hence,

fatty acid oxidation of fatty acids derived from glucose or exogenous fatty acids leads to
the production of metabolic substrates that enter the TCA cycle in the mitochondria and

lead to energy production via oxidative phosphorylation.
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T cell immunometabolism
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Fig. 1.10:T cell immmunometabolism.Metabolic pathways that are active and upregulated
in different T cells Naive, effector, and memory T cells have been depadiede. Effector

T cells have increased central energy metabolism, including increased glycolytic flux and
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TCA cycle. Memory T cells rely on fatty acid synthesis (FAS) and fatty acid oxidation
(FAO) for their energy needs. Image generated using Biorender.

1.6.Reovirus

Reovirusisadoublet r anded RNA virus that can infect
for the respiratory enteric orphan virus, and reovirus can infect the respiratory and
gastrointestinal systems. It is a remveloped virus with ten segnits of dSRNA packaged

into capsidg¢Joklik,1981) The outer capsid, capokinsThes of 0
i nner capsild,-3ce2nésnd p@t pr ot edns. TheNS§prus al
NS, and UNSC nonstructural poteins in its genom@Coombs, 2006; Joklik, 1981)

Reoviusat aches to cells via its 01 protein,
adhesion molecules on the cell surflloee and Gilmore, 1998 he virus then enters the

cell via receptomediated endocytosis. Next, proteolysis occurs in the endolysosome
leading to the formation of infectious subvirion particles (ISVPSYRs may also be

formed by extracellular proteolysiallowing them to enter the cell directly. Next, viral

core particles are released into the cytoplasm. Primary transcription occurs within these
core particles, and primary transcripts are releasedhet@ytoplasm. These transcripts

and early translation products form complexes that allow for further transcription and
translation, leading to virus assembly, replication, cell death, and release of the new virus
(Silverstein et al., 1976)

In terms of its clinical preséstion, most cases of reovirus infection are mild ordutbcal

in humans; however, one study in mice has implicated reovirus in celiac djBeagét

et d., 2017) This study suggestedatreovirusinfectionenablednflammatory responses
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to dietary antigens arthusedhedevelopment o€eliac diseasddowever much remains

to be understood about the full immunological impact of reowirigstion

Therapeutically, reovirus has been pioneered as an oncolytic virus for the treatment of
various cancergCoffey et al., 1998; Gujar et al., 2010; Mdller et al., 2020; Thirukkumaran

et al., 2010) Its clinical preparation, Reolysin, is currently in multiple clinical trials,
primarily in combination with checkpoint inhibitors, for the treatment of many differen
tumors(Black and Morris, 2012; Gong et al., 2016)

We employ reovirus in our studies to examine how CD8 T cells are activated during acute
infection with a virugha causescute infection and isnown to be easily cleared by the
immune system. This will allow us to understand the early determinants of sucaassful

viral T cell immunity.
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Chapter 2. Material sand Methods

2.1.Viruses, cell lines, and reagents.

Reovirus (serotype 3, Dearing strain) was cultured, amplified, and isolated using a
previously established protod@offey et al., 1998; Kennedy et al., 2082scribed below

L929 cells vere cultured in minimum essential media (MEM) wiiBbo vol/vol Glutamax,

5% fetal bovine serum (FBS), 1X sodium pyruvate, 1X nonessential amino acids, and 1X
Anti-Anti [Invitrogen, Carlsbad, CA])Measles viruses (Edmonston and IC323 strains)
were obtainedrom Dr. Christopher Richardson at the Canadian Centre for Vaccinology,
Halifax, Nova ScotiaHerpes simplex viruses (ICP0O and 1716) and vesicular stomatitis

virus (Indiana straimjvereobtained from Dr. Tommy Alain at the University of Ottawa.

2.2.Reovwrus preparation

For titration of reovirus.929 cells were seeded in W&l plates and grown until they
were 8090% confluent ira complete MEMmedium Next, the oiginal virus stock was
serially diluted (1/10) in MEM incomplet&he gowth mediumwas removed from the
plate withL929 cells the cells were washed with phosphdmeffered saline (PBS), and
reovirus dilutions wer¢henadded to the Xve | | pl ates at a tot al \
well. Cells were infected with reovirus forhbur and periodic shaking every 10 minutes.
Subsequently, reovirus dilutions were removed from the yagil$ agar plugs were added
which were made witl2X MEM complete and 2% agam a 1:1 ratio Plates were then
incubatecat 37 degrees Celsius with2o CO; for 96 rours. At this time pointvirus plaque
formationwas observed, anahdividual plagues were collected with a glass pipette for
reovirus expansiqror titration was donesing crystal violet stainin@ndthe concentration

of the viruswas calclatedin plague forming units (pfu)/mL.
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Crystal violet staining wadone byformaldehyde fixation (3@0% formaldehyde in PBS),
manual agar plug removandmethanol washollowed bycrystal violet stain (1% crystal
violet in 50% ethanol) for 1 mirte Crystal violet stain was removed, and the cells were
rinsed with waterPlates werghen allowed to drybefore the plaques were counted.
Individual plaqueswere collected from the plaque assay and incubated imiL of
incomplete MEM for 24 aurs at 2C. They were theadded to a T75 flaskith L929 cells
at~85% confluency and incubatedt 3PC at 5% CO2 untitotal cell death was observed,
usually about 72 hours later. The dead cells andupernatant were detted as reovirus
stocks for expansioand stored a2(°C.

For reovirus expansion, L929 cells were cultured in spin culture fbatidm flasks. The

cells wereculturedin a spin culture with complete Joklik modified minimum essential
media (JMEM; 11.0%/L JMEM powder, 2.2 g/L NaHCO3, 1.2 g/L, 1 g/L glucose, pH
7.2) at 37C until they reached a concentration of 1&tells/mL. Reovirus stock, as
prepared earlier, was thawed, and half of it was used for every liter of the cells. The
temperature for spinutture conditions was reduced 32.%C. Infection of cells was
allowed to proceed over the next 72 hours and depending on the amount of cell death
observed, temperature conditions were maintain8d.8432.2C. This was done to control

the rate of repliation of the virusand expand the windo¥er collection Upon reaching
~50% cell death, the flasks were moved to 4 degrees overnight. Cells were collected on the
following day by centrifugation at 500g for 15 minutes. They were then stor@ad°at for

1-7 daysbeforeextraction of the virus.

Cell pelletobtained aftetheexpansiorwas resuspended iasuspension buffer comprising

0.25 M NaCl, 10 mM TrigHCI (pH 8.0. 15 mL oftheresuspension buffevas used for
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every 1 liter ofL929 cells.Reovirus was xdracted using Vertrel (Dymar Chemicals Ltd.,
Mississauga, ON)Next, a epeating sequence of sonicatipoentrifugation,collection of
supernatant@ndanultra-centrifugatiorstep was done. For ult@ntrifugation cells were
spun atLt07000g for 1 burat £C. The supernatant wakscardedand the pellet wastored

at £C overnight. On the next day, theellet containing the virus and debrisas
resuspended in 1 mL of SSC karf{0.15 M NaCl, 0.015 M sodium citrate, pH 7 @)wvas
thenhomogenize@ndpipetted on @esium chloridgradient ranging from 1-2.4 g/ml in
20 mM TrisHCI (pH 7.4) This was centrifugedt 107000g for 2durs at 2C. Next, whole
and emptyreovirus péaticles were separated within the gradiefihe whole reovirus
fraction was collected and placed in dialysis tubing for-@gag dialysis processlhe
dialysis buffer (0.15 M NaCl, 15 mM Mgg&l10 mM TrisHCI [pH 7.4]) was changed
three times with fresh digsis buffer. After dialysis, reoviruditration was donevia a
standard plaque assagndthe virus was stored &°C. The particle to pfu ratio was
calculated based on the optical density (OD)260 using the formula: 1 OD260 = 2.1x1012
reovirus particles.

2.3.Animal studies.

All animal work andin vivo experiments wereonducted with prior approval from the
Ethics Committee at Dalhousie University, Halifax, Nova Scdtldd type C57BL/6 and
BALB/cmice were purchased from Charles River Laboratory (Montreal, Quebec, Canada).
OT-1 transgenic andrLR3 knockout KO mice were obtained from The Jackson
Laboratory, United Statestraperitoneal injections of reovirus (5 x®flaqueforming
units/ml) werecarried outand mice were sacrificed 1,& 7 days post injection to harvest

splenocytes for analysis of T cell populaticBsEAM knock-in (KI) and SLAM KI, STAT1
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KO mice for harvesting splenocytes aexl vivovirus treatmentvas obtained from Dr.
Christopher Richardsomll animals used for experiments were between the ages 6f 6

weeks.

2.4.Flow cytometry analysis and cell sorting.

Sample processing for flow cytometry was carried out by harvesting splenocytes in 5mL
PBSEDTA. The cells were filtexd using a 4@icronfilter and treated with RB@ysing
ammonium chloride (ACK) buffer. The cells were then incubated with CD16/32 Fc
blocking antibody in FACS buffer (PBS + 1% EDTA + 1% FBS) for 25 minutes at 4°C,
washed and stained with fluorophore labelled primary ant#sooi BD Brilliant Stain
buffer or FACS buffer for 25 minutes at 4°C. Stained cells were then washed and fixed
with 4% paraformaldehyde for 15 minutes. For intracellular staining,
fixation/permeabilization of the cells was carried out using the FoxP3édnption Factor
Staining Buffer Set after staining with extracellular antibodies. Intracellular labelling with
IFN-o0 anti body in permeabilization buffer wa
finally washed and resuspended in FACS buffer. Samgtke atcquisition was done using

the BD FACS Symphony A5 or the LSR Fortessa SORP flow cytometers. Data analysis
was carried out using BD FACS Diva (BD Bioscience), FCS Express 7 (DeNovo Software,
Los Angeles, CA) and FlowJo version 10 (BD biosciences, Adhl@R). Dimensionality
reduction performed on total CD8 T cells and CD8 T cell subsets using the UMAP (version
2.4) FlowJo plugin. Bar graphs were generated using GraphPad (GraphPad Software Inc.,
San Diego, CA). Antmouse BV785 CD45, BV650 CD62L, BV510D3, PerCRCy5.5

CD8, and APGH7 CD4 antibodies were purchased from BD Biosciences. FITC CD44,

PerCP CD44, BV711 CD44, BV650 CD62L, PE CD62L, PerCP CDS8C¥YECD3, PE
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CD3, APC IFNo P H, a®lcAR647 Sca were purchased from Biolegend. For cell
sorting, splenocytes were harvested and stained via the same protocol described for flow
cytometry. The paraformaldehyde fixation step was eliminated, and cells were sorted live

using FACSAria lll, BD Biosciences with a ®8% purity.
2.5. Ex vivotreatment of glenocytes.

C57BL/6 mice and others, depending on the experiment, were sacrificed and splenocytes
were harvested and prepared usithg initial steps described for flow cytometry
processing. After treatment with ACK buffer for RBC lysis, 3 X ¢élls wee plated in

12-well plates for 24 hours and treated with varying MOIs of reovirus, different strains of
measles or herpes simplexruses or vesicular stomatitis virus. For G mice
experiments, splenocytes were isolated as described above and p&geudeihplates at

a concentration of-2 x 1@ cells/well. These cells were then stimulated with ovalbumin

peptide (SIINFIKEL) at the I8our timepoint for 6 hours. Othexx vivotreatments
includedthetreatment of splenocytes with varying concentrations oflFN a n-61 1 F N
Combination treatments were also carried out such as treatment of splenocytes with
reovirus/ IFNb 1  a nl&NARDantibody or isotype control or treatment of splenocytes

with reovirus/ IFNU1/ -BIIFNi n t he presence of FK866 al
staining, brefeldin A (2ug/mL) was added to the cells at thkdl8 timepoint for 6 hours.

After 24 hours, cells were collected, washeamd processed for analysis via flow
cytomety. Anti-IFNAR1 antibody (catalog no. 127324), isotype control (catalog no.
400198), IFNU1 (cat al q)@ndiFdb 1 76@810&1 og no. 581302

from Biolegend. FK866 (product no. F8557) and NMN (product no. N3501) and brefeldin
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A (catalog m. B7651) were purchased from Sigma. Ovalbumin peptide-ZB8Y was

purchased from Genscript (catalog no. RP10611).

2.6.Quantitative in vivo proteomics.

Animals were injected with reovirus as previously descrilaedl T cell subsets were
collected eiter from thenontreatedspleen or spleens on 1 and 7 dagstinfection

(d.p.i.) via the cell sorting process described abBaeh sample was prepared by pooling
spleens of 5 animals for isolatidsolated cells were washed with PBS, pelleted, and lysed

in 6 M guanidineHCI, 50 mM HEPES, pH 8.5, containing Roche complete mini protease
inhibitor mixture (1 tablet per 10 mL) (Roche, Madison, WNsis was performed via
sonication and cleared by centrifugati@ysteine residues were reduced using 5 mM
dithiothreitol and then alkylated with 14 mM iodoacetamilé. i qu ot s cont ai ni n
protein were diluted to 1.5 M guanidihéCl, 50 mM HEPES (pH 8.5and digested with

trypsin (Promega, Madison, WDigested peptides were desalted using 60 mg-pblae
Cl8extraction cartridges (Waters, Milford, MA), lyophilized, datieledusing TMT 10

plex reagents as described previoudurphy et al., 2015)Samples were then mixed
equally,desalted using solighase C18 extraction cartridges (Waters, Milford, MA), and
lyophilized. Tmt10labeled samples were fractionated using higlH reversed phase
chromatography performed with an Onyx monolithic 100 x 4.6 mm C18 column
(Phenomenex, Torranc€A). The fl ow rate was 800 L/ min,
acetonitrile (10 mM ammonium formate, pH 8) was applied over 60 min using an Agilent
1100 pump (Agilent) from which 12 fractions were collectadctions were desalted using
homemade Stage Tipdyophilized, and analyzed with an Orbitrap Fusion mass

spectrometer (ThermbBisher Scientific, Rochford, IL) using the SRE&3 method Gc et
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al., 2014) Protein identification was performed using a database search against a mouse
proteome database (downloaded from UniProtKB in Septe@®iBt) concatenated to a
mammalian orthoreovirus 3 (Dearing strain) database (downloaded from UniProtKB in
September 2014All false discovery rate (FDR) filtering and protein quantitation was
performed as previously describ@durphy et al., 2015)A protein was required to have a
minimum total signato-noise ratio of 100 in all TMT reporter channels, and the maximum
number of missing channels was equal t@®8ta for heat maps and individual peiot
profiles are represented by relative TMT intensity, which is based on the summesd signal
to-noise.The data set was subsequently analyzed viad&ns clustering with Euclidean
distance using MultiExperiment Viewer (MeViollowed by DAVID Bioinformatics
Resouces (https:48avid. Ncifcrf.gov/) to conduct G@erm analysis for biological
processes, molecular functions and cellular compartments on specific clGatetstal

data set was utilized as the background for the data analysis seArebésnoplot was
generated usinthe R statistical analysis packagend bar graphs were generated using

GraphPad

2.7. Ex vivobystander Tn cell metabolomics.

For metabolomic analysif bTw cells each sample was prepared by pooling spleens of 3
5 mice.Live T cell populations wersorted, washed with PBEDTA, and resuspended in
100 pl 80%ice-cold methanol20 pl of methanol extracted cells were combined with 180
pl of HPLC buffer A [95% (vol/vol) water, 5% (vol/vol) acetonitrile, 20 mM ammonium
hydroxide, 20 mM ammonium acetateH(pg 9.0)]. The sample was spiitto triplicates
and run using a triple quadrupole mass spectrometer 5500 QERAPnetabolite levels

were analyzedBased on known Q1 (precursor ion) and Q3 (fragment ion) transitions, the
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metabolite name, the dwell timand the appropriate collision energig3es) for both
positive and negative ion modes were identifidding this protocol, a selected reaction
monitoring transition list of 289 (approximately i1l scans per metabolite peak)
metabolites can be accuratédientified. MultiQuant v2.0 software was used to integrate
the peak areas from the Q3 TIC values across the chromatographic &atbmetabolite
from every sample was manually confirmed; typically, a single dominant peak will be
present for mosietectable compoundBeak heights normalized to the sum of peak heights
per sample were used to determine relative metabolite concentrations between samples.
For computational analysis, the metabolomics database was analyzed using R to identify
metabolites with significant fold changes and p valuktetabolite rank was obtained by
comparing significantly changing metabolites in the order of decreasing fold clidnge (

/ Tn). NAM, NMN, and NAD" were further analyzed using a targeted analysis o
Qexactive Orbitrap Mass Spectrometdiere, a targeted selective ion monitoring (tSIM)
method was employed with a resolution of 140,0@8tabolic features identified by tSIM
were confirmed using Maven softwarnd peak heights were exported to exPelak
heightswere again normalized using celimbersand relative peak heights calculated.
Graphs were generatbgt GraphPad PrisnAll detectable metabolites were organized into
specific and general metabolic pathways basetheKyoto Encyclopedia of Genes and
Genomes (KEGG) metabolic pathwayse. determine pathways that were enrichedTig

cells, an overrepresentation analysis was compl&letabolites that were increased or
decreased by-ld andt-testprobability less than or equal to 0.05 were selectadl a
compared with the original list of metabolites, and then we calcutheegercent of

metabolites changeWVe used this percent to calculate the expected number of metabolites
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that would change if the metabolites were randomly distributed throughouttioels
metabolic pathwaydVe then calculated fold enrichment by dividing metabolites changed
by 2-fold by the number of metabolites expected to have changed if raftobability

was calculated by the hypergeometric test.

2.8. Metabolomics analysis o€D8 T cells from OT-1 mice

Naive (P1), central memory (P2), effector memory (P3) and CD44lowCD62Llow (P4)
CDS8 T cells were sorted using flow cytometry with or without treatment with ova peptide

in cell culture for 6h or 24h (for P2 cells). Cells obtairadigr cell sorting were washed

with PBSandspun down at 500g for 5 minutes, and this wash was repeated one more time.
The cell pellets were resuspended in 20uL of PBS and kept on ice. Next, for 10 samples, a
solution with 800uL of chilled 100% methanoldaBOuL of isotopicHy labelal internal
standard (ILISCambridge Isotopes Laboratorieatalog noMSK-A2-1.2) was prepared

and 85uL of this solution was added to each sample. The samples were then stored at
80 @ntil further sorting experiments were completed, and all samples were similarly
processed on different days. After all samples were collected, samples were removed from
-80 (Cvortexed, and transferred t@0 Cfor 30 minutes. The samples were then
centifuged at 10,0009 for 5 minuteséat . The proteirfree supernatant was collected and
transferred to a new tube. 10uL of each sample was transferred to a separate tube and
labeledas t he fApool 0. Next, a 10X dilutoon wa:
225uL of hydrophilic interaction liquid chromatographyHILIC) buffer (95%
acetonitrile/5% Buffer A5% acetonitrile, 95% water 1 mM ammonium acetate pH) 9.0)

or 225uL ofreverse phase buff¢6% Acetonitrile/0.1% formic acjdfor reverse phase

chromatogaphy, depending on the MS protocol used. 250uL of the sample was transferred
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to alabeledMS vial, and samples were keptdat C u n werelready to éeyrunThe

Apool 0 sample was also included in the run

LC separations were performed using an Agilent 1290 HPLC equipped with an XBridge
Amide 3.5um, 1.0x50mm column (Waters 186004871). 10ul of sample was loaded and
separated using the gradietown in Tablel and Table 2Samples were analyzed using

an AB/Seex 5500 QTrap mass spectrometer. Each sample was injected twice for both a
positive and negative mode analydike positive mode method was prepared to analyze
286 metabolites (286 Q1/Q3 transitions) and the negative mode method was set to analyze
298 meabolites (298 Q1/Q3 transitions). All transitions acquired usingre 8well time

(Yuan et al., 2012)

Once the sample run was completpelak integration was performed on MS files using
Skyline (version 21.2). Briefly, peak boundaries were determined by calculating the mean
of the manually adjusted integration boundaries for two standard samples (or two pool
samples for metabolites wherstandard was not included), these boundaries were applied
to all samples and peak intensities were exported. Awuse R script (R.2.1) was used

for initial data filtering and processing. To reduce signal intensity drift, samples were
normalized to poanjections. The intensity of each metabolite in a sample was normalized
to (divided by) the mean intensity of that metabolite in the two pool injections flanking the
sample. Metabolites with low intensity (< 10000 or < LOD) or high variability in intens

(> 30% CV) of pool replicates were excluded from further analysis. For statistical analysis,
including ttests and volcano analysis using MetaboAnalyst (version 5.0), the data was

autoscaled and log 10 transformed.
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Time (min) Flow pl/min A (%) B (%)

0 400 99 1
0.01 200 99 1
0.5 200 99 1
0.51 400 99 1

2 400 85 15

4.5 400 2 98

6.5 400 2 98
6.6 400 99 1
10 400 99 1

Table 1. Reverse phasdiquid chromatography separation. The table depicts the
gradient used fareverse phase liquid chromatography separaRenerse Phase buffers

Buffer A: Water, 0.1% formic acid; Buffer B: Acetonitrile, 0.1% formic acid
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Time (min) Flow pl/min A (%) B (%)
0 400 1 99
0.05 200 1 99
0.25 200 1 99
0.26 400 1 99
4 400 20 80
4.5 400 99 1
5.5 400 99 1
6 400 1 99
10 400 1 99

Table 2. HILIC separation. The table depicts the gradient used FHILIC separation.
HILIC buffers Buffer A: 5% acetonitrile, 95% water 1 mM ammonium acetate pH 9.0;

Buffer B: 99% acetonitrile/ 1% water.
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2.9.Quantitative real-time PCR.

CDS8T cells were sorted from splenocytes using flow cytometryvegre used for RNA

extraction andjPCR 3-5 animals were pooled for isolation of every samatel this was

repeated B times.RNA extractions were conducteding standardRIzol methodology
followingthema nuf act ur er 6 s iExtracted RNA was quardified, dutedg e n ) .
to a total of 2 e€g, and synthesized into c¢
ON). SsoAdvanced Universal SYBR Green Superr(iiorad catalog no. 1708882vas

used for qPCR and run on the BioRad CFX@&trumentfor amplification and
guantification. Genespecific primersfor murine Ifna2, Ifnrl, Ifnr2 (type | interferon

genes) Nampt, Kynu, Katl, Qprt, Nmrk1l, Nmnatl, Nmnat2, Nmn@&\D+ synthesis

genes) Gapdh andHprt (housekeeping genewere purchased from Invitrogen (Tal3e

The data from the gPCR were collectP®d and
method(Livak and Schmittgen, 2001y he fold change was calculated by first normalizing

the quantification cycle (Cq) of the indicated gene agdgsidhor Hprt, followed by

comparison against the respective cont®br graphs were generated using GraphPad.
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Gene name Primer sequence NCBI Accession
[fnh 2 F: CTGTGCTTTCCTCGTGATGCT NM_010503.2
R: AAAGGGGAGCCTCCTCATCTG
Ifnri F: GGTCATTACTGTCACCGCCA NM_010508.2
R:ACACAGTACACAGTCAGCGG
1fnr2 F: AGAGAACAAGTCTGGCCCAC NM_010509.2
R: CACTATGACGATGGCGACGA
Nampt F: ATGGTCATCTCCCGATTGAAGTAA4 NM_021524.2
R: TTGGATACCAGGACTGAACAAGAA
Kynu F: CCTGCGTTAGTGGGATGGTT NM_027552.3
R:AGACCTCTAAACTGGCGTGC
Kyat1 F:ATCTAGGGCTCGGCCTCTTT NM_172404.3
R: CCTGAGTCCCACACACAGTT
Qprt F: ACTGTGGTGAACACACTGAC BCO11191.1
R: GTTGTAGGGGGTAACAGGAGC
Nmrk1 F: GTGTGATTTCCAAAGCCAGTTATGA NM_145497.2
R: GGCTTGAAGAAGTCATCCTGAGAT
Nmnat1 F: ACAATGGCTGGGCCTTTAGA NM_001356357.1
R:ACATGCAACCCTCTGACAGC
Nmnat2 F: TGTTCGAGAGAGCCAGGGAT BC089007.1
R: GTGTCCTGATAGCACTCCCAT
Nmnat3 F: ACGACAGAGTCAGATGGCTG NM_144533.3
R: ATATTCGTGATGGGGTTGAAGGAA
Gapdh F: GAGAGTGTTTCCTCGTCCCG NM_001289726.1
R: ATGAAGGGGTCGTTGATGGC
Hprt F: CAGTCCCAGCGTCGTGATTA NM_013556.2
R: TGGCCTCCCATCTCCTTCAT

Table 3. Primer sequences for quantitative reatime PCR (qPCR). The table shows
the forward and reverse primer sequences synthesized and used for gPCR with the

accession number of each gene from NCBI.
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2.10.Statistical analysis

Depending on the indicated experiment, tway ANOVA with Tukey/Sidak postest or
atwot ai | ed tSastundtrean96% eonfidence intervalvas used for statistical
analysis, ang values of <0.05 were considered significagterisks were used to signify
p values as follows: not significant (nsy= 0.05; * < 0.05; **p < 0.01;*** p < 0.001;

week 1y <0.0001.
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Chapter 3. Early bystander naive CD8 T cell activation relies on NAD

salvage metabolism upon virus exposure

3.1. Abstract

CD8 T cells play a central role in antiviral immunity. Type | interferons are among the
eariest responders after virus exposure and can cause extensive reprogramming and
antigenindependent bystander activation of CD8 T cells. Although bystander activation of
pre-existing memory CD8 T cells has been acknowledged to play an important role in host
defense and immunopathology, its impact on naive CD8 T cells remains underappreciated.
Here, we report that exposure to reovinisivo promotes induction of bystander naive

CD8 T cells within 24 hoursThis distinct subtype of celldisplays an innate, antiviral,

type | interferon sensitized signature. The induction of bystander naive CD8 T cells was
shown to be STAT1 dependent. Finally, using metabolgmiesdentified a role for the

NAD™ salvage pathwaynithe early induction of these bystander naive CD8 T cells.
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3.2.Background

CD8 T cells are an important arm of cellular immunity to viruses and are responsible for
identifying and eliminating virugnfected cells during the adaptive phase of the immune
response. Following virus exposure, T cells can be activated bydegé&hdenand -
independent mechanisms. Upon TCR engagement, T cells rapatige thiephenotype,
become CD44hi, and are known as differentiated T ¢elgang et al., 2020)iIn TCR-
independent activation, known as bystander activation, cytokines play an important role in
the activation of effector functions in pexisting memory T cells. Specifically, cytokines

like IL-15 and IL-18 can driveantigenindependentFN-2 st ar eytolytic activity

via NKG2D in nonspecific, preexisting memory T celléKim and Shin, 2019; Leet al.,

2022) Naive CD8 T cells can also undergo bystander activation because of their presence
in an inflammatory milieu. The impact of cytokideiven bystander activation in naive
CD8 T cells however, is not well understooNotably, naive CD8 Tcells from patients

with chronic HCV infection demonstrate hyperactivation and acquire a mdikery
phenotypdAlanio et al., 2015)Interestingly, a recent study in mice reported that infection

as well as inflammatigrdriven by cohousing of laboratory mice withtpgoremice can
activate naive CD8 T cells in a bystander manner and impact their homeostasis and
function( J er go v i | .Tgpelinketferons a2 Bf2ripromptly produced after virus
exposureand some viruses, like SARS0V2, can drive severe disease by dysregulation
and delay of host type I interferon product{@tharya et al., 2020; Lee andi8h2020)
Exposure of naive CD8 T cells to type | interferons can also drive rapid acquisition of

effector function upon antigenic stimulati@iMarshall et al., 2010; Urban et al., 2016he
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complex interplay between naive CD8 T cells and type | interferons during bystander
activationearly onfollowing virus exposure remains poorlpderstood.

Recent advances in immunometabolism have indicated that T cell function is also closely
linked with metabolisn{Biase et al., 2019; Menk et al., 2018)rus exposure as well as

type | interferons have been reported to cause metabolic restructuring in immune cells
(Ayres, 2020; Wu et al., 2018)Vhile most studies in theea of T cell immunometabolism

have focussed on effector and memory T cell sulfBetsk et al., 2017; Klein Geltink et

al., 2018) very little is known about the metaboteprogramming that occurs within naive
CD8 T cells immediately following virus exposure. Several studies have demonstrated a
connection between NADa substrate and redox cofactor for several important metabolic
pathways, and the function of T ce(l¥oshino et al., 2018)For exarple, intracellular

NAD" actsasan essential cofactor for glycolysiand glycolytic flux is well known to
mediate effector vs memory function in T cdBeier et al., 2018)Also, the activity of
NAD*-deendent deacetylase SIRT1 has been shown to promote the formation of memory
T cells(Jeng et al., 2018Further, extracellular NADpromotes immune response through
receptormediated downregulation of regulatory T cell populai@idubert et al., 2010)
Similarly, tumor CD38mediated breakdown of extracellular NAPromotes T cell
exhaustion in tumor microenvironmer{tShatterjee et al., 2018\s a result, therapeutic
modulation of NAD levels has been implemented to control€ll function in several
disorders, including, autoimmune conditions like graft versus host disease (GVHD)
(Gerner et al., 202Gnd experimental allergic encephalomyelitis (EABjuzzone et al.,

2009; Tullius et al., 2014However, the implications for NADnetabolism in the context

of antiviral CD8 T cell immunity remain relatively unknown.
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In the present study, using a combination of flow cytometry, quantitative proteomics,
metabolomics, ah pharmacological inhibition approaches withimvivo and in vitro
settings, we report an NADsalvagedependent, type | interferadriven induction of
bystander naive CD8 T cells (CD8 §)Twithin 24 hours of virus exposure. Given the
importance of bystander activation and the early determinants of antiviral adaptive
immunity, this study highlightsunderappreciated consequences of type | interferon
mediated metabolic reprogramming of naive CD8 T cells immediately after exposure to
viruses.

3.3. Results

3.3.1. Development ofa 16-parameter flow cytometry panel toidentify different CD8

T cell subses after exposure to reovirus

To identify and characteriz€D8 T cells andther different subsetsas well asvarious
activation markers on their cell surfaees developed a flow cytometry paraes described
in Table4 and Tablé. The gating strategfFig. 3.1) was developed by first gating on live
cellsthat arenegative for theviability dye. Next, within livecells, doublets were gated out
on forward scattelarea (FSEA) versus forward scatteheight (FSGH). On asequentially
gatedplot for FSCA versus sidscatterarea(SSGA), lymphocytes were gated on. Within
the lymphocyte populatiortells were gated for CD3+CD8+ T celishich were further
gated on CD44 and CD62L to identify different T cell subsed344lowCD62L+ cells
were classified athe P1 population araive T cells (), CD44hiCD62L+ cells athe P2
population orcentral memory T cells ¢u), and CD44hiCD62L- cells asP3 cells or
effector memory T cells @u). Finally, CD44lowCD62LIow cells were also identifies

P4 cellsand are discussed further in Chapter
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Fixable viability dye Gating for live cells
Forward Scatter Gating according to size; doublet discrimination; gating on
lymphocytes
Side Scatter Gating according to granularity; doublet discrimination;
gating on lymphocytes
CD3 Identification of T cells
CD8 Identification of T cells
cb44 Adhesion molecule
CD62L Selectin molecule
Sca-1 Bystander activation marker
Ly6C Bystander activation marker
CD69 TCR-mediated activation marker
KLRG1 TCR-mediated activation marker
CD25 TCR-mediated activation marker
CcD49d TCR-mediated activation marker
CD127 IL-7 Receptor
CD122 IL-2 Receptor B
PD-1 Activation molecule

Table 4. Development of T cell flow cytometry panel. A flow cytometry panel wth

differentmarkers for the identification of T cell subsets as well as the role of those markers

is described above
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Fortessa

Lasers Filters Marker Clone Fluorochrome
783/40 Ly6C BV786
750/20
710/40 CD44 BV711
Violet Lase 660/20 CD62L BV650
(407nm) 605/30 PD-1 BV605
575/36
525/50 KLRG1 BV510
440/40 CD122 BVv421
Blue Laser 710/50 CD8a PerCP-Cy5.5
(488) 515/20 CD3e FITC
, 780/40 CD69 PE-Cy7
Green Las%/ //‘:”'/f PECyS.5
(532) ///////, CD127 PE-CF594
575/25 CD49d PE
Red Laser 780/60 Live/Dead FVS780
(640) 730/45 CD25 R718
670/30 Sca-1 AF647

Table 5. Marker and fluorophore combination for flow cytometry instrument. The T
cell flow cytometry panel wittcorresponding fluorochrome and tfiker/detector set

which captures its emission is shown above.
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Gated on all cells Gated on live cells Gated on single cells
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Fig. 3.1: Gating strategy for CD8 T cell subsetsldentification of different P1 (naive),
P2 (central memory), P3 (effector memorgihd P4populations has been shown above

with prior gating on live cells, single cellgmphocytesand CD3+CD8+ T cells.
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3.3.2. Bystander activation of naive CD8 T cellsvithin 24 hours of reovirus exposure

in vivo

To identify and characterizéne earliest changes in CD8 T cells upon virus exposure, we
injected C57BL/6 mice with reovirus intraperitoneally dodused oran early timepoint

of changes that occurday postinjection with reovirus. Further, sincéhe naine CD8 T

cell populationrepresents unstimulated T cells dodns the majority population inon
treatedC57BL/6 mice we investigated thearliest changes within this subset of T cells
after reovirus exposurd UMAP displaying & cells in nontreated mie andreovirus
treatedmice 1-day postinjection is shown in Fig3.2A. One of the earliest phenotypic
changes in naive CD8 T cells that we obserupdn reovirus exposurgas the

upregulation of markers like Ly6C and Sté@Fig. 32B).

The Ly6family of proteinslike Ly6C and Ly6A/E (Scd) are important early indicators
of bystander activatiofDeLong etal.,@ 1 8 ; Jer go Vv.iLY6C leas beenlused 20 2 :
recently to identifybystandefactivatednaive CD8 T cells after microbial infectiolsca

1, as opposed to LyG@vas observed to heéniquelyupregulated owirus-expose naive

CD8 T cells and not in T delfrom nontreated spleens and was hence, used as a marker
to identify bystander naive CD8 T cellB@8bTn cells) Since CD8 T cells still matained

naive (CD44lowCD62L+) phenotype, it was unlikely that the increase il Scal Ly6C
expressionwas due to TCR triggeringHowever, to confirm thiswe measured the
expression of CD69, CD25, KLRGEand CD49d Upregulation of these markers
indicativeof T cell activation vial CR triggering. Naive CD8 T cells failed to upregulate

any of these markers within 24 hours after virus exposure confirming that they were indeed

activated in a bystander manrierg. 32C).
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CD44low,CD62L+ CD8 Ty Bystander activation markers on CD8 Ty cells

Reo 1.d.p.i

Sca-1 Ly6C
lo hi

c TCR activation markers on CD8 Ty cells

CD69 KLRG1 CD25 CD49d

lo hi
m A

Fig. 32: Reovirus induces early bystander-activated naive CD8 T cellsin vivo
A. UMAP showing CD8 T cells in nontreated (NT) and reovirus treated (Reo 1 g.p.i
C57BL/6 splenocytedB. UMAP depicting bystander activation mark&sal and Ly6C
in CD8 Ty cells.C. UMAP represent3 CR adivation markersCD69, KLRG1, CD25and

CD49din CD8 Ty cells. (n=9; NF3, Reo 1 d.p.i6 in all UMAP plots).
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Expression of bystander markers Scand Ly6C as well asarkers of TCRlependent
activation were also investigated tmtal CD8 T celk to compare how they differed fro
expressioron naive CD8 T cellgFig.33). Ly6C and Sa-1 wereupregulated ototal CD8
T cellssimilar to naive CD8 T cell@-ig.3.3B). Someupregulation in KLRG1 and CD25

was also visible in the UMAR(g.3.4Gyellow regior).
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CD8 Tcells " Bystander activation markers on total CD8 T cells

e .

Reo 1.d.p.i
NT

Sca-1 Ly6C

CD69 KLRG1 CD25 CD49d

lo hi
m A

Fig. 33: T cell activation markers on CD8 T cellsA. UMAP showingtotal CD8 Tcells
in nontreated (NT) and reovirus treated (Reo 1 9..£b7BL/6 splenocyteB. UMAP
depicting bystander activation markeé3sal and Ly6Con all CD8 Tcells. C. UMAP
represent3 CR activation marker€D69, KLRG1, CD25and CD49d on alCD8 Tcells.

(n=9; NT-3, Reo 1 d.p.i6 in all UMAP plots).
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3.3.3. Induction of bTn cells at differert sites over time after reovirus exposure

Next, weinvestigatedf CD8bTn cells were induced at different sites aftevivoreovirus
exposure andf so, how long they were maintainedtlésedifferent sitesWe discovered
that n the spleenCD8 bTn cells were inducedn 1 d.p.ianda significant percentage of
CD8DbTn cellswas maintained on 3 d.p.i. On 7 d.gghgpercentage o€D8 bTy cells was
reduced andsignificant percentage D8 Tewm cells was observetiowever at thistime
point, an almost equal percentage ©D8 bTn cells was maintained in the sple@g.

34A).

In the mesenteric lymph nod@glLN), CD8 bTn cellswereinduced robustly on 1 d.p.i.
and were maintained at high frequency on@idas well aon 7 d.p.i.(Fig. 3.4B). In the
peritoneal flush, which contains cells obtained from the site of infediD® bTn cells
were inducedn 1 d.p.ialong with other celtypes The percentage @&D8 bTy cells was
not as highas at the other sitesdthesecells also progressively reduced in numlzrs

d.p.i.and 7 d.p.i(Fig. 3.5C).

Taken together,his data demonstrated th&@D8 bTn cells were induced at multiple
different sites aftereovirus exposurgalbeit at different frequencies. They were also
maintaineddifferentially atthe different sitesover timefollowing virus exposureThis
suggests thatheir role at different sitesand persistere over time may becontext

dependenafter virus exposure.
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Fig. 34: Induction of CD8bTncells in the spleenand PC after reovirus exposureBar

graphs depicting the induction ®f, bTn , Tcm, Tem and CD44lowCD62LIow CD8 Tells

in A. spleenB. mesenteric lymph nod®ILN), andC. peritonealflush on days 1, 3and

7 after injection of reovirugn=3 each)
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3.34. CD8 bTn cells are induced in mice with differentbackgroundsand genotypes

upon exposure to reovirus

Next, we wanted to investigate whether the induction of 6D8cells was dependent on
the mouse backgroundror this purposewe injected BALB/c mice with reovirusand
observed that a robu§iD8 bTn cell response was induced on 1 d(fig.3.5A). This
demonstrated thathe induction of CD8 bTn cells was independent dhe mouse

background.

Now, sincereovirusis a dsRNA viruswe sought tainderstand whethe&sRNA sensing
molecules like TLR3 haea role to play in the induction of CD8 k€ells.For this purpose,
we injected TLR3 knockout KO) mice with reovirus and studiethe induction of CD8
bTn cels. We observed that CDOBTn cells were induced robustly even in TLR3 KGcen
after exposure to reoviruy$ig.3.5B). Next, we looked at whether CD8 hTells were
induced in CCR2 KO mice since CCR2 is an importantipilammatory medator for

CD8 T cellsduring the immune response to viruses. We discovered that CR8cblls

were robustly induced in CCR2 KO mice as ve#lll d.p.i. (Fig. 3.5C)

Finally, PD1 is animportant checkpoint inhibitor that has not only been shown to be
importantduring chronic virus exposure but alsgute virus infectionWe employed PB

1 KO mice to test whether the induction of CD&lzElls was affected in these mice. We
discovered thahigher numbers of CD8 hTcells were present in P2 KO mice even
without exposure tdhe virus (Fig. 3.5D). PB1 KO mice have been shown to have
increased immune cell infiltration in different disease models including géfesiset al.,

2007, p. 1)and have also been shown to have increassdeptibilityto certain pathogens
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(LazarMolnar et al., 2010, p. 1Previous studies have shown that even simpleatsing

of mice can lead to bystander activatiomafve CD8 Tcell§ J er gov i | .Smde al
these mice were not maintainedsiterile conditionsthey may have bystander activation
because datheir housing conditions whialiould explainthe increased percentage of CD8
bTn cells even in noitreated animalsThe percentage of CD8 kTcells wasseen to be

increasedurtherupon exposure to reovirus at 1 d.p.i. (Fig. 3.5D)

Taken together, #se data suggest that the induction of CD&gElls is independent of
mouse background aradso occurs in a TLR&dependent mannefhe absencef pro-
inflammatory molecules lik€CR2 doesnot affect CD8 bT cell inductionand neither

doesPD-1.

71



BALB/c
TLR3 KO
80
T 1007 ., R T,
+ +
2w 60 - Bl bT, 2 o 80 Bl bTy
0% o3
él— 40 £r %0
58 S& 4«
s O 20 5 Q
= ° 20
0- 0
NT 1d.p. NT 1d.p.i
CCR2 KO PD-1 KO
80 - 100
X T - ~ R T
& 80y mm bT Ba ¥
Qe " 0% B bTy
U" 8 +" Q 60
+ = 40 w -
w = 4
3 + O 40
58 °8
oo 20 5
° = 20
=2
0- 0
NT 1d.p.i NT 1d.p.i

Fig. 3.5 Induction of CD8 bTncells in mice from differentbackgroundsor genotypes

Bar graphs depict the induction of CD8n\bdellsupon exposure to reovirus in vivo A.
Balb/c micg(n=3 eachB. TLR3 knockout micéNT- n=3; 1 d.p.i. n=5. CCR2 knockout
mice (NT- n=1; 1 d.p.i. n=5)andD. PD-1 knockout micgNT- n=3; 1 d.p.i. n=5)Two-

way ANOVA with Sidalkd snultiple comparisons test and 95% confidence interval was
used for statistical analysis. Significance has been indicated for CGD8etiF in1 d.p.i.
versus noftreated conditions. Not significant (ns) = p > 0.05; *p < 0.05; **p < 0.01; ***p

< 0.001; **** p <0.0001.
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3.3.5. Induction of CD8 bTn cellsex vivoand IFN-0 pr oduct i on

Next, we wanted to develop a system to induce and modulate Gb&b3ex vivo To

this end, weisolated C57BL/6 mice splenocytes and treated them with varying
concentrations of reovirus for 24 hours in cell cultarevivo We then processed the
samples for flow cytometry analysis of the CD8 T cell subsets. We observedathata

induction of bk cellsoccurredn adosedependenimanner (Fig3.6A).

To assess théunctionality of b cells, we employed the OL mouse modelOT-1

splenocyes weresimilarly isolated ancgexposedo reovirusin cell culturefor 18 hours

followed by priming with ova peptide for Bours. We then processed the samples for
identification of T cells and intracellular staining for ¥N cyt oki neWepr oduc
observedhat upon treatment with ova peptidelFN-o r esponse wa3%$- i nduc
1 T cells as expecte(Fig. 3.6B) However, upon treatment with reovirus for 18 hours

before peptide stimulatigmn increase in the percentage of ifFN CD8 wasseeal | s
(Fig. 3.6B). This suggested thdystander activation of naive CD8 T cdblg reovirus

enhanced functional capabilitie& IFN-0  p r o dupon primiogrwith antigen
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Fig. 3.6. Induction of CD8 bTn cells and IFN-2
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in OT-1 splenocytes aftexx vivotreatment with reovirus for 18h followed by stimulation

with ova for 6h (n=3)Two-way ANOVA with a 95% confidence interval was used for

statistical analysis in bar graphs. Significance has been indicated only fobTaR@ll

populations induced within 24 hours in comparison with untreated control population

levels. Not significant (ns) p > 0.05; * < 0.05; **p < 0.01; ***p < 0.001; **** p

<0.0001.
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3.3.6. Quantitative in vivo multiplexed proteomic analysis of CD8T cell subsets after

reovirus exposure

To investigate the molecular networks that drive the induction of CD8dells, we
decided to perform quantitative multiplex proteomicsGid8 bTy cells and other CD8 T
cell subsets. To this end, we first sorteat the chosen CD8 T cell subsets via flow
cytometry before processing fproteomicsas described in Chapter 2. Specificapiyre
populations of CD&\ cells,bTn cells (Day 1)bTn cells (Day 7)andTewm cells (Day 7)
were isolated from C57BL/6 splenocytes using flow cytomatgweredigested|abeled
with TMT, pooled, and processed for mass spectroniesgd proteome profiling as
depicted in the schematic (Fi§.7A). A heatmap representing 4718 proteins identifiged
the proteomicanalysis shows these proteins grouped into various clustersrbgals
clustering across the tested T cell types @&PB). Clusters 12, 8,9, 10represent proteins
that appear to bepregulatedn Tem cells (Day 7) Cluster 3 shows proteins that are
upregulatedn bTn cells (Day 1)while clusters4 and 5 depict proteins thappear to be
downregulated infem cells (Day 7) Clusters 6 and 7 do not seem to have a noticeable
trend in any one cell type hE top 2 hit§rom each of the clusteiater GO term analysis

for biological functionrhave been listed in Tabte

75



Quantitative in vivo proteomics workflow
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Fig. 3.7: Quantitative in vivo proteomic analysis of CD8 bk cells.A. Schematic for the
workflow of quantitativein vivoproteomics with T cells isolated from spleens of C57BL/6
mice (n=5 pooled for each cell typ8).Heatmap for the whole cell proteome of 4 different
subsets of T cells. Naive CD8 T cells,, bystander naive CD8 T cells 1 day post injection
CD8 by (1 d.p.i.), bystander naive CD8 T cells 7 days post injecG@@8 by (7 d.p.i.)

and effector CD8 T cells 7 days post injectidamv (7 d.p.i.).
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_ . . . Proteins/ | Benjamini
Cluster: GeneOntology: Biological Function Term value:

1 DNA Replication 8 5.20E05

Cell Cycle 13 9.20E05

2 Protein Transport 7 9.90E01

Endocytosis 4 9.80E01

3 Defense Response to Virus 9 1.50E07

Innate Immune System 9 4.20E05

4 rRNA Processing 23 4.60E11

Ribosome Biogenesis 17 5.00E08

5 OxidationReduction Process 51 3.10E08

Metabolic Process 35 3.90E05

6 Antigen Processing and Presentation via MHC Clas; 12 4.30E08

Proteolysis Involved in Cellular Prote@®atabolism 12 4.20E05

7 MRNA Processing 119 9.70E51

RNA Splicing 97 9.70E45

3 DNA Replication 14 4.60E05

Cell Cycle 29 7.70E05

9 Translation 45 4.50E11

Protein Folding 23 1.50E08

10 Protein Transport 66 3.40E14

Translationinitiation 14 1.40E05

Table 6. K-means clustering summary The tabledepicts the differentlusters, the top

two hits for each cluster after Gene Ontology (GO) term analysis for biological function as

well as the number of proteins in edelm with the correspomaly Benjaminivalue.
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3.3.7. Proteomic analysigevealsCD8 bTn cellshave altered functional capabilities

Within the proteomic dataset, we first investigated the functional signatures of CD8 bTN
cells. Uponcomparing b cells on Day 1 and Day 7, we discovered that &dlls on Day

7 had increased granzyme K expression.(Bi§A). Further, compared with the other
dominant population on Day TEM cells bTn cells had increased expression of memory
markers TCF7 and FOXO1 (Fig.8B). Using flow cytometry, we also noted thdin cells

on Day 7 were mostly positive for CD12%kmession as compared to effector memory T
cells that include distinct CD127+ and CD1®opulationgFig. 3.8C) that are known to
comprise memory precursors and sHimed effectors, respectivel{Chng et al., 2019;
Rivaden@a et al., 2019; Youngblood et al., 201Taken together withwr previous data
indicatingincreasedFN-o  p r o dnuOd-1 splenocytes after exposure to reovirus (Fig.
3.6B) suggests that CD8 Rtells bear distinct proteome changesompanying alerted

functional capabilities
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Fig. 3.8: Functional proteomic signatures in CD8 b\ cells. A. Bar graph for protein
expression from quantitative proteomics of granzyme K expressiG@bé bl cells (1
d.p.i.and 7d.p.i). B. Bar graphs for protein expression from quantitative proteomics of
memory markers TCF7 and FOXO1 expressiondi dells (7d.p.i.) andCD8 bI'n cells

(7 d.p.i). C. Histogram overlay for memory marker CD127 igvTcells (7d.p.i) andCD8

bTn cells (7d.p.i). Two-t ai | ed t$ebtwitha9b% 6omfidence interval was used
for statistical analysidot significant (ns) 3 > 0.05; * < 0.05; **p< 0.01; ***p < 0.001;

***% p<0.0001.
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3.3.8. CD8 bTn cells havean innate anti-viral proteomic signature

To get an insight into the molecular signature of early induced CQBcells and
understand how they differed fromy Tells within 24 hours of virus exposure, we next
focussed our analysis of the proteomic data from these two groups of cells. We dientifie
proteins that were significantly changed (at leakil®@) between them (Fig8.9A). From
among the Kmeans clusters described earlier, cluster 3 represents proteins that are
upregulated in CD8 Wi cells when compared tonTcells. Gene Ontology (GO) term
analysis for proteins in this cluster revealed differential expression of proteins related to
defense response the virus, innate immune response, type | interferon, and purine
biosynthesis (Fig3.9B). The type | interferon pathway is a major pathwssagiated with

viral defense antlype | interferon sensitizatiom CD8 T cells hasmportant functional

and phenotypiconsequenceKolumam et al., 2005; Marshall et al., 2010; Urban et al.,
2016) Hence, we focussed our attention onrtt@ecular differences within this pathway

in CD8 bTn cells. We observed thaevels of interferordriven proteins like the IFIT

family, ZBP1, BST2, AIAR, IFI35 and EIF2AK2 were upregulated in CD8 btells

(Fig. 3.90).

As mentioned previously, the induction of CD8nbdells after reovirus exposure was
observed to be independent of TLBignaling(Fig. 3.5B), however, among the proteins
related to defense responsétevirus and innate immune responBéG-1-relatedproteins
were upregulated in CD8 khTells (Fig.3.10A). Along with TLR3, RIGI is also involved

in dsRNA recognition ancegulation of immune responsgaito et al., 2007)
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Taken togetherhese data demonstrated a clear signature of type | interferon sensitizatio
a characteristic event driven during virus recognition, in CD8dg&llsand an innate anti

viral proteomic gene signature in these cells.
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Fig. 3.9: Innate anti-viral proteomic signature of CD8 bTn after 24 hours of reovirus

exposurein vivo. A. Volcano plotcompares all identified proteimerossCD8 Ty andCD8

bTn cells (1d.p.i). B. Cluster 3 of GO TERM analysis of proteomickepicting

differentially regulated pathways in CD8fcells compared tdn cells C. Heatmap for

the relative levels of interferestimulated proteins and interferagignaling proteins

identified in TvandCD8 by cells (1d.p.i). Corresponding bar grap show the levels of

several type | interfereassociated proteins inBndCD8 bIncells. Twet ai | ed St ude

t-test witha 95% confidence interval was used for statistical anali$ significant (ns)

=p>0.05; % < 0.05; **p < 0.01; ***p < 0.001; **** p<0.0001.
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Fig. 3.10: RIG-I associated protein signatures in CD8 bTN cells after 24 hours of
reovirus exposurein vivo. Bar graphs for RI@ associated proteins in CD8 &ndCD8
bTn cells (1d.p.i.). Two-tailed student -test was used for statistical analysisNot

significant (ns) = p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; **** p <0.0001.
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3.39. Antiviral type | interferons induce CD8 bTn cells in a STATXdependent

manner

Next, tofurther investigate the role of type | interferons in the induction afd#lls, we

first confirmed that amncreased level of type | interferon wabkservedn the spleen of
mice exposed to reovirus (Fi§.12 A). Hencewe nextaskedif type | interfeons might

be able talirectly drive the induction obTn cells without reovirus. To test this, we treated

ex vivoisolated C57BL/6 splenocytes wiglkogenousFN-U1 HM-bl 1. Bot h treat
induced a robust, doskependent induction &@Tn cells (Fig 3.11A, B respectively). We
further tested whether type | interfersignalinghad a role to play in the induction lofn

cells. Using quantitative PCR, we noted that the leveldnairl and Ifnar2 remained
unchanged in splenocytes on day 1 after treatment of mice with reoviru8.(28). We
proceeded to block the IFNAR1 receptor with a blocking antibody dthigeatment of
splenocytes with reovirusx vivo This led to the abolishment bTn cell induction (Fig.
3.11C). Within the type | interferosignalingpathway, the ISGF3 (STATSTAT2-IRF9)
complex forms an important regulator of type | interfesignalingin cells (Fu et al.,
1990) Althoughsignalingproteins in other type | interfera@ignalingpathways remained
unchanged (Fig3.12C lower half of heatmap)IRF9 of the ISGF3 complex was
significantly upregulated ibTn cells (Fig. 311D). In the proteomics data, all the STATS,
except STAT2, were identified and STAT1 levels were found to be increased, allteit not
significant levels (Fig3.12D). Nonetheless, given the importance of STATsesponse

to type | interferons and the upregulation of IRF9 of the ISGF3 complex in the proteomics
data, we decided to test the inductiorb®dk cells in STAT1 KO mice. Reovirugiled to

inducebTn cells in splenocytes isolated from STAT1 KO mice (Fig1E). Similar results
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were also observed with type | interferonierein no induction diTy cells was observed
with IFN-U1 an-8 1 | F E1F)y In ad8ition, it should beated that our model of
STAT1 KO mice also had a SLAM knogk. SLAM or CD150 is a receptor fthiemeasles
virus, and this model was previously designed for the study of measles infé@dsaret

al., 2001) To confirm that the lack of induction bffy cells in the STAT1 KO mice was

not a result oSLAM knock-in, we tested splenocytes from SLAM kneickonly control

mice and found robustly inducé&d n cells following treatment with reovirus and IHN1

(Fig. 3.12D). Altogether, these data conclusively demonstrate a role for type | interferon
signalingin the induction obTy cells and provide evidence that this induction occurs in a

STAT1-dependent manner.
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Fig. 3.11: Induction of CD8 bTn cells occurs in a type 1 interferonand STAT-1

dependent manner.Bar graphs showing induction of CD8 pTells uponex vivo

treatment of splenocytes from C57BL/6 mice withvarying concentrations of IFNIL

from 10 U/mL- 200 U/mL(n=3), B. varying concentrations of IFH§1 from 10 U/ml- 200

U/mL (n=3) andC. reovirus (MOI = 10) + IFNAR1 antibody.Qpg/mL,n=3; Significance
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shown as indicated itnefigure) or isotype controD. IRF9 protein intensity (Twdailed

St ud etes). B &F. Bar graphs for induction of CD8 RTells uporex vivotreatment

of spenocytes from STAT1 KO mice witbvirus| = 10 (n=3)E) and, IFN-UL and IFNb1

(200 units (U)/ml each) (n=2F). Twooway ANOVA with Tukeyds mul
test and 95% confidence interval was used for statistical analysis unless otherwise
indicated Significance has been indicated for CD&lz€lls in treatment conditions versus
norttreated conditions unless otherwise indicated. Not significant (ns) = p > 0.05; *p <

0.05; **p < 0.01; ***p < 0.001; **** p <0.0001.
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Fig. 3.12 Role of type | interferons in the induction of CD8bTn cells Quantitative

PCR analysis o€. Ifn(2, D. Ifnrl, andlfnr2 levels in splenocytes of nereated (NT)

mice and mice treated with reovirus 1 d.gi.Protein levels of STAT proteins in CD8

Tn andCD8bTy cells from quantitativén vivo proteomics analysis:. Bar graphs for the

induction of CD8 bk cells upon treinent of splenocytes of SLAM knogk (KI) mice

with reovirus and IFND1 ex vivo Two-tailed student-testwasused for statistical analysis
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<0.0001.
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3.3.10. Induction of CD8 bTn cells with different viruses depends on their interferon

activating capacity

To assess whether different viruses were equally capable of inducing bystander activation
of naive CD8 T cells, we investigated the induction of CD8d®llsuponex vivoexposure

to severalifferent viruses. We observéthttwo different strains of herpes simplex virus
HSV- ICPO(Everett, 2000and 171G Valyi-Nagy et al., 1994yobustly induced CD8 by

cells at a low Molof 0.1 (Fig. 4A). Next, the Indiana strain of VSWreer et al 1994)
induced CDS8 bf cells at a higher Mol (Fig. 4B). Further, we employed measles virus and
discovered that the Edmonston vaccine strain of me@#skamp et al., 2011)induced

CD8 b1y cells at an Mol of 0.1 (Fig. 4C) however, the IC323 strain of measles virus
(Takeuchi et al., @02)ailed to induce a significant CD8 RTcell response (Fig. 4D).
Within the array of viruses employed, IC323 strain of measles is known for its inferior
capacity to stimulate type | interferoffdguyen et al., 2016; Shingai et al., 200&ken
together, this data suggested that CD& b@&ll induction occurred variably in different

viruses and was a function of their interfefativating/suppressing capabilities.
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Fig. 3.13: Induction of CD8 bTn cellsex vivoupon exposure to different virusesBar

graphs showing the induction of CD8nbdells upon exposure of C57BL/6 splenocytes to

A. two different strains of herpes simplex virus (ICP0O and 1716, n=3 each) at Mol = 0.1,
B. vesicular stomatitis virus (Indiana strain, n=3) at Mol = @Ojnterferon activating

strain of measles (Edmonston, n=2) at Mol = 0.1@&nalild type strain of medss (1C323,

n=2) at Mol =0.lex vivo Twoway ANOVA wi t h cmpdrsktéssandnu | t

95% confidence interval was used for statistical analysis in bar graphs. Significance has
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been indicated only for CD8 RTcell populations induced within 24 heuin comparison
with untreated control population levels. Not significant (ns) = p > 0.05; *p < 0.05; **p <

0.01; ***p < 0.001; **** p <0.0001.

3.3.11. NAMPT -mediated NAD" biosynthesis through salvage pathway metabolism

regulates CD8 b cell induction

Type | interferons have been shown to drive a rewiring of metabolism in a variety of cell
types including hepatic cel{§&hazarian et al., 201@nd nnate immune cell@NVu, Sanin

et al. 2016) In our proteomics analysis, we discovered that proteins related to-NAD
dependent ADRibosyltransferase activity like PARP9 and PARP14 were upregulated in
bTn cells when ompared to naive T cells (F&J16A). Further, many proteins from the
OAS family with ATP binding activity were also upregulated (Bg6B). Consequently,

we hypothesized th&n cells might be metabolically reprogrammed as comparedito T
cells after revirus exposure. To test this hypothesis, we employed a-taegeited
approach to study the metabolismlafandbTy cells. Tv cells andbTn cells (Day 1) were
isolated from the spleens of reovisimgected C57BL/6 mice by flow cytometry and then
processed for metabolome analysis (Big4A). A heatmap comparing the metabolomic
signatures offy andbTw cells clearly showed distinct metabot@wiring of bTn cells as
compared toTn cells (Fig. 3.14B). A list of the top upregulated and downregulated
metabolites (fold change greater than or equal to 2, p<0.@3\inells axcompared td'n

cells is shown in Fig3.14C. Enrichmentanalysis reveald a role for central energy
metabolism (glycolysis and oxidative phosphorylation)bify cells (Fig. 3.14D). As
glycolysis and oxidative phosphorylation have bedensively studied in T celi&Chang

et al., 2013; Menk et al., 2018; van der Windt et al., 2@t®) both require NAD we
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focused on another pathway NAD™* salvage metabolismthat has shown emergent
applications within immune cell biolog§Cameron et al., 2019; Chatterjee et al., 2018;
Gerner et al., 202(nd was discovered in our analysis (Rd.4E). In mammalian cells,
the NAD' salvage pathway is a major source for NApnthesigRevollo et al., 2004and
congsts of aly 3 metabolies - nicotinamide (NAM), nicotinamide ribotide or
nicotinamide mononucleotide (NMN), and NAD(Fig. 3.14F). Using metabolite
standards, we conducted a targeted analysis of metabolites involved in theshlddye
pathway and found higher relative levels of NAM, NMN, and loweelewf NAD'
normalized to cell number ibTn cells compared ton cells (Fig.3.154). Further, our
proteomics analysigvealedhat NAMPT, which is theatelimiting enzyme of the NAD
salvage pathway, is increasedbifi cells (Fig.3.13). Using gPCR, we determined that
transcript levels oNamptwere also increased bl cells as compared tovTcells (Fig.
3.13). Interestingly, the transcript levels of other enzymes within the Nédlvage
pathway likeNmnatgFig. 3.16C) and those wolved in other pathways of NABynthesis
(Fig. $AD) like thede novgathway (Fig3.16E) and from nicotinamide riboside/ nicotinic
acid riboside (Fig3.16-) remained unchanged, indicating a possibly preferential reliance

of bTn cells on NAD synthesisvia NAMPT.

To further consolidate our understanding of the role of the N#dlvage pathway and
NAMPT, we tested the effect of FK866, an inhibitor of NAM@Ee et al., 2018; Schuster

et al., 2015)on the induction dbTn cells upon reovirus exposure. As shown in Big5C,
splenocytes from C57BL/6 mice exposed to reovirus and treated with FK866 showed a
reduced induction dfTn cells compared to those with only reovirus exposure. The robust

induction ofbTy cells was rescued when NMN, a metabolite downstream of NAMPT, was
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supplemented in the media (FB)15C). These results showed that FK866 can impair the
virus-driven induction ofoTy cells, and furtheconsolidatedhe role of NAMPT within

this phenomenon. One possibility was that the reduced inductiofwafells could have
occurred via an indirect effemf FK866 treatment like the reduced production of
proinflammatory mediators in splenocy{é@$-Shabany et al., 2016; Bruzzone et2009)

To elucidate whether FK866 could impair the inductiorb®f cells in the presence of
abundant type | interferons, we treated C57BL/6 splenocytesewifenousFN-U1 o r
IFN-b1 al ong with FK866 and bTyedishamparedp ai r e d
splenocytes treated with only either interferon (Bd.5D, E respectively). Once again,

the impaired induction ofoTn cells upon FK866 treatment was rescued by the
supplementation of NMN in the media with both HENL  (3El8Dyand IFNb 1 ( Fi g .
3.15E) treatments. In conclusion, these findings suggested that' [d&fdluction via the
salvage pathway is required for the inductiobD§ cells after reovirus or type | interferon

exposure.
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E. Volcano plotdepicting metabolites that are significantly changedCin8 bTy cells
versus CD8 T cells. NAD' salvage metabolites are highlighted in ied NAD™ salvage
pathway. NAM Nicotinamide, NMN Nicotinamide mononucleotideand NAD'"-
Nicotinamide adenosine dinucleotide. Tivoa i | e d -test wab eised for Statistical
analysis. Not significant (ns) = p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001; *p*

<0.0001.
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proteomics analysisC. Bar graphs for transcript levels of NMNAT®. NAD?*
biosynthesis pathways. TR&®yptophan, QAquinolinic acid, NR nicotinamide riboside,
NMN- nicotinamide mononucleotide, NAPnicotinamide adenine dinucleotide, NAR
nicotinic acid riboside, NAMNnicotinic acid mononucleotide and NAADicotinic aded
adenine dinucleotide. Bar graphs for transcript levels. afe novgpathway enzymes and
F. Nmrk1for synthesis from NR/ NAR. Twtailed student-testwasused for statistical
analysis. Not significant (ns) = p > 0.05; *p < 0.05; **p < 0.01; **@OL001; **** p

<0.0001.

3.4.Discussion

As is being recognized in the context of the SARS/2 pandemic, the understanding of
the early immunological events that occur after virus exposure is extremely important. It
has become quite clear from various stgddin COVID19 that onef the most important
factors determining the clinical outcome of the disease is the early induction of type |
interferons(Acharya et al., 202 Lee and Shin, 2020Early type | interferon responses
are assdated with mild COVID whereas delayelgé¢ | interferon responsésadto poor

viral control, delayed and persistent activation of adaptive immuenity severe COVID
(Moss, 2022)In addition, early bystander activation of T cells has also been stoolan

an importantharacteristic of mild disease compared to delayed bystander activation which
has been associated with severe dis@@asaamaschi et al., 2021Bystander activation is

one of the earliest ways in which naive CD8 T cells are activated even before the cells have
had an opportunity to be primed with antigen. Most studies focus on the biolGd8of

cells after antigenic priming or on the bystander activation eépigting memory T cells.

In this study, we have delineated the molecular mechanisms that govern the induction of
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early naivebystandesactivatedCD8 T cells. We demonstrated that CB8y cells are
induced and have an awiral, type | interferon signature within 24 hours of reovirus
exposure, a timepoint that is not typically studied for CD8 T cells. Not only was this shown
to be STATF1-dependent but also was dependent on the tygperferon activating capacity

of different viruses. These findings further highlight the importance of studying early
interferon production upon exposure to viruses and provide insight into another avenue

through which CD8 T cells can be modulated eanyoy different viruses.

Recent literature on COVH29 pathobiology has generated an increased appreciation for
the role ofimmunometabolic reprogramming that occurs during virus expgswe® Car r o | |
and OO NeiVirlises cahOakel jhe metabolism of cells directly duringirth
replication or via the effects of type | interferaiMorencAltamirano et al., 2019)For
example, type | interferons inde important changes in the metabolism of plasmacytoid
dendritic cells by acting on them in an autocrine manaed these changes allow for
enhanced immune functiofWu et al., 2016)Type | interferons can, however, also
modulate T cells specifically naive CD8 T cells which are important during virus exposure.
Although some studies have investigated the metabolism of naive TMefidoza et al.,
2017) the impat of metabolism in the context dystandesactivatednaive CD8 T cells
remains unexplored. In our study, it is quite intriguing that CD@ ¢#lls, despite being
phenotypically similar to prototypic naive T cells, demonstrate a completely different
metabdic signature. In this regard, our findings on the role of the N&d&lvage pathway

in CD8 b1y cell inductionadda crucial piece to the metabolic puzzle being investigated.
Targeting NAD salvage metabolism by inhibiting itatelimiting enzyme NAMPT has

been previously shown to reduce effector T cell function in the tumor microenvironment
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(Beier et al., 2018; Chatterjee et al., 2018) GVHD the functionality of alloreactive T
cells was inhibited by targeting NAMRGerner et al., 2020and similarly, the depletion

of NAD" in T cells via FK866 treatment reduced demyelination in EBiizzone et al.,
2009; Tullius et al., 2014)The study of metabolisrmd specifically the NAD metabolic
circuitry in naive T cells following activation in native settings by viral exposure remain
few. In this regard, we have demonstrated a clear role for’[$ARage metabolism in the
reprogramming obystandefactivatednave CD8 T cells during the acute phase of the
immune response, further underscoring the importance of dé@Dage metabolism in

early T cell biology.

Finally, the virus of choice in this studseovirus is an oncolytic virus being developed as

a cancermmunotherapy agent for the treatment of various tumor types in dMidger

et al., 2020)Induction of type | interferons and bystandaive CD8 T cells upon exposure

to oncolytic viruses can have important consequences for cancer immunotherapy. The role
of type | interferons in tumor immunology is being widely apprecié@ab et al., 2021;
Zitvogel et al., 2015and naivdike T cells with tinctional capacities have been detected

in tumors(Sheng et al., 2017)urther, cancer metabolism caavk a direct detrimental
impact on naive T celléia et al., 2017)Understanding the impact of oncolytic viruses

like reovirus on naive T cells via bystander activation and consequent metabolic
reprogrammig represents an important emerging area of research. We believe that the
research in this study provides new avenues for immunometabolism research in T cells,
specifically naive CD8 T cells, and potential therapeutic targets that can be investigated for
the reprogramming of T cell immunity. Ultimately, an improved understanding of

bystandeiactivatednaive T cells and immunometabolism following virus exposure will
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inform fundamental concepts leading to better development of vaccines/treatments against

viral infections and for the effective design and development of onceiytitherapy
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Chapter 4. Type | interferon drives metabolically reprogrammed, and
functionally enhanced CD44lowCD62LIow CD8 T cells after antigenic

stimulation

4.1. Abstract

CD8 T cellsare an important part of adaptive immune responses to cancer and viral
infections. Early events that drive the activation of CD8 T cells remain poorly understood.
Here, wereportthat CD44lowCD62LIow CD8 T cells (P4), a poorly characterized subset
of CD8 T cells areinduced immediately after TCR stimulationvitro andarecapable of
effector function. P4 cells are also indug¢ed/ivo during virus infection. We discovered
that type | interferons drive increased H8Noroduction in P4 cellswhich relies on
signaling througtthe IFNARL1 receptor. Metabolomics analysis of P4 cells revealed that
aminoacyl tRNA metabolism was differentially regulated in P4 cefsvivoand tlose
generatedh vitro after antigerspecific T cell activationThis report providedor the first

time, a thorough characterizatimi P4 cellsinduced very earlypon activationthe role

of type 1 interferons in modulating théunction andprovides insight into the metabolic

reprogramming that occuvethin this cell type.
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4.2. Backgrourd

As discussed previousifGD8 T cells are an important part of the adaptive immune
response and nadentify and Kill virusinfected cellsUpon antigen encounter, naive CD8
T cells are activated and differentiateoieffector T cells (P3) and memory T cells (P2)
(Nakajima et al., 2021)Various models have been proposed for the differentiation of T
cells upon being activatddiscussed in Chapter (Raech et al., 2002)The various types

of CD8 T cells (naive, effectoend memory)can be identified in mice based on the
expression of adhesion molecules CD44 and CD62L. Naive T cells are identified as
CD44lowCD62L+, memory T cells as CD44hiCD62L+ and effector T cells as
CD44hiCD62l-. CD44 expression is commonly thought to be upregdilafeon antigen
experience in T celjhowever, the discovery of cells like stem cell memory T cells which
have naivdike phenotype but arntigenrexperiencegrecursor cells have challenged this
dogma(Gattinoni et al., 2009)

CD44lbwCD62LIow (P4) CD8 T cells do not fit into any of the classical subsets of
differentiated T cells. As a result, the biology of CD44lowCD62LIow T cells remains
relatively poorly characterized compared to their counterparts. A recent seminabgtudy
H o n $ grodiphas found that CD44lowCD62LIow CD8 T cells play an important role in
the restoration of antumor immunity in aged micéNakajima et al., 2021 5pecifically,

the study investigated the agaated unresponsive to PDtherapy for cancer treatment.
The authordound that P4 cells are robustly induced in yolig1 KO mice thatcan
control MC38 tumors whereas they were absent in aged mice which developed tumors.
Adoptive transfer of P4 OT CD8 cells into CD8 KO mice with MC38va tumors

demonstrated the arttimor capacity of P4 cells. Furtheo study whether P4 cells
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differentiated from Plor P2 cds, the authors isolated P1 and P2 populations and
stimulated them with CD3/C2#8 vitro. They observed that P4 cells were generated on
Day 2poststimulationonly from P1 cellsthus proposing that Gells first transition from

P1 to P4 before transitioning to PBhis provides an importaradditional piece to the
current literature whereione model suggests thatcells transition from naive to effector
to memory (P1 to P3 to P2 aech et al., 2002; Youngblood et al., 2QIHe authorsn

the above studguggest that P4 csllare preeffector cells and an essential step for the
conversion ohaiveP1 cells to P3 effectors. To our knowledge, this is the stoiglythat
describes the role of P4 cells in a disease context (cancer ahdheEapy). The biology

of P4 cells in other disease contexts like virus expommainsto be characterizeand

this presents an exciting opportunity tanrrent and future resedérstudies.

As discussed in the previous chaptemmunometabolism is a rapidgvolving areaof
study that describes the metabolic pathways that support the function and differentiation of
immune cells like T cells and the consequences of metabolic Ipaitns on immune
function.We have seen hoWcells rely on different metabolic pathways at different stages
of differentiation to meet the metabolic requirements of the T cells at that(Biagje et

al., 2017. Effector T cells rely heavily on glycolysis to fuel their needs for rapid
proliferation and cytotoxic activitgPhan et al., 2016Memory T cells, which are usually
more quiescent until antigen-emcounter, rely on the tricarboxylic acid cycle (TCA cycle)
and oxidative phosphorylation for their metabolic res€brrado and Pearce, 202Zhe
study desribed byNakajima et aldiscussed abowvaso identified an important metabolic
pathway that is upregulated in P4 ceitsng microarray analysis of the celle authors

demonstratedisingthat P4 cells rely ownecarbonmetabolism for their needs in PD
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KO mice. Given that metabolites can hasentextdependentroles in T cells, it is
important to investigateot just the biological function, but alfte metabolism of P4 cells

in different diseaseontexts including viis exposure.

We havedescribed in the previous chaptesw type 1 interferons can cause bystander
activation of naive CD8 T cells and we have aszussedow themetabolism of these
bystandesactivatedhaive CD8 T cells is completely rewitédNakajimaet al.also question
whetherany activation/stimulation of naive CD8 T cells by cytokines can drive differential
P4 induction or function. To the best of our knowledhes has not been investigated in
any study so far.

In the present study, wiest characterizedCD8 T cell activation with different stimulations
early after activationl) and atlater timepoints (upt@4 hour$ andreporedthat P4 cells
are inducedery earlyuponTCR-dependent stimulatiokntigen-specificP4 cellanduced
upon stimulation with cognate peptideave functional capabilitiest 6 hours after
stimulationand can producelFN-o. We furtherdiscovered thathis IFNNO0  pr oduct i on
increasedvhen stimulation occuris the presence of tydenterferonsandthis increased
functional capacityvas dependent on type | interferon signalifgally, weisolated P4
cellsand other T cell subseby flow cytometry andtonducted a metabolomics analysis
revealing an important rofer aminoacytRNA biosynthesis in the induction of P4 cells.
4.3. Results

4.3.1.1n vitro stimulation drives the induction of CD44lowCD62Llow P4 cellswithin
hours

To investigate the earliest changes G&8 T cells undergafterin vitro stimulation we

treatedsplenocyes fromwild-type (WT) C57BI/6 mice andDT-1 mice with 3 different
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treatments Concanavalin ACon A)which leads to T cell activation via crosslinking of
the TCR complex CD3/CD28antibodies that bintb T cells and activate TCR signaling
as well as costimulatigand ova peptideshich leads to antigegpecific activation o€D8

T cells and studied CD8 T cell subsets by flow cytomekiyst, we noted that the % of
live cells remained unchanged acralishe different stimulation conditions (Figl4\). It
was also noted that CD8 T cells comprised a greater % of the lymphocyteslinmi@é
compared to their C57BL/6 counterpantghin the different activation treatment groups
(Fig. 41B). The % of CD8T cells was also increasagon CD3/CD28 treatment compared
to nontreated splenocytesi[) in OT-1 splenocytes (Fig. 4.1B).

We noted that without any stimulation majority of B8 T cellsin WT C57BL/6 mice
have a naive (P1) phenotyffeg. 4.2). Upon treatment for 6 hours, we observed @@t A
and CD3/CD28 stimulation led to the induction of CD44lowCD62Llow P4 @el\&T
mice (Fig. 4.2) Sinceova peptide does not stimulate T cells from WT mice, no difference
was seen in the dot plots comparedT (Fig. 4.2).

In OT-1 mice,like WT C57BL/6 micewe observed thatithout any treatment significant
percentatlCD8 T cells were also dhe naiveP1 phenotypéFig. 4.3). After treatment for

6 hours stimulation with ConA as well aswith TCR stimulation using CD3/CD28
antibodiesandova peptidded to therobustinduction ofP4 cells(Fig. 4.3)

Quantiication ofthe various T cell subse#dter the different treatmentsvealed thaall
types ofstimulation(except ova for WT)ed totheloss of Plalmost completely in both
WT and OF1 mice (Fig. 44A). P2 cells were present abwer percentagesn OT-1
splenocytesompared to WT C57BL/6plenocytesaind were reduced further in bathts

of splenocytesifter stimulationFig. 4.4B). P3 effector memory T cells were increased in
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WT mice after stimulatiomwith CD3/CD28compared to NTFig. 4.4C) while in OT-1
mice, P3 frequencies were seen to be incresig@ificantlyonly upon treatment with ova
peptide Fig. 4.4C). Finally, the CD44lowCD62LIow P4opulationswere robustly
inducedin both WT andOT-1 mice andnade upghe majority of CD8 T cell$~70-80%)
after all treatment conditions (except ova stimulation for WT n{i€ig) 4.4D).

Taken together, we observe that all treatments drive a loss of P1 naive cells and reduction
of P2 memory cellsvithin 6 hours of treatment. CD44lowCD62w P4 cells are induced
robustlyby all treatmentanda smaller percentage of P3 effector memory egéérduced
with all treatments iWWT mice but only with ova treatment i®@T-1 mice. The early
induction of CD44lowCD62low P4 cells after stimulation is in line wifindings from
Ho nj o 6 thatguggesthaaP1 cells transition to P4 celigfore transitioning to P3 and

P2 cells
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Fig. 4.1: Live cells and CD8 T cells after stimulation for 6hBar graphs quantifying the
percentage oA. Live cells andB. CD8+ T cells after stimulation of splenocytes from

C57BL/6 and O-1 transgenic mice with ConA, CD3/CD28 antibodies ovalbumin

peptidefor 6 hours Twooway ANOVA wi t h Tampaisgoisand 96% | t i p | e
confidence interval was used for statistical analy&ignificanceis shownfor WT versus

OT-1 within each treatment condition unless otherwise indicdetsignificant (ns) = p

> 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; **** p <0.0001.
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Fig. 44: CD8 T cell sibsets in C57BL/6 mice and OTL miceafter stimulation for 6h.

Bar graphgjuantifying A. Naive P1 cell8. Central memory P2 cells. Effector memory

P3 cells and. CD44lowCD62LIow P4 cellsn both C57BL/6 mice (WT) and OT
transgenianice after 6h of stimulation with ConA, CD3/CD28 antibodies or ovalbumin
peptide.Twooway ANOVA wi t h Teconparigonsand 95% | confidpnices
interval was used for statistical analys&gnificanceis shown individually between

different treatment groups compared to NT for WT (in black) and different treatment
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groups compared to NT for GT (in grey).Not significant (ns) 3 > 0.05; *p < 0.05; **p

< 0.01; **p < 0.001; **** p <0.0001.

4.3.2. Early induced P4 cellsare functionally capable and carproduce IFN-2

To assess whether CD8 T cedlee functional after activation at the eatitye pointof 6
hours, we measured thEN-0 r e s p otheslifereiat types aktimulationin WT as
well as OF1 mice In WT C57BI/6 miceaweak IFNo response was seen in CD8 T cells
uponstimulationwith ConA andCD3/CD28 for 6h(Fig. 4.5).In OT-1 mice,similarly, a
weak IFNo r e swasabsemwedin CD8 T cellsupon stimulation with ConA and
CD3/CD28 however,ova peptide stimiation led to therobustproduction of IFNo by

CDS8T cellsat 6 hourqFig. 4.6). Further, upon gating on P3 effector memory T cells, we

observed that P3 cells were capable of--N pr oduct i on and al most

IFN-o+ upon ova treat ment (Fi g. 4. 6) . Fi

cells, we observed that like IB8lls, P4 cells were also capable of tEN pr oduct i on

atalower frequency compared to P3 cells (Fig.4.6).

Quantification ofthe IFNO  r e s p o n' s ein Wlhnuce,dFtNo + h@Db8 T c el

significantly increased only in CI¥)CD28 activation comgred to NT (Fig. 4.7A). In OT
1 mice,significant increasein IFN-0 + ¢ erbdbserved upon CD3/CD28 stimulation
as well as ova peptide stimulati@ifig. 4.7A) In the CD44lowCD62Llow P4 population,

significanty increasedIFN-2 + T ¢ e lalbosobsewes rupon stimulation with

CD3/CD28 and with ova peptid€ig. 4.7B) No significant changestoIFDl pr oduct i o

were observedithin this population in WT splenocytes upon any treatniErgt. 4.7B).

It is interesting to note that ova peptiggémulation & OT-1 splenocytes produced the
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largest IFNo  r e sby 6DB4J eells and P cellsat 6hof any stimulatory treatment
(Fig. 4.7 A and B).

Finally, we also looked at granzyme B production of CD8 T cells and BKpression
levels and found these to beaffected in all the different treatment conditions at this early
timepoint of 6h(Fig. 4.8) Taken together, this data suggests that P4 cells are not only
induced early after stimulatiobut also have functional capabilities with the ability to
produce IN-2 after stronger TCRstimulation This implies that P4 cells may have an
important role to play early on after priming with antigen before a strong effector CD8 T

cell response has developed.

114



ConA

CD3/CD28

Ova peptide

Gated on CD3+CD8+ T cells

|Specimen_001_Tube_001.fcs (] \SpecimemOOljubeﬁOOB‘fcs corm |[Specimen_001_Tube_005.fcs corf | [Specimen_001_Tube_008.fcs cof
[ 0,
10°§0.00% 0.87% 10°J0.00% 3.24% 10°J0.00% 8.00% 10°40.00% 0.02%
10' * 10° 4 4
o o o o 107
= = = . =
h 3 h h 103 - = 3
10 P 10
o sy 107 == s s - =
- 3 - -1
0.00% 99.13% 10 70.00% 96.76% -10°40,00% 94.00% 0.00% 99.98%
J T i N T al Ak - ul
100 100 10° 10° -100 10' 10’ a10°10° 10" 10° 10" 10° 100 10" 10°
cD8 CcD8 [@b]: cps
Gated on P3 TEM cells
Specimen_001_Tube_001.fcs co |Soecimen_001_Tu be_003.fcs con | [Specimen_001_Tube_005. fcs corf [[Specimen_001_Tube_008.fcs cof
0, 1]
10°§0.00% 0.00% 10° $0.00% 13.85% 1o° J0.00% 22.90% 1o*Jp.00% 0.20%
10° 10" 10' 10°4
o o o [=)]
= = = , =
[ w * w 3 v ¥ [T
= 00 =1 o = 10 = 10
3‘ b 102 3 ;‘.w . w ] -
-10° ] 3 ] -10°% -10 7
0.00% 100.00% "1070.00% 86.15% -10°40.00% 77.10% 0.00% 99.80%
™ T L. " T L T T T T T T
10° 10° 10 10 -1030 10 10S -10°10° 10° 10° 10' 10° 10° 10" 10°
cDs cD8 laln]:]

Gated on P4 CD44lowCD62Llow cells

|Specimen_001_Tube_001.fcs co \SpecimerLOOIjubefooafca corf | [Specimen_001_Tube_005.fcs corf |[Specimen_001_Tube_008.fcs cof
0 0,
10°§0-00% 0.00% 1o° J0.00% 0.31% 10°J0.00% 0.25% 10°J0.00% 0.00%
10° 10' 10' *
= o o o 101
Z = = =
o o 3 w
= 103 =1 = 10 = 103
E A z ,‘:.:.:’ . g
1074 103 10" - ,103:
0.00% 100.00% 10 710.00% 99.69% -10°40.00% 89.75% 0.00% 100.00%
- m il 4l L T il i o i hl
100 100 10" 10° -100 ' 107 10°10° 10" 10° 10" 10° 10° 10" 10°
cDg cD8 CD8 CD8

Fig. 4.5: IFN-2

pr odincAG57Bb/@& splenocytesupon stimulation for 6h.

Representative dot plots showing the production of-3FN B.yTotal CD8 T cellsB.

Effector memory P3 cells and. CD44lowCD62LIow P4 cells upon treatment of WT

C57BL/6 splenocytes with ConA, CD3/CD28 antibodi@sovalbumin peptide for 6h in

cell culture.
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FiQ.47:IFN-0 production by CD8 T c Bargraphsdgpiotn st i
the percentage of IFN + ¢ @Al parent GDB T cells an8. CD44lowCD62low P4 cells

in both WT C57BL/6 mice (n=2) and OT mice (n=3)after simulation with ConA,
CD3/CD28 and ova peptide for 6h in cell cultufevoway ANOVA with Tu
multiple comparisonsand 95% confidence interval was used for statistical analysis.

Significances shownindividually between different treatment groups compared to NT for
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WT (in black) and different treatment groups compared to NT forldih grey). Nt

significant (ns) = p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; **** p <0.0001.
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Fig. 4.8: PD-1 expressionand GzmB production by P4 cellsat 6h. Representative dot
plots showing the intracellular production of granzyme B and the cell siexgeession
of PD-1 on CD8 T cells aftestimulation with ConA, CD3/CD28nd ova peptide for 6h

in cell cultue.
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4.3.3. P2 central memory T cells are induce®4 hours afterin vitro stimulation

Next, © interrogatewhether the P4 population D8 T cells induced at 6 hours after
stimulation is a transitory population, we investigateslCD8T cell subsets 24 hours after
stimulationwith ConA, CD3/CD28 antibodieand ova peptide in C57BL/6 mice as well

as OTF1 transgenic miceAt this time point we noted that, contrary to the 6h timepoint,

the percentage of live cells was increased upon stimulation in all cases except stimulation
of C57BL/6 mice with ova peptidé=ig. 49A) but in line with the6-hour experiments,

CD8 T cells occupied a largerngentage of the lymphocytes in €lTmice compared to

C57BL/6 miceafterall treatmerd/stimulatiors (Fig. 49B).

Upon treatment with Con A, CD3/CD28nd ova peptide for 24 hours we observed that
the P2 cell population was robustly indu¢Ed). 410). Quantification of the different CD8

T cell subsetat 24 hourshowedthatin splenocytes fronboth C57BL/6 miceand OF1
mice, naive P1 cellsvereredwedin all treatment conditions (except ova treatment for
WT) (Fig. 411A). Next, P2 cells were also significantly increaseith all stimdatory
treatmentsn bothsets ofsplenocytesand comprised the majority D8 T cells at this
timepoint (Fig.4.11B). In the case of P3 cells, a significant difference was observed only
in the case of Ol splenocytes activated with ova peptide (Fig.1@)1 Finally,
guantification of the P4 subset revealed tnaery smallpercentagef P4 cellswerestill
obseved at 24 hours in both WT and €llsplenocytegFig. 4.11D). Altogether, his data
suggests thahe induction of P4 cells isansitory and after the first 24 hours very small

percentages of P4 cells are present in the CD8 T cells.
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Fig. 49: Live cells and CD8 T cells after stimulation for24h. Bar graphs quantifying

the percentage &. Live cells andB. CD8+ T cells after stimulation of splenocytes from

C57BL/6 and OTL transgenic mice with ConA, CD3/CD28 antibodies ovalbumin

peptidefor 24 hours in cell culturén=3). Two-w a y

ANOVA

Wi
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Tukeyo

comparisonsand 95% confidence interval wasedsfor statistical analysisStatistical

significances shown individually between different treatment groups compared to NT for
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WT (in black) and different treatment groups compared to NT withidl@ih grey).Not

significant (ns) = p > 0.05; *p < 0.05p < 0.01; ***p < 0.001; **** p <0.0001.
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Fig. 4.11: CD8 T cell subsets in C57BL/6 mice and O mice after stimulation for

24h. Bar graphs quantifying\. Naive P1 cell8. Central memory P2 cell§. Effector

memory P3 cells anD. CD44lowCD62LIow P4 cells in both C57BL/6 mice (WT) and

OT-1 transgenic micefeer 24h of stimulation with ConA, CD3/CD28 antibodies or
ovalbumin peptidgn=3). Twooway ANOVA wi t h dompaesygngrsd 95%u | t i p |

confidence interval was used for statistical analySignificanceis shownindividually
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between differentreatment groups compared to NT for WT (in black) and different
treatment groups compared to NT for-QTin grey). Mt significant (ns) = p > 0.05; *p <

0.05; **p < 0.01; **p < 0.001; **** p <0.0001.

4.3.4.CD8 T cells are polyfunctional after 24 hoursof stimulation

Next, we looked at the ability of CD8 T cells to produce-&fter 24 hours of stimulation
with ConA, CD3/CD28and ova peptide (for OT mice). We observed that in C57BL/6
WT mice CD3/CD28 stimulation led ta significant increase in thgoduction of IFN2
by CD8 T cell§Fig. 4.12A). In OT-1 mice, CD3/CD28 and ova peptigi@gmulationled to
theincreasedroduction of IFNo  ( F i2A)..We dlso looked at the GzmB production
of CD8 T cells after 24 hours of stimulati@md observed that in C57BL/6 mice, both
ConA and CD3/CD28 led to similar levels of GzmB expression in CD8 T (Eills
4.12B). In the case of O-L mice GzmB expression was inducedtbyatment with ConA,

CD3/CD28 and with ova peptide (Fig. 2B).

To detemine whether the CD8 T cells 24 hours were polyfunctional we looked at the
percentage of CD8 T cells positive for both BN and Gz mB. Weindi scov
C57BL/6 mice, CD3/CD28 stimulations led to the induction of CD8 T cellslvathIFN-

9 a n B préduction(Fig. 4.13). In OT-1 mice, CD3/CD28 stimulation ammya peptide

led totheinduction of polyfunctional CD T cells that were IEN+ G z nifBgt+4.13).

Finally, we also looked athe activation marker PEL, which is induced early after
activation of CD8 T cells anddiscovered that P2 expression was increased in all
activation conditions in both WT and @Tmice(Fig. 4.14) Stimulation with ova peptide

drove the highest increase in BDexpressioron CD8 T cellsn OT-1 splenocytes ol
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the different activation condition§-ig. 4.14) The above datsuggesthat TCR-based
stimulation for 24h leads to CD8 T cell activation and the induction ofsteong

polyfunctional CD8 T cell response

From the experiments @h and 24hit is clear that CD8 T cells upon activatisith TCR-
basedstimulation ledto the early inductionf P4 cellsUponstimulation with CD3/CD28

and ova peptidehese P4 cells are capable of BN pr oducti on but not C
at 6h At thistime point they also do not upregulate activation markers likelPBy 24

hours however,P4 cells have disappeared @i cells form a majority population within
CD8 T cells andlemonstrate IFBd pr oducti on, Gz mBregutaoduct i O |

of activation markerske PD-1.

Since P1, P2 and P3 are well characterized as naive, central mantbeffector memory
T cells with many studies focusing on dissecting thgimlogy, we focused on
characterizing the P4 subset via further eakpentswhich thus far remains relatively

unexplored.

126



CD8 IFN-y+ T cells

50

mm WT
» 404 l =1 OT-1
Q
Q
— 30
a
ns
O 204
—
5]
X 10—
ns
0 |'=I T T -
NT ConA CD3/CD28 Ova 24h
B.
CD8 GzmB+ T cells
80+
, - WT
@ - I =1 OT-1
3 60
o T
|_
8 40—
(¥
[
[e]
= 20+
ns
D 1 1 1 1
NT ConA CD3/CD28 Ova 24h

Fig. 4.12: IFN-2 and GzmB production by CD8 T cells upon stimulation for24h. A.

Bar graphs depict the percentage of 4bFN- c e | | s i after BIDAB stimulatooe | | s
with ConA, CD3/CD28 and ova peptide in WT and @I mice (n=3). B. Bar graphs
showing the percentage of GzmB+ CD8 T cells aftenulation of WT and OTF1
splenocytesvith ConA, CD3/CD28and ova peptidéor 24 hoursin cell culture (n=2).

Twoway ANOVA wit h dompadgspndsd 999w cortfidemqce ieterval was
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used for statistical analysiSignificancas shownindividually between different treatment
groups compared to NT for WT (in black) and different treatment groups compared to NT
for OT-1 (in grey). Mt significant (ns) = p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001;

**** p <0.0001.
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Fig. 4.13: Polyfunctional CD8 T cell response after stimulation for 24hBar graphs

depicting IFNo + Gz mB+ CD8 T <cell s after st-Lmul at i
splenocytes with ConA, CD3/CD2&nd ova peptide for 24 houfs=2). Two-way

ANOVA with Tukanpaisonaniudb% copfideace interval was used for
statistical analysisSignificanceis shownindividually between different treatment groups
compared to NT for WT (in black) and different treatment groups compared to NT for OT

1 (in grey). Mt significant (ns) = p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; **** p

<0.0001.
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Fig. 4.14: PD-1 expression on CD8 T cells after 24 hours of activatioRepresentative
histograms demonstrate the expression oflPdjter stimulation of C57BL/6 and GI'

splenocyes with ConA, CD3/CD28nd ova peptide for 24h in cell culture.
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