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ABSTRACT

Asymmetric metabolism by sibling lymphocytes couptig

differentiation and self-renewal

Yen-Hua Chen

After naive lymphocytes are activated by foreigtigams, they yield cellular progeny with
diverse functions, including memory cells, effeatells, and precursors of germinal center B
cells. However, it remains unclear whether a nginghocyte is capable of generating daughter
cells with multiple fates or multiple naive celleactivated and each give rise to daughter cells
with different cell fates. This dissertation ana&gzhe role of asymmetric cell division in the
generation of effector lymphocytes and maintenariggogenitor cells. Our data provide
evidence that daughter cells exhibit differentigiorhondrial stasis and inherit different
amounts of glucose transporters, which is coupetigtinct metabolic and transcriptional
program in the sibling cells.

To uncover the links between mitochondstakis, transcription network reprogramming
and cell fate, we perturbed mitochondrial clearamite pharmacological and genetic
approaches. | found that the treatments, which ireganitochondrial function, increased the
differentiation of B cells and T cells into effec&ubsets. Thus, we hypothesize that
mitochondrial stasis could be a trigger for effectell differentiation. To further explore the
mechanism for aged mitochondria-induced shiftsandcriptional and metabolic programs, we

used ROS scavengers and glycolysis inhibitors tochstrate that mitochondria function and the



expressions of lineage-specific transcription fextyosstalk through ROS-mediated signaling
and activating AMPK. ROS scavenger treatments ldeipenaintain the progenitor population
and suppressed the differentiation of effector stdysvhereas effector cell differentiation was
boosted in the AMPKxl knockout. These results suggest mitochondriasstmduced ROS is
required for repressing Pax5 and increasing IRF4.

In addition to showing mitochondrial stasieshnection to cell fate, this dissertation also
demonstrates the linkage between phosphatidylime3ikinases and glucose transporter 1
(Glutl) in establishing polarity in dividing celsd in transcriptional reprogramming. The
PISK/mTORCL1 pathway is required for maintenancsuwface and intracellular Glutl levels. By
using retroviral reporters and Myc-Tagged Gluth$genic mice, we found that activated B cells
and CD8 T cells up-regulate surface and intracellular Glvhile shifting their transcriptional
programs toward effector cell differentiation. PIakd Rabl1la are required to establish the
polarity of Glutl near MOTC in interphase througbtaphase, and to asymmetrically segregate
Glutl into the two daughter cells, suggesting BI&K signaling not only induces the different
transcriptional programs in the daughter cellsdisb establishes the self-amplifying mechanism
of aerobic glycolysis in the daughter cell thatllw#écome an effector cell.

In sum, this dissertation suggests that asymmiit@chondrial stasis and nutrient up-take
could be part of the driving force of cell fate ogito self-reinforcement and reciprocal
inhibition between anabolism and catabolism. Thiesalts shed light on the deterministic
mechanism of effector cell differentiation and pd@vclues to the basis of maintenance of self-
renewal by activated lymphocytes. These findingdatbe beneficial for producing memory
cells and preventing effector cell exhaustion plgoein a chronic infection or in cancer

microenvironment.
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Chapter 1: Introduction

1.1 Models for generating effector and memory celieterogeneity

Two opposing models have been proposed to expinlymphocytes generate robust
effector-memory responses. The “one cell-one fatedel predicts that early stimulation
specifies a homogeneous fate among the cellul@reprpof an antigen-specific cell, whereas the
“one cell-multiple fates” model predicts that ttelalar progeny of an antigen-specific cell can
adopt different fates. We have observed asymmstgeegation of fate determinant transcription
factors, such as T-bet and Bcl-6, in B cells are®lls. If asymmetric division can generate
progenies with different fates, our results witesigthen the one cell-multiple fate model.
Visualizing the process of differentiation in viean, therefore, help to resolve this controversial
issue. Here, | would like to combine multi-fluorest transgenic mouse model, confocal
microscopic analysis, and intravital imaging toedetine where, when, and how pre-GC B cells

become committed to a specific fate.

1.2 B cell maturation and differentiation

1.2.1 B cell development in the bone marrow

The development of B cells can be divided imto repertoires based on genetic modification
events and where the event take place (Sagaean@ms, & De Wolf-Peeters, 2007). A primary
B-cell repertoire is derived from the hematopoistem cells (HSCs) in the bone marrow. HSCs
differentiate into hematopoietic multipotential gamitors, which are the precursor of lymphoid-
primed multipotential progenitors (LMPPs) (Adolfsset al., 2005). LMPPs have the potential
to become monocytes and common lymphoid progenj@it®s). The branch point of B cell and

T cell developments starts from CLPs, which care gise to both B cells and T cells but not

1



myeloid-lineage cells (Kondo, Weissman, & Akasii9T). The development of B-cell
precursors is guided by cytokines secreted by mdiffiebone-marrow cells, the surface receptor
repertoire dynamics, and the coordination of sdvemascription factors, such as Pax5, forkhead
box O1(Foxol), PU.1, E2A, and early B-cell factqiebfl) (Y. C. Lin et al., 2010).

However, not until the up-regulation of Paxpression do pro-B cells become lymphoid or
myeloid lineage committed. Indeed, pro-B cells dedifrom Pax5 knockout mice were capable
of differentiating into macrophages, dendritic setir natural killer cells with the proper
cytokine inductions, suggesting pro-B cells arecoohmitted to B cell lineages in the absence of
Pax5 (Nutt, Heavey, Rolink, & Busslinger, 1999)the next section, we will discuss their
function and how their interaction with other trangtion factors directs and maintains B cell
commitment.

Immunoglobulin (Ig) gene rearrangement isrtiagor genetic event during differentiation
stages in bone marrow. Progenitor B-cells rearraggdeeavy chain genes to become pre-B cells,
which then rearrange their Ig light chain genelsegoome immature B-cells (Hardy, Carmack,
Shinton, Kemp, & Hayakawa, 1991). Immature B catks capable of expressing functional B-
cell receptors in IgM isotype, whereas mature Bsasdrry two receptor isotypes, namely IgM
and IgD (Geisberger, Lamers, & Achatz, 2006; Pef@isappino, & Rowe, 1966; Rowe, Hug,
Forni, & Pernis, 1973).

To ensure proper rearrangement of both heashyight chains of B cell receptors, and to
prevent further rearrangement during cell prolifieng B cell development involves sequential
cell proliferation and cell differentiation evenie alternating expression of different receptors
is regulated by activating PI3K-mediated cell cymtegram and negative feedback circuits that

antagonize PI3K signals.



FIt3 is highly expressed on LMPPs but lgsthe late pro-B cell stage (Wasserman, Li, &
Hardy, 1995). This is because Pax5 starts to beesgpd in the pro-B cells and to suppress Flt3
(Holmes, Carotta, Corcoran, & Nutt, 2006). CLPs barsub-divided into two populations based
on the expression of lymphocyte antigen 6 comgteys D (Ly6D). In Ly6D CLPs, E2A and
HEB activate the expression of Foxol, which thempepate with E2A and IL7 receptor signals
to induce the expression of Ebf1 in LyBDLPs (Welinder et al., 2011). The Ly6OLPs are
called all-lymphoid progenitors, which are biase@ard differentiation into B and T cells but
still can produce small numbers of NK cells or ditimicells. By contrast, the Ly6DCLPs only
generate B cells, and thus they are known as Bo@ekd lymphoid progenitors (Inlay et al.,
2009). In CLPs co-expressing FIt3 and IL7R, thallig of FIt3 ligand to FIt3 receptor signals
through the ERK and AKT pathways, whereas IL7R aigmhrough STATS (Ahsberg et al.,
2010; Kikuchi, Lai, Hsu, & Kondo, 2005).

In pro-B cells, establishment of a positigedback circuit composed of FoxO1 and Ebfl
promotes B-cell development into pre-B cells. Tkpression of FoxO1 strengthens the
expression of Ebfl, and vice versa (Mansson e2@1.2). ChlPseq data reveals FoxO1 and Ebfl
binds to different enhancer region of Pax5 and veadperatively to enhance Pax5, Igll1, and
Ragl expression. These genes are important faarggment of immunoglobulin heavy chain
and assembling of pre-BCR, and thus are esseatigr6-B cells to become pre-B cells.

Pre-B cells express IL7R and pre-BCR, which is cosag of a successfully rearranged
immunoglobulin heavy chain and a heterodimericagate light chain. The IL7R signals
through the STATS and PISK/AKT pathways to stimalatll proliferation and to inhibit g
gene recombination, whereas the pre-BCR signatsigfir Syk kinases and B cell linker protein

(BLNK) to facilitate immunoglobulin light chain gerrearrangement and through



Ras/extracellular signal-regulated kinase (ERKintobit cyclin D3-controled cell proliferation.
Therefore, there are a series of feedforward aedbfack regulatory loops downstream the two
receptors to ensure one of the two receptors beedvmgiven time. The STATS activates cell
cycle and pro-survival genes by inducing the exgoesof cyclin D3 and by pro-survival factor
myeloid cell leukaemia sequence 1 and B cell lynmph@, respectively (Cooper et al., 2006;
Malin et al., 2010).

To become immature B cells, pre-B cells neesliccessfully rearrange their
immunoglobulin light chain gene, which again regsithe expression of Ragl/Rag2 genes. This
event requires attenuation of IL7R signals throtegtuction of PI3K/AKT activity and
enhancement of FoxO1 expression, enabling Fox@hter the nucleus (Ochiai et al., 2012). In
the pre-B cell stage, FoxO1 has been found to twride regulatory region of a wide range of
genes involved in immunoglobulin recombination sasRagl andRag2, cell-cycle inhibitors
(Cdknla andCdknlb), and adaptor proteins downstream of pre-BCR $iigméBlInk and Syk)
(Ochiai et al., 2012By activating Blnk (also known &LP-69 and Syk, stimulated pre-BCRs
up-regulate the expression of IRF4 and p38 (Isttiai., 1999; Thompson et al., 2007).

The augmented IRF4 expression then stimutagesxpression of chemokine receptor
CXCR4, which directs the pre-B cells toward thernbkine CXCL12 and away from IL7-
producing stroma cells, which may serve as a mestmafor attenuating the IL7 receptor
signaling pathway (Johnson et al., 2008). IRF4 esgion also increases Igk and ggermline
transcripts as well as Ragl and Rag2 gene tratscriperefore, the expression of IRF4 induced
by pre-BCR signaling promotes the immunoglobulghtichain recombination in pre-B cells
(Johnson et al., 2008). Unlike AKT-mediated phospladion on FoxO1, p38 activates FoxO1's

transcriptional activity byphosphorylation (Asada et al., 2007). In sum, Foe@d Pax5



cooperatively promote a positive feedback loopluding Blnk, IRF4 and p38, to antagonize the
repression effect of the PISK/AKT pathways on immglobulin light-chain recombination and

inactivation of Foxol and thus facilitate the tiéina of pre-B cell to immature B cells.

1.2.2 Extra follicular plasma cell and germinal ceter B cell differentiation

During development, immature B cells are trapipethe bone marrow under the guidance of
their CXCR4 and chemokine stromal-derived fact¢aléo known as CXCL12), which is
expressed by immature osteoblasts and endothellal(onomaryov et al., 2000). Thus,
immature B cells egress from bone marrow is regdlaty CXCR4 down-regulation (Beck,
Gomes, Cyster, & Pereira, 2014). After immatureeBsdeave the bone marrow and enter the
bloodstream, they are delivered to peripheral lyomglorgans in which a secondary B-cell
repertoire develops. Naive B cells are definetha®Btcells that have left the bone marrow but
not yet experienced external antigens (Bancheiere, Liu, & Rousset, 1994). After
exposure to foreign antigens, mature, naive B eeligiire diverse cellular fates. Activated B
cells start to express C-C chemokine receptor fyaed migrate to the border of T-cell zone
(Forster et al., 1999). Some of them proliferate differentiate into short-lived plasma cells
secreting low affinity antibodies in the extra-folllar region (MacLennan et al., 2003; Smith,
Hewitson, Nossal, & Tarlinton, 1996). Others migrhaack into the primary B cell follicles and
become GC B cells, which give rise to memory Bscalid long-lived plasma cells secreting
high affinity antibodies (Nossal, 1992).

My study focused on understanding the moleaukechanism balancing the memory and
effector cell repertories during mature B cell éifintiation. In the next section, | will discuse th

key transcription factors required for maintainBigell commitment and directing mature B cell



differentiation.

1.2.3 Transcription factors that determine memory Bcell and plasma cell differentiation

The Pax5 gene encodes a member of the paired buoly faf transcription factors. Pax5 is
also called B-cell specific activator protein, besa it is a mammalian homolog of the tissue-
specific activator protein in sea urchins (Barbensdenhorn, Vitelli, & Busslinger, 1990). Pax5
is a key transcription factor required in earlyfgliéntiation of B cells including progression
beyond the pro-B-cell stage and repression of Balge-inappropriate genes (Nutt et al., 1999).
Thus, B cell identity is maintained by expressiéax5 throughout immature and mature B cell
stages, until their terminal differentiation intotdody-secreting plasma cells (Delogu et al.,
2006; Nera et al., 2006). In Pax5 knockout miceeB development is blocked at the pre-B cell
stage (Rolink, Schaniel, Bruno, & Melchers, 2002).

The IRF4 gene encodes a transcription factor effeton regulatory factor (IRF)
superfamily. In accordance with its name, IRF4nisnaportant regulator in defending against
viral infection (D. Xu, Zhao, Del Valle, Miklossg Zhang, 2008). However, IRF4 also
modulates the development of several adoptive inenuatis. IRF4 expression in both B cells
and T cells is required for the formation of geraticenter and follicular helper T cells (Willis et
al., 2014). Furthermore, germinal center B celld memory cells derived from IRF4 conditional
knockout mice failed to differentiate into plasnals, implying IRF4 is a key transcription
factor of B cell commitment into plasma cells (et al., 2006). IRF4-deficient B cells also
lack class-switch recombination and expressiorcovation-induced deaminase (Klein et al.,
2006).

The relationship between Pax5 and IRF4 is dexngnd differs in each differentiation stage.

In the precursors of germinal center B cells oved cells that have been stimulated in vitro,



IRF4 expression is low and Pax5 expression is (fgitukla & Lu, 2014). Thus, IRF4 interacts
with Ets and AP-1 family transcription factors todthe EICE/AICE motifs on the promoters

of Bcl6, Obfl and AID genes (Brass, Zhu, & SingB99; Glasmacher et al., 2012; Ochiai et al.,
2013). The co-expression of Bcl6 and Pax5 thenustites the expression of AID and UNG,
which are required for somatic hyper-mutation alad< switch recombination, initiating the
germinal center reaction (Alinikula, Nera, Junft8alassila, 2011). At these early stages, Pax5
and IRF4 have synergistic function on activateceBsc The levels of IRF4 gradually augment as
the B cells undergo several rounds of division.

However, when B cells undergo terminal diffégration into plasma cells, the high level IRF4
is required for down-regulation of Pax5, leadindghe expression of plasma cell specific
transcription factors, such as XBP1 and Blimp-Lfdan et al., 2009; Shaffer et al., 2004). In
the light zone of the germinal center, antigen @né=d by follicular dendritic cells and follicular
helper T cells increases the expression level B#IR centrocytes. At the higher cellular
concentration, IRF4 can bind to the low affinityRIES motifs. This shift in binding pattern allows
IRF4 to stimulate the expression of Blimp-1, whiepresses Bcl-6 and Pax5 expression and
initiates plasma cell differentiation (Klein et,&006; K. I. Lin, Angelin-Duclos, Kuo, &

Calame, 2002).

1.2.4 The regulators of Pax5 and IRF4 during B celictivation

In the previous section, we talked aboutdyr@amics of Pax5 and IRF4 expression during B
cell maturation and differentiation. Here, we aoéng to further discuss the regulators and signal
pathways that modulate the expression of Pax5RRd.IThe most important signaling pathway

associated with immune cell activation is the PBKI/mTOR pathway.



Phosphoinositide 3-kinase (PI3K) can be atée by several kinds of receptors, including
integrins, receptor tyrosine kinases, B and T ragéptors, cytokine receptors and G-protein-
coupled receptors (Okkenhaug & Vanhaesebroeck,)2008 cells, cross-linking B-cell antigen
receptors leads to CD19 phosphorylation, which jokesa docking site for clasg PI3K
(Koyasu, 2003; Otero, Omori, & Rickert, 2001). Tdiass h PI3K phosphorylates the 3'-
hydroxol group in phosphatidylinositol and phosplusitides to produce phosphatidylinositol 3-
phosphate (PI(3)P), phosphatidylinositol (3,4)-bsgphate (PI1(3,4)P2), and
phosphatidylinositol (3,4,5)-trisphosphate (PI(8)B3 (Okkenhaug, 2013) at the plasma
membrane. PI(3)Ps serve as docking sites for thekBrin Homology domain (PH domain)-
containing protein kinase8:phosphoinositide dependent protein kinase-1 (Pdtthe
serine/threonine kinase AKT (also called proteimakie B) (Bayascas et al., 2008; Franke,
Kaplan, Cantley, & Toker, 1997). The co-localizatmf PDK1 and AKT enables PDK1 to
phosphorylate and to activate AKT (Alessi et 28297).

AKT activates mTORC1 through multiple paratetchanisms. AKT phosphorylates
tuberous sclerosis protein 2 (TSC2) and prolink-Akt substrate of 40 kDa (PRAS40), which
are negative regulators of mMTORC1 function. Thesphorylated TSC2 switches its partner
from TSC1 to cytosolic anchoring protein 14-3-3rdpting the TSC1/TSC2 dimer, which
inhibits MTORC1 function (Cai et al., 2006; Inoki, Zhu, Wu, & Guan, 2002). Similarly,
phosphorylated PRAS4freaks apart with the regulatory-associated praemTOR (Raptor)
protein in mTORC1, enabling Raptor to recruit mTARSubstrates: S6K1 and 4E-BP1
(Oshiro et al., 2007; Vander Haar, Lee, Bandhakaxiifin, & Kim, 2007).

The PI3K/AKT pathway represses Pax5 exjpraghirough sequestering its activator Foxol

from the nucleus and supporting the expressiotsohhibitor IRF4 (W. H. Lin et al., 2015).



AKT phosphorylates the transcription factor forktidex O1 (FoxO1), leading Foxol to be
bound by 14-3-3 protein (Biggs, Meisenhelder, Hyr@avenee, & Arden, 1999). The 14-3-3
proteins are a family of proteins that prefer todio specific phosphorylated serine and
threonine motifs (Obsil & Obsilova, 2011). One lo¢ t14-3-3 interacting motifs in FoxO1
overlaps with the C-terminal basic region of theAbinding domain. Because this region also
includes the nuclear localization signal of Fox@i&, binding of 14-3-3 protein inactivates
FoxO1’s DNA binding activity and promotes its shinty from the nucleus to cytoplasm (X.
Zhao et al., 2004).

In addition to hijacking the activator B, activation of the PI3BK/AKT/ mTOR pathway
also augments the expression of IRF4, which repseBax5 expression at higher concentrations
(Sciammas et al., 2006). An early study showeddiiatexpression of IRF4 in Oci-Ly7, a cell
line derived from human germinal center B cellpressed a group of genes highly expressed in
germinal center B cells, including Pax5, Bcl6, #acdda (Sciammas et al., 2006). Similarly, our
group has used IRF4 knockout mice to demonstratel 4 is essential for the downregulation
of Pax5. In LPS-stimulated mature B cell cultut&4 knockout B cells retain their Pax5 high
phenotype, even after they have undergone sufticembers of cell divisions that Pax5
repression is observed in wild-type cells undersidm@e conditions (W. H. Lin et al., 2015). In
the same study, we also demonstrated that the chemiibitors PI3K, AKT, or mTOR could
suppress the Pax5 downregulation and IRF4 up-régalan wild-type B cell cultures. Taken
together, PI3K signaling pathway-induced Pax5 seggion is partially mediated by

strengthening the expression of IRF4.



1.3 T cell maturation and differentiation

1.3.1 Early T cell development in the thymus

Despite the progenitors of B cells and T cells isttpsome key transcription factors, such
as PU.1, Runx1/CBF and lkaros, their lineage commitment pathwaytedgignificantly in
several respects. First, the developmental even® tells happen predominantly in the bone
marrow, whereas those for T cells happen in thetlsy Therefore, bone marrow-derived
progenitors need to exit the bone marrow, mwithin the bloodstream, and home to the thymus
throughout the life spamowever, studies about the identification of mplitent progenitors
that migrate through the blood stream to popula¢ethymus have remained controversial.
Perhaps more than one progenitor population cartg#bto replenish the progenitors in thymus
through distinct homing mechanisms (Zlotoff & Bhaoth, 2011). The most promising
candidates are LMPP and CLP.

Second, the progenitors of T cells have ingdft broad potential to further differentiate into
other lineages. B cell commitment occurs after Rgx®gulation in pro-B cells, whereas the T
cell commitment is not complete until after seqianineage exclusion steps block the potential
to become macrophages, granulocytes, DCs, and NiK(Gobaleda, Schebesta, Delogu, &
Busslinger, 2007). The early thymic progenitorswet from LMPP and CLP are characterized
by Kit"LI-7R"™". They differentiate into K#LI-7R"*" double-negative (DN)2a cells. The T cell
commitment happens during the transition from tiNgB to DN2b stage. In the DN2a stage, the
expression of transcription factor Bcll11b is indditg the Notch pathway and multiple
transcription factors, including CSL, Tcf-1, GATABd Runx1 (Kueh et al., 2016). The
expression of Bcll1b restricts the potential ofeliscto differentiate into NK cells, myeloid and

dendritic cells (Li, Leid, & Rothenberg, 201@nce they enter the DN2b stage, these pro-T cells
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start to rearrange the TBRTCR5 and TCR loci.

Third, Notch1l signaling is essential for Tldeleage commitment from bone marrow
progenitors stages until they have passe@belection checkpoint. By contrast, the function of
Notch signaling during early B-cell development e@ns unclear, but Pax5-mediated repression
of Notch1l is part of the mechanism of B cell lineagpmmitment and repression of T cell
lineage commitment (Souabni, Cobaleda, SchebesBys&linger, 2002).

Only after their transition from DN3a to DN8tage can pro-T cells stop relying on Notch
signaling. It is during this transition that the sussfelly rearranged TCRchain pairs with pre-T
cell receptor alpha to form pre-TCR. The cells tyaterate functional pre-TCR are stimulated
by pre-TCR signals for survival and proliferatiovhereas those cells that fail to produce
functional pre-TCR are eliminated by apoptosis. § lthis checkpoint of T cell development is

calledp selection.

1.3.2 Effector and memory T cell-fate decisions

Until now, the mechanism and time point for generadf memory T cell after infection
has remained unclear. Indeed, how one defines sonyefcell lies at the heart of this dispute.
One of the most widely used definitions is basedhentime that the antigen specific cells persist.
That is, antigen specific memory cells can be detemonths after infection or exposure to
antigen. However, this definition cannot be apptiedtudy the early development of effector
and memory cells after infection. Therefore, sotneiss have defined memory cells by their
functional characteristics, including their abilityundergo rapid proliferation in response to
antigen and to undergo homeostatic proliferatioemvthey are stimulated by cytokines (such as

IL15 and IL-7) (Kaech, Hemby, Kersh, & Ahmed, 200Q}her studies have proposed that the
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memory T cells can be subdivided into two groupth wifferent homing potentials and effector
functions by measuring their surface expressioB@R7 and CD62L (Sallusto, Lenig, Forster,
Lipp, & Lanzavecchia, 1999). The CD6ARCCR7 effector memory T (dv) cells are attracted to
inflamed tissues and can perform immediate effefctaction, whereas the CD62LCCR7
central memory T (dv) cells home to lymph nodes but lack immediateatffiefunction. In
addition, Tcm can differentiate into CCR@ffector cells when re-challenged by antigens.

As previously discussed in Section 1.1, one ofotsic developmental questions about the
generation of effector and memory cells is whethseingle cell is sufficient to generate
daughters with distinct function and longevity. Toee cell, one fate” hypothesis states that one
activated T cell can only give rise to daughtelsceith the same cell fate; thus, distinct fates
should emerge only from different naive T cells.d@ptrast, the “one cell, multiple fate”
hypothesis states that a single T cell can generagenies with diverse phenotypes and
functions that one observes in a T cell responkis question is now partially resolved by
single-cell adoptive transfer technology. Usingrgaction system monitored by microscopy,
Stemberger and colleagues demonstrated that atiaggpransferred single naive OT-I T cell
(a FACS-enriched CD45'1CD44°" TCR-transgenic cell) expanded into diverse pojaratas
characterized by surface expression levelS62L and CCR7 and hyifferential expression of
cytokines, including IFNy, IL-2, and TNFe, in response thisteria infection (Stemberger et al.,
2007). The pattern of surface marker and cytoknoelgction in a single cell-derived population
is indistinguishable from that of endogenous eptogactive T cells, suggesting a single T cell
can generate the full repertory of functional Tl &a&inilies after infection; thus, this result is a
strong support for the one cell, multiple fate hyyasis.

Although the single cell transfer assay is a usfoil for mapping the fate of the founding
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ancestor at single-cell resolution, it can onlytaag@a snapshot of the daughters at a specific
time point. Thus, this technique cannot recordafaching process of all daughters derived
from a single T cell in vivo. Therefore, the nexegtion is when and how fate determination
happens during the immune response. Traditionadlydevelopment of memory T cells has been
described by the linear differentiation model, whproposes that the branch point for
differentiation into effector or memory T cells dogot happen until the population enters the
contraction phase (Ahmed & Gray, 1996; Wherry gt28103). This model proposed a linear
differentiation pathway: naive T cells become dffed cells, which give rise togl, and then

Tem become Eu. However, several recent discoveries have chadénigis model and alternate
models have been proposed to explain the new clitsams.

The linear differentiation model is based tiservations made in the settings of acute
lymphocytic choriomeningitis virus (LCMV) and Lista monocytogenes (LM) infections,
which are characterized by clearance of pathogedigianeration of CD8memory cells, which
can perform recall proliferation and differentiatimto effector cells after reencountering
antigen. However, this model did not explain thehamism for generating heterogeneous
effector and memory T cells and failed to explamy\D8 T cells become defective in chronic
infections where antigen persists (D'Souza & Héd2006; Renno, Hahne, Tschopp, &
MacDonald, 1996).

An alternative model is the decreasing pidémodel, which holds that activated CDB
cells progressively lose their ability to differete into memory cells and become more
terminally differentiated during rounds of divisighmed & Gray, 1996). The number of
divisions is positively correlated with the stramgind duration of antigen stimulation. Therefore,

only optimal stimulation strength leads to enougtell expansion for the generation of
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functional memory cells and effector cells (Sarkiaal., 2007). Weak stimulation leads to
limited T-cell expansion and impaired memory depeilent, whereas persistent stimulation
leads to generation of exhausted effector T cela(® et al., 1996; Williams & Bevan, 2004).
The generation of gy and Ty is also associated with the duration of antigstimulation. The
Tcws are generated by short antigenic stimulationredseEys and effector T cells are

generated by prolonged antigenic stimulation (vaasBen et al., 2005).

1.3.3 Transcription factors of memory or effector Tlymphocyte differentiation

Despite the developmental pathway and meshafor generating memory and effector T
cells not being fully understood, many key trarsoon factors that participate in the early
development of T cells in thymus have been founglay a role in maintaining memory cells or
in differentiation into effector cells. Some fada@re required for promoting memory cell
development, survival, and self-renewal, whereherstsupport the effector function of T cells.
The former includes TCF1 and FoxO1, and the latidudes Bclllb, T-bet, and Blimp-1.

For example, the T cell lineage commitmenmegulated by Tcf-1 and Bclllb. TCF1
knockout T cells fail to generate and maintainrtte@mory T cells (Zhou et al., 2010), whereas
the deletion of Bcl11b impairs the function of etiar CD8 T cells and affects the
differentiation of CD4 T cell subsets (Avram & Califano, 2014).

In addition, the protein level of Foxol inmery-precursor T cells is higher in comparison
with that in effector T cells. Mice with conditiolhasilenced Foxol in CDS8T cells fail to elicit
an efficient secondary immune response agairsstria monocytogenes (M. V. Kim, Ouyang,
Liao, Zhang, & Li, 2013). Moreover, Foxol has beemonstrated to bind to the regulatory

region of the Tcf-1 gene by chromatin immunoprédefgon sequencing assay (M. V. Kim et al.,
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2013). These data collectively suggest that Fogogquired for the differentiation and

maintenance of long-lived memory CDB cells.
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1.4 Immunometabolism

1.4.1 The connection between metabolism and the inume system

An effective immune response requires differenesypf immune cells to reprogram their
metabolic configurations, enabling them to adoptidct requirements of nutrient catabolism,
anabolism, cell proliferation, and longevity. Imnaumetabolism is an area of study aimed to
decipher the connection between metabolism andrthreine system (Loftus & Finlay, 2016;
O'Neill, Kishton, & Rathmell, 2016a). Understandimawv distinct metabolic configurations in
various cell types facilitate pathogen defensesamport immune function holds tremendous
hope for improving the efficiency of vaccinationrdammune therapy as well as the
prevention and treatment of auto-immune disease.

Metabolic reprogramming is essential for fliifg various cellular activities, including
energy supply, anabolism, translation, transcnptmosttranslational modifications, secretion,
migration, proliferation, survival, redox balantieis thus associated with several immune
functions such as differentiation, the productiod aecretion of antibody and cytokine,
maintenance of memory populations, and rapid gnatfon after activation by antigens. For
example, the metabolism of glucose is essentiagdpporting several immune functions of
cytotoxic CDST cells. Glycolysis is one of the basic metabokthwvays for cells to generate
ATP and to prepare materials for anabolism. Moreawe synthesis of cytokine interfergn-
(IFN-y) relies on glucose availability, because glucaserigation inhibits IFN-gamma
transcription and de novo protein synthesis (Chaafewski, 2005). The secretion of IFN-
is also dependent on glycolysis (Cretenet et QL2

The byproducts of metabolism are also involvesignaling pathways. Reactive oxygen

species (ROS) are generated during cellular enaa@puction, especially by aerobic
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metabolism and mitochondrial respiration (Giordianei, Migliaccio, & Pelicci, 2007). ROS
play crucial roles in several biology functionsio€ells (Belikov, Schraven, & Simeoni, 2015).
Activated phagocytes are the extrinsic ROS sowrcd ttells. Activated T cells trigger
respiratory burst in phagocytes, which produg®xihat penetrates into T cells or oxidizes
proteins on the plasma membrane of T cells (Cemetsktagrel, Van Meerwijk, &
Romagnoli, 2002; Flescher et al., 1994). In addijtibere are several sources producing ROS
in T cells; HO-is produced by DUOX-1 and NOX-2, and superoxidear, ") is

generated by the electron transport chain of thteahondria. Carefully controlled equilibrium
between ROS and antioxidants is required for a abnmmune response. First, NOX-2-
derived ROS suppress the differentiation of Th1lZdmpport the differentiation of Th2 T cells.
In T cell-specific NOX-2 (p47 subunit) knockout rajadhe expressions of T-bet, STAT-1, and
STAT-4 are diminished, but expression of phosplated STAT-3 is enhanced, suggesting
NOX-2 deficiency favors differentiation into Thldtisuppresses that of Th2 (Shatynski,
Chen, Kwon, & Williams, 2012; Tse et al., 2010)c&=ad, ROS generation by complex | after
TCR signaling induces expression and secretiorytoknes IL-2 and IL-4 and activation of
transcription factors NkB and AP-1 (Kaminski et al., 2010). Third, ROS aifypghe TCR
signal in activation-induced cell death, whichsigportant mechanism to terminate the

immune response after foreign antigens are clg@elikov, Schraven, & Simeoni, 2014).

1.4.2 Distinct metabolic programs in effector and ramory lymphocytes
The detailed molecular mechanism and developmeatalvay of effector and memory
T cellshas remained under debate. Several models havepbg@rsed, each supported by

different experiments. The three most commonly carag models are the dedifferentiation
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model, the decreasing potential model, and thergerd lineage model (Joshi & Kaech,
2008).

The rapid proliferation and enhanced extratailacidification rates of activated T cells
suggest these cells undergo dramatic remodelitigeaf metabolic and transcriptional
programs to fulfill the demand for energy and mawstecular building blocks during the
generation of effector cells. In the previous sewi we have discussed several key
transcription factors that have been shown to bergml for establishing lineage
commitment and for maintaining the identity of etfa and memory T cells. Here, we are
focused on metabolic reprogramming and its lintheafunction and survival of effector and
memory T cells.

Naive T cells mainly rely on mitochondrial-@ésglent oxidative phosphorylation and fatty
acidp oxidation to support their basal energy consunmpty contrast, activated, fast-
dividing T cells rely on elevated aerobic glycob/and glutamine oxidation together with
oxidative phosphorylation. Most of the effectordlls are dead at the end of immune
response; however, some of them survive and becoeneory cells by adopting a metabolic
program similar to that of naive T cells, and retior a quiescent state like adult stem cells.

The impact of perturbation of the metabolicgrams on the differentiation of effector
and memory T cells has been studied with mTORC1AMBK. Blocking mTORC1 with
rapamycin promotes the differentiation of the meyrldeed T cell population in in vitro and
in vivo studies (Araki et al., 2009). On the othand, stimulating AMPK, which is a
negative regulator of mTORC1, with metformin alsomotes the formation of memory T
cells, whereas deletion of AMPK blocks the trawnsitio a memory T cell fate (E. L. Pearce

et al., 2009).
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Directly targeting some rate-limiting enzynadso results in dramatic changes in the
development of memory T cells. The over-expressiozarnitine palmitoyl-transferase
(CPT1), a key enzyme @foxidation, augments the fraction of memory T c@lan der
Windt et al., 2012), whereas over-expression ofgllgeolytic enzyme PGAML limits the
capacity of activated T cells to generate immunis ¢8ukumar et al., 2013).

Unfortunately, the link between metabolic arshscriptional reprogramming remains
unclear. There is evidence suggesting that thebuktastatus is associated with intracellular
AMP to ATP ratio, which can be sensed by AMPK. hAMP condition activates AMPK,
which suppresses and antagonitheseffect of mTOR, accelerating translation and
proliferation (W. H. Lin et al., 2015). Also, prexis reports and our data have both
demonstrated that inhibition of glycolysis by 2-ggglucose (2-DG) during T cell activation
prevents the expression of the effector-like trapsional program and the production of

antigen specific memory cells (Sukumar et al., 2013

1.4.3 The PIBK/AKT/mTOR pathway, AMPK and metabolism

In the earlier sections, we have introduced AKT8ity to activate mTOCR1 by multiple
pathways. In this section we are going to focushendifferent functions of mMTPCR1 and
MTORC2 and their agonist AMPK on fine-tuning thetab®lic program.

Both mTOR, a serine-threonine kinase, and AM&Kerine-threonine kinase protein
complex, are evolutional conserved. mTORC1 and mT®Bhare three proteins: the
catalytic subunit mTOR, the DEP domain-containingO®R-interacting protein (Deptor), and
mammalian lethal with SEC13 protein 8 (mLST8) (lP=da et al., 2009). However, mMTORC1

includes Raptor and proline-rich AKT substrate B&aKPRAS40) (Hara et al., 2002; Sancak
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et al., 2007). By contrast, mTOCR2 encompasseamgpin-insensitive companion of mTOR
(Rictor), mammalian stress-activated protein kinaseracting protein (mSIN1), and the
protein observed with Rictor-1 (Protor-1) (L. RaRee et al., 2007; Sarbassov et al., 2004;
Yang, Inoki, Ikenoue, & Guan, 2006).

An early study showed that rapamycin treatment afdances memory T-cell responses,
suggesting that memory T-cell differentiation igukated by mTOCR1
(Araki et al., 2009). Indeed, later studies havealestrated that mTORC1 influences COB8
cell effector responses, whereas mTORC?2 activigyletes CD8 T cell memory. Deletion of
TSC2, a repressor of mMTORC1, prevents CD8ells from differentiating into memory cells
and helps them retain effector characteristicsolmrast, mTORC2 inhibition helps to
increase the number of CDBiemory cells (Pollizzi et al., 2015).

Moreover, when memory CD§ cells are activated by antigens, a rapid re@ogning of
their glycolytic activity occurs, providing a sulggent ability to re-acquire effector functions.
Such immediate early glycolysis in memory CO8cells is inhibited by OSI-027, an
MTORC1-mTORC?2 inhibitor, but not by rapamycin, sesfing that mTORC2, rather than

MTOCR1, is associated with the glycolytic switchufSer et al., 2013).

1.4.4 AMPK and metabolism

AMPK is an important sensor and regulator of cali@nergy production and response to
various stress conditions, including a low leveAdiP, high amounts of reactive oxygen or
nitrogen species, and a high calcium concentrg@@ndaci, Filomeni, & Ciriolo, 2012). AMPK
is the major regulator of transcription factor PG&fha, which is the key regulator that controls

the production of genes related to mitochondrigwel (Canto & Auwerx, 2009). AMPK also
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antagonizes the activation effect of AKT on Foxotl amTOR by activating the TSC1/TSC2

complex and phosphorylating Foxol, respectively(S&teele, & Crowell, 2009).
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1.5 Mitochondria and immunity

1.5.1 The regulators of mitochondrial motion, fusia, and fission

Mitochondria not only play a role in energy prodactbut also in diverse cellular activities,
including anabolism, calcium and iron homeostd®@S production, apoptosis, and the immune
response. To date, our knowledge about regulatatgins involved in mitochondrial shaping,
motion, and morphology is largely from studiesSaécharomyces cerevisiae (Altmann &
Westermann, 2005; Dimmer et al., 200&though severahomologous genes have been found
in higher eukaryotes, their functions do not exatkcapitulate their homologs in yeast. For
example, mitochondrial transportation in mammadalhs relies mainly on microtubules,
whereas in yeast, mitochondrial transportationasedependent on the actin cytoskeleton
(Boldogh, Fehrenbacher, Yang, & Pon, 2005; Chadidodienbeck, 2004)Detailed mechanisms
for how mitochondria segregate into daughter celtsain largely unclear in mammalian cells.
In this introduction section, | mainly focused oammmalian systems.

Mitochondrial transportation and quality cohtee regulated by three activities:
mitochondrial movement, fission, and fusion. Thansiportation of mitochondria along
microtubule networks relies on two families of mopooteins: the kinesinenddyneins(Tanaka
et al., 1998; Varadi et al., 2004). In additidfilton and Miro (RhoT1/2jare two important
adaptor proteins that form the mitochondrial matdaptor complex, which links the motor
proteins to the mitochondri#ilton is the adaptor protein that connects Mirdie motor
proteins, whereas the Miro is a transmembrane iprttat anchors to the mitochondrial outer
membrane through its C-terminal transmembrane dofkaiansson, Ruusala, & Aspenstrom,

2006; Glater, Megeath, Stowers, & Schwarz, 2006)o Mas two GTPase domains, which are
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distantly related to the Ras superfamily of smatgpsine triphosphatases (GTPases), separated
by a pair of EF hand domains, which indicates thatactivity of Miro can be regulated by the
level of C&"* (Fransson et al., 2006). One of the ways to réguke motion of mitochondria is
that when C# binds to these EF hands domains in Miro proteiinp veversibly disengages
from microtubules. Using cultured embryonic hippogal neurons derived from mice and rats,
PINK1 and Parkin have been reportedriduce proteasomal degradation of Miro by
phosphorylated Miro and by ubiquitinylate Miro, pestively (X. Wang et al., 2011).

Mitochondrial morphology, fusion, and fissiare regulated by Dynamin-related large
GTPases: dynamin-related protein 1 (Drp-1), the@fugins (Mfnl and Mfn2), and Opal
(Olichon et al., 2002; Santel et al., 2003; SmimdSriparic, Shurland, & van der Bliek, 2001).
Drp-1 proteins are in the cytosol and are recruibeghitochondria by mitochondrial outer
membrane proteins, suchragochondrial fission 1 (Fsil), mitochondrial fiesifactor (MFF),
Mitochondrial dynamics protein of 49 kDa (MID49jd51 kDa (MID51) (Loson, Song, Chen,
& Chan, 2013). When assembling on and wrappingratdkie mitochondrial outer membrane,
oligomeric Drp-1 proteins cause the constrictiomitochondria and thus facilitate
mitochondrial fission (Yu, Fox, Burwell, & Yoon, 26). By contrast, mitochondrial fusion is
regulated by mitochondrial outer membrane prot®ifisl and Mfn2 and by mitochondrial inner
membrane protein Opal, which mediate the effusfanitmchondrial inner membrane (Olichon
et al., 2002; Santel et al., 2003).

Mitochondrial morphology is coordinated witte cell cycle. In G1 phase, mitochondria
form an interconnected network, which is fragmentden cells enter mitosis (Taguchi, Ishihara,
Jofuku, Oka, & Mihara, 2007). This transition obecause cyclin—-CDK activity not only

drives cell cycle progression but also regulatestthnscription, stability, and activity of
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mitochondrial fission proteins. On the transcripibleve| when CDK activates the transition
from G1 to S phas@Rb is phosphorylated by CDKs. Phosphorylated pRB breaks apart from
the pRB/E2F complexes, which enables E2F to activate the transcriptiosederal
mitochondrial function genes (Ambrus et al., 20BEnchet et al., 2011; Sankaran, Orkin, &
Walkley, 2008) Moreover, when the cyclin-B-CDK complex is activéites a cell enters
metaphase, it activates Drp-1 through phosphoopigflaguchi et al., 2007). Also, during
metaphase, mitotic kinase Aurora A phosphorylat@sAR which forms a complex with
RALBP1 and cyclin B-CDK1 on mitochondria that medgathe phosphorylation of Drp-1
(Kashatus et al., 2011). The fission activity iadtivated at the end of telophase, when the

anaphase-promoting complex (APC) targets the Dppaiein for degradation (Horn et al., 2011).
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Figure 1.1 The regulators of mitochondrial motion fusion and fission

The mitochondrial life cycle involves biogenesission, turnover, and fusion. The fission
and fusion of mitochondria is regulated by Cyclepdndent kinases (CDKs) and anaphase-
promoting complex (APC). In S phase, CDK1-cyclinBnplex phosphorylates Drp-1 and
triggers mitochondrial fission. Therefore, the raltondrial network is fragmented at the G2 and
M phase. When APC triggers the completion of meagaphAPC targets Drp-1 for degradation.

The pharmacological inhibitors are colored red.
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1.5.2 The linkage between mitochondrial function aththe immune system

Mitochondria are multifunctional organelles. Theyve not only as energy factories and
biosynthetic factories but also as the major medsabf apoptosis and a hub in the innate
immune system (Ernster & Schatz, 1981; X. Wang,1200est, Shadel, & Ghosh, 2011). Recent
studies, however, have also implicated that mitadnia are signaling organelles influencing
differentiation, proliferation, and aging. In batinate and adaptive immune cells, mitochondria
are necessary for guiding lymphocyte differentiatmd for fulfilling cell-type specific
metabolic demands of different immune cells. Indeled development and differentiation of NK
cells, T cells, and B cells are all reportedly édkwith mitochondrial functions (Jang et al., 2015;
van der Windt et al., 2012; S. Wang et al., 2016).

It has been demonstrated that memory T cellnaeahory NK cell formation can be enhanced
by treating an immunized animal with rapamycin, ethis a pharmacologic molecule that
induces autophagy by inhibition of mMTOR (Araki &f 2009; T. E. O'Sullivan, Johnson, Kang,

& Sun, 2015). Moreover, an early study on immurspoase t&. aureus infection found that
rapamycin treatment blocked the differentiatioloman B lymphocytes into antibody-secreting

cells (Aagaard-Tillery & Jelinek, 1994).

1.5.3 The mitochondrial quality control system

Despite mitochondria playing an important riolg@roviding energy and nutrient homeostasis,
as well as in signaling pathways, accumulationavhdged mitochondria causes cell death and
tissue dysfunction and increases oxidative strgggdducing excessive reactive oxygen species
(ROS) (Cleeter, Cooper, Darley-Usmar, Moncada, &apaa, 1994). Therefore, a sophisticated

quality control mechanism has been evolved to repa to replace damaged mitochondria
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(Ashrafi & Schwarz, 2013).

Because mitochondrial DNA only encodes lesa #iagenes, the majority of the
mitochondrial proteins are encoded in the nucl@asiiman, 1999). These proteins are
translated in the cytosol and are transported titronitochondrial membranes to their
destination: to integrate into the outer/inner meanbs, the intermembrane space, omtlagrix.
The first line of defense to prevent the accumatabf misfolded or damaged protein in
mitochondria is through the mitochondrial unfolgedtein response. In the matrix, damaged or
misfiled proteins are degraded by soluble proteaseplexes (Lon and Clp family proteases) (de
Sagarra et al., 1999; Q. Zhao et al., 2002), noggaptidase Omal (Kaser, Kambacheld, Kisters-
Woike, & Langer, 2003), and m-AAA proteases (Aflauer, Feldmann, Neupert, & Langer,
1996). In the inter-membrane space, undesireegimoare removed by the i-AAA protease,
which is also a member of the AAA proteases. Tipesteases degrade their substrates to
oligopeptides, which are further degraded to anaitids by mitochondrial oligopeptidases
(Kambacheld, Augustin, Tatsuta, Muller, & Langed03) or expelled from mitochondria
(Augustin et al., 2005).

Damagednitochondrial proteins can also be removed by achiwndria—lysosome transport
pathway. Vesicles budding from the mitochondriaehbgen found to carry selected proteins to
target the peroxisomes or lysosomes (Neuspiel ,2@08; Soubannier et al., 2012). These
mitochondria-derived vesicles (MDVs) are coatechwititochondrial outer membrane protein
Tom?20, rather than autophagosome marker LC3, stiggdbkat they are not generated from an
autophagy or mitophagy pathway. This pathway remaimaffected by silencing the
mitochondrial fission Drp-1 or deleting the autoghg@rotein ATG5. Therefore, the mechanism

functions independently of the quality control lbé tmitochondrial fission.
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As mentioned above, one of the ways to regdmmaged mitochondrion is through fusion
with a healthy mitochondrion, whereby mixing coments from the two mitochondria
replenishes the damaged part of the malfunctiomitgchondria. However, for those instances
where the damaged part cannot be fixed by fusiofgranitochondria that lose their ability to
undergo fusion, the fission mechanism enableshbpming away of the dysfunctional part for
lysosome-mediated degradation: autophagy. Mitochahfdision and fission rates determine the
lengths of mitochondria. Both fusion and fissiomdlve members of the Dynam@TPase
family. In mammals, Mitofusin-1 and Mitofusin-2 redundarglypport the fusion of
mitochondrial outer membranes (H. Chen et al., 200Bereas Opal governs the fusion of
mitochondrial inner membranes (Delettre et al.,(0By contrast, mitochondrial fission in
mammalian cells is mediated by a single Dynaminilfaprotein—Drp-1 (Smirnova et al., 2001).
In response to various types of stimulation, Diprdteins are recruited to the mitochondrial
outer membrane by interacting with its mitochonlda@daptors (such as Fis1, Mff and MIEF1)
(Hoppins, Lackner, & Nunnari, 2007Puring fission, these Drp-1 proteins are then-self
assembled into spirals encircling the mitochon@i@irnova et al., 2001). Recent live cell
imaging studies have proposed that the Drp-1 rimiglels the mitochondria by a twisting
mechanism rather than by constriction (Rosenblobah.£2014).

The entire mitochondria can be removed by oxactophagy and mitophagy. Macro-
autophagy (generally referred to as autophagynisili-step catabolic process in which
cytoplasmic components andganellesare encapsulated by double-membrane vesicles called
autophagosomes. Mature autophagosomes ultimaisiwiith lysosomes for degradation of
their contents by acidic hydrolases. Macro-autogham-selectively degrades mitochondria

together with other cellular components. By cornfrdamaged mitochondria can also be
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removed by a more selective turnover mechanisredatitophagy. Mitophagy is triggered by
signals from damaged mitochondria through Parkipmedeent or Parkin-independent pathways.
In the Parkin-dependent pathway, the E3-ubiquigiade Parkin and mitochondrial
serine/threonine-protein kinase Pink1 cooperativedyk in a feed-forward amplification loop to
regulate mitophagy (D. Narendra, Tanaka, Suen, &l&,22008; D. P. Narendra et al., 2010). In
coupled mitochondria, PINK1 is constitutively imped into the inner mitochondrial membrane
and degraded by Rhomboid protease PARL (Jin e2@L0). In depolarized mitochondria,
PTEN-induced putative kinase 1 (PINK1) accumulate on the outer mitochondrial membrane
and activate Parkian E3-ubiquitin-protein ligase, by phosphorylating Parkin and ubiquitin
(Kazlauskaite et al., 2014; Kondapalli et al., 20B2hosphorylated Parkin ubiquitinates itself
and other substrates of PINK1 (Shimura et al., 20@@ding to the amplification of signals for
mitophagy (D. Narendra et al., 2008).

Although mitophagy has been shown to removechiindria that have lost membrane
potential when Parkin is overexpressed in HeLac#llmice, deletion of PARK2, which
encodes Parkin protein, did not alter mitochondrniambrane potential, evoke significant
neurological dysfunction or result in a promineatdiac phenotype (Damiano et al., 2014; D.
Narendra et al., 2008; Perez & Palmiter, 2005) sélsata suggest the presence of Parkin-
independent mitophagy pathways. In Parkin-indepehaiétophagy, damaged mitochondria
recruit autophagy receptor proteins (such as NIX|AB, FUNDC1, and Cardiolipin) to re-
localize to the outer membrane, and then thes@t@meinteract with LC3 and summon
autophagosomes to remove the mitochondria (Betllak €2009; Chu et al., 2013; Liu et al.,

2012; Schweers et al., 2007; Zhang et al., 2008)
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1.5.4 The regulation of mitochondrial homeostasisypAMPK and mTORC1

In meeting shifting energy needs, mitochondriabenesis and clearance are regulated by two
protein complexes-5* AMP-activated protein kinagdMPK) and mammalian target of
rapamycin complex 1 (mMTORC1)—which sense and iategiifferent stress signals to regulate
mitochondria activityAlthough both protein complexes have a role in stating mitochondrial
biogenesis, they work under distinct cellular ctiodis. AMPK is activated under a variety of
stress conditions, including nutrient-poor congispwhereas mTORCL is activated in the
presence of growth factors and abundant nutri&ttaw, 2009).

MTORC1 regulates mitochondrial biogenesiso#i Ithe transcriptional and translational
levels. One the one hand, mTORCL1 controls mitochahiogenesis through facilitating the
formation of the transcriptional complex of yin-gah (YY1) and peroxisome-proliferator-
activated receptor coactivatos-{IPGC-1) (Cunningham et al., 2007). The Raptor in mTORC1
serves as a docking site for YY1 (Cunningham e807). mTORC1 phosphorylates YY1 at
T30 and S365, which enhances the interaction betw&d and PGC-d (Blattler, Cunningham,
et al., 2012; Blattler, Verdeguer, et al., 2012) #grus stimulates the expression of their targeted

mitochondrial genes.

One the other hand, mMTORC1 mediates mitochondiogiemesis through phosphorylating
the eukaryotic translation initiation factor 4ER@E)-binding proteins (4E-BPs) and ribosomal
protein S6 kinases (S6Ks). Phosphorylated 4E-Blease elF4E (Morita et al., 2013), enabling
the assembling of elF4F complex, which is compadeslF4E, elF4A, and elF4G, at the 5’ cap
of mMRNAs (Sonenberg, Rupprecht, Hecht, & Shatk#v,at Tahara, Morgan, & Shatkin, 1981).
Phosphorylated S6Ks then phosphorylate S6, elFdBP&®CD4 (Dorrello et al., 2006; Fenton

& Gout, 2011; Shahbazian et al., 2006). The phogjdted PDCD4s are marked for
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degradation (Dorrello et al., 2006), releasing @ fdr translation initiation (Suzuki et al., 2008).
Taken together, mTORC1 facilitates the assembth@translation initiation complex and
several essential genes required for cell growgh proliferation and anabolic processes
(Laplante & Sabatini, 2012).

At the first glimpse, AMPK and mTORC1 sharensosimilar functions, as they both
promote glucose uptake and mitochondrial biogenesis (through phosphandaP GC-1v).
However, AMPK is activated by hypoxia, oxidativeests, and nutrient starvation, which is the
inverse pattern of mMTORC1 (Cardaci et al., 201 Rgré&fore, unlike mTORC1, AMPK
suppresses protein synthesis and stimulates awggpba@vercome the energy crisis. Indeed,
AMPK can repress mTORC1 activity by directly phosptating regulatory-associated protein
of mMTOR (Raptor) and Tuberous Sclerosis Complek&32), an upstream inhibitor of the
MTORC1 complex (Gwinn et al., 2008; Inoki et aD08).

AMPK activation favors autophagosome formatiomultiple ways. First, AMPK represses
mTORC1 directly by inhibiting Ratptor and indirgchy activating TSC2. Second, mTORC1
inhibits Unc-51-like-kinasel (ULK1) (Hosokawa et, &009), which is an initiating kinase of
autophagosomes, whereas AMPK activates ULK1 bypgiarylating its Se*’ and Sef’’ (J.

Kim, Kundu, Viollet, & Guan, 2011). Third, AMPK inites mitochondrial fission by
phosphorylating the Drp-1 receptor MFF on'8&and Sel’2 These phosphorylations are
required for MFF to recruit Drp-1 to the mitochomdliouter membrane and mediate
mitochondrial fission (Toyama et al., 2016). FOAKPK activates forkhead-box transcription
factors, especially Foxol and Foxo3, by phosphtionigGreer et al., 2007; Yun et al., 2014).
Whereas AKT-mediated phosphorylation of the forklibax family of transcription factors

prevents them from entering the nucleus (Brunat.e1999), AMPK-mediated phosphorylation
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enhances the transcriptional activity of Foxol Bo#o3, which regulate numerous genes
associated with autophagy and mitophagy. Thesesgankide LC3bUIk2, BINP3, BINP3L,
Atgb, Atgl2, and Atgl4 (Webb & Brunet, 2014). ImgutAMPK induces mitochondrial
biogenesis and autophagy, and links mitochondgaidn with mitophagy to maintain cellular

energy homeostasis and mitochondrial homeostasis.
1.5.5 Mitochondrial dynamics in memory and effectorcells

In recent years, accumulating studies have poiotedhat the remodeling of
mitochondrial morphology and function is resporssitar guiding lymphocytes to differentiate

into effector cells or memory cells. For CDB cells, effector T cells (CD44 CcD62L°"

) have
punctate mitochondria, whereas memory T cells (CH@D62L™) have a network of long and
fused mitochondria. Optic atrophy 1 (Opal) is agirorequired for fusion of the mitochondrial
inner membrane (Olichon et al., 2002). Opal knotKocells have a survival defect and cannot
form memory T cells after adoptive transfer intoipgent animals (Buck et al., 2016). Moreover,
activated T cells have elevated mitochondria RQfslyetion, which is a message to activate
nuclear factor of activated T cells (NFAT)-mediatee? production (Sena et al., 2013).

For B cells, activated B cells increaseogtiondrial mass and membrane potential, but
when they gradually differentiate toward plasmascehitochondrial mass and membrane
potential decrease. Moreover, activated B cellb Wigher ROS (staining by CM-H2DCFDA)
tend to undergo class-switch recombination, whetlease that have lower ROS tend to
differentiate into plasma cells (Jang et al., 2015)

Finally, the persistence of long-lived matikiller cells requires BNIP3- and BNIP3L-

mediated mitophagy. The number and frequency dj-lved natural killer cells can be

increased by treating them with rapamycin to inhibT OR, or by treating them with metformin
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to activate AMPK (T. E. O'Sullivan et al., 2015pKen together, in lymphocytes, including B
cells, T cells, and NK cells, activation and eféedunction are associated with increased
mitochondrial mass, membrane potential, and RO8ymteon, whereas memory function is
associated with reduced mitochondrial mass, menelgpatential, and ROS production.

In this study, | uncover a more detailed moleculachanism linking mitochondrial status to
the transcriptional program in both B cells andeli | demonstrate that the mitochondrial
status is sensed by AMPK and signaled through imitndrial-derived ROS to alter the

expression of Pax5 and Tcf7 in B cells and T cedispectively.

1.5.6 Mitochondrial stasis is associated with stegell identity, self-renewal, and fate
decisions

Similar to the observations made in memory andceffdymphocytes, stem cells and
committed progenitors have been found to displéfem@int mitochondrial morphology. During
neurogenesis in embryos, neural stem cells wifhreeewal ability exhibit relatively elongated
mitochondrial networks, whereas differentiated aeprogenitor cells have relatively
fragmented mitochondrial networks. Silencing mitmatirial inner membrane fusion protein
OPAL in Sox2 uncommitted neural stem cells reduced the aliitiprm neurospheres in vitro
and increased the frequency of commitment to neells. Knockdown of mitochondrial outer
membrane fusion proteins Mfn1l and Mfn2 in uncomaxittells results in similar defects in
neurosphere formation. Knockdown of these mitochi@ahdenes results in increased
mitochondrial ROS and cytoplasmic ROS as measwéditnSox and dihydroethidium
fluorescence, respectively (Khacho et al., 2016).

Mitochondrial stasis not only plays a roleginding the differentiation of neural stem cells
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during embryonic development but is also requidfeventing senescence of the adult
guiescent stem cells. In muscle tissues, defeetivephagy causes stem cell senescence through
the ROS-induced p1¥“? axis, and thus declined autophagy function has bieked to the
impairedmuscle stem cells'sgtellite cellsj regenerative capacitg aged mice and humans
(Garcia-Prat et al., 2016). Inhibiting autophagyaung cells by bafilomycin leads to
mitochondrial accumulation and an increase in RB)}&contrast, inhibiting ROS with Trolox or
stimulating autophagy with rapamycin prevents #rgescence phenotype and rescues the
proliferative and regenerative abilities of gei@satellite cells.

In addition to maintain the normal stem gelpulations, mitochondrial renewal is associated
with the stem-like cells in breast cancer. Usingistag chemistry or photoactivatable green
fluorescent protein to monitor the dynamics of miitondrial apportioning in dividing stem-like
cells showed that one of the daughter cells redemere old mitochondria than the other. The
daughter cells receiving less old mitochondria kittlsuperior mammosphere-forming capacity
compared with those cells accumulating more ol@achibndria (Katajisto et al., 2015).

Collectively, these experiments point ot itmportance of maintaining mitochondrial
guality and dynamics in preserving the self-reneatmlity and potential to differentiate in stem
cells and stem-like cells. Memory lymphocytes vadif-renewal capacity are thought to be the
fundamental population to establish long-term impiagical memory. They remain quiescent
until being re-challenged by antigen and differatiig into effector cells. In this study, |
identify that lymphocytes may apply mitochondriakdjty control mechanisms to ensure that a
limited number of activated lymphocytes can corgiexpansion and differentiation, after

stimulation by antigen.
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1.6 Glycolysis regulates lymphocyte functions
1.6.1Metabolism and lymphocyte functions
How does the reprogramming of metabolic pattsnaydiverse immune cell types shape

the immune response? Different metabolic pathwagsexjuired to provide energy for growth,
proliferation, survival, and executing immune fuaos. For example, inflammatory and rapidly
proliferating immune cells are often dependantemlic glycolysis, whereas regulatory T cells,
memory T cells, and many immune cells that exhdsiger lifespans tend to rely on fatty acid
oxidation. Indeed, after activation, enhanced dlygie can be observed in both adaptive and
innate immune cells, including B cells, effectocdlls, natural killer cells, macrophages and
dendritic cells (O'Neill, Kishton, & Rathmell, 2046

Although aerobic glycolysis is not the most effiti@vay to generate ATP, it can produce
NADH, which can serve as a cofactor for many enzy/iiée biosynthetic intermediates in
glycolysis also supply materials to support rag@tl growth. Similarly, the intermediates of the
TCA cycle can provide UDP-GIcNAc for the glycosydat of cell surface receptors and
secretory proteins. Moreover, many metabolic ensyplay a second role in addition to
metabolism to regulate cellular functions, thugilig metabolism with immune function. For
example, GAPDH suppresses the translation of IFidrga mRNA when it is not involved in
glycolysis (C. H. Chang et al., 2013). Also, HKhdé to mitochondrial VDACL1, which is
required for activation of NLRP3 inflammasome inamagphages (J. S. Moon et al., 2015).

In addition, several critical transcription factansolved in immune function also regulate a
variety of metabolic pathways, such as Foxol arfet Halpha (Tannabhill et al., 2013). Taken
together, the metabolic program is not just dovaastr to the transcriptional networks.

Metabolic program can feedback to reprogram thestmaptional networks in different immune
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cell types and in response to different stimuli.

1.6.2 Autophagy, mTOR pathway, and memory cells

In 2009, Koichi Araki et. al. demonstratedttin mice infected with acute lymphocytic
choriomeningitis virus, the number of virus-spexi@iD8 T cells could be enhanced by
treatment with rapamycin, which is an immune suggike drug that inhibits T cell activation
and proliferation. Using retrovirus based RNA ifgegnce (RNAI), the authors found that
knockdown of Raptor, which is part of the mTORCinptex, also enhanced memory T cell
formation, suggesting rapamycin regulates memdhddéerentiation through inhibiting the
function of the mTOCR1 complex (Araki et al., 2009)

How is mTORCL1 function linked to maintainitige number of memory cells? mTOR has
been found to negatively regulate autophagy, wisi@n adaptive mechanism for recycling
cellular components to provide amino acids duringgient depletion and starvation. mTOR
phosphorylates ULK1 and Atgl3, an essential prdt@imutophagosome formation, under
nutrient-enriched conditions (Hosokawa et al., 2088arvation and rapamycin treatments lead
to dephosphorylation of ULK1, and thus the kinastevdy of ULK1 is activated. Activated
ULK1 initiates autophagosome formation by phosplatityg Atg13 and FIP200 (Ganley et al.,
2009; Jung et al., 2009). Conditionally knocking either of the autophagy-related molecules
Atg5 or Atg7 by Gzmb-Cre impairs the survival ofus-specific T cells during the contraction
phase after LCMV Armstrong strain infection andvamats the formation of long-lived memory
T cells (X. Xu et al., 2014). Metabolite analyseyeals that lipid and glycan-biosynthesis
pathways ae altered in the Atg7 knockout T cellsXX et al., 2014). A similar phenotype had

been reported in transgenic mice in which tumourass factor (TNF) receptor-associated
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factor 6 (TRAF6) is conditionally knocked out incglls. In these animals, effector T cell
function remains intact, but the formation of meynorcells is abrogated. TRAF6-deficient
CDS8' T cells are found to have defective fatty acidabetism (E. L. Pearce et al., 2009).

A later study found that memory T cells da dioectly import long chain fatty acids, but up-
take glucose to support de novo synthesis of fatigs and uskysosomal acid lipase to provide
substrates fofatty acid oxidation (FAO) and oxidative phosphatidn (OXPHOS).

Collectively, these experiments suggest that aitgpimay be required for fueling
mitochondrial FAO in memory T cells to supply theeegy required for survival (D. O'Sullivan

et al., 2014).

1.6.3 Glycolysis and effector function of T cells

The requirement of glycolysis to switch and to matkithe expression of glucose
transporter has been reported in several studressmMIRNA of glucose transporter 1, 3, 6, and 8
are detectable in Thl, Th2, Th17, and Treg poprat(Macintyre et al., 2014). In all of the cell
types, Glutl is the predominant glucose transpoairanaive T cells, Glutl and Glut3 are highly
expressed. In T cells stimulated by anti-CD3 and@B28 in vitro, the expression of Glutl
increases as stimulation time is prolonged, whetfegagxpression of Glut3 gradually decreases.
The effects of conditionally knocking out Glutl@D4" and CD8 T cells have also been
reported (Macintyre et al., 2014). Deletion of iveP-flanked Glutl alleles in early double-
negative (DN) thymocytes by Lck-Cre results in andatic reduction of the total number of
thymocytes to only 30% of that in a wild-type aninihis is because of the reduction of CD4
CD8 double-positive and CD4 single-positive cdlist not double negative cells. By contrast,

deletion of the loxP-flanked Glutl alleles in thB-b-SP transition by CD4-Cre did not
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significantly alter the number of thymocytes, s that Glutl is dispensable for the survival
of the single positive thymocytes. Although the twemof CD4 and CDS8 T cells in the spleen
and inguinal lymph nodes in CD4-Cre Gltftimice remains similar to that of wild-type mice,
the ability of Glutl-knockout CD8and CD4 T cells to homeostaticly proliferate is reduced in
in irradiated and lymphopenic recipients. For CD&ells, the effect of Glutl deletion is less
obvious. Although in vitro stimulated CD4 Cre-GItf1CD8" T cells divide more slowly than
wild-type CD8 T cells, the effector function of CDE cells to express and release granzyme B,
IL-2, tumor necrosis factor alpha, and interferamgna (IFN) remains unaffected by Glutl
deletion, implying that the function of Glutl ca@ tompensated by over-expression of other
glucose transporters. Indeed, western blot andpnoic data reveal that Glutl knockout COB8
cells may up-regulate Glut3 and Glut6 expressiouk@timann et al., 2016; Macintyre et al.,
2014). For CDAT cells, knocking out Glutl not only affects th#fetentiation into Th1l and

Th17 subsets but also impairs the proliferatioefééctor CD4 T cells in vitro and in vivo.
Interestingly, the differentiation and in vivo fuimns of Tregs are less affected by Glutl

deletion, suggesting they may adopt alternativeabwdic pathways (Macintyre et al., 2014).

1.6.4 The role of glycolysis in B cells and plasneells

The phenotype of lost Glutl in B cells is similarthat of T cells. The number of peripheral B
cells is reduced in CD19-Cre Gl{ffimice because of the reduction of mature B cells
(IgM"B220"). However, the frequency of immature B cells (I{§{8220" in CD19-Cre Glut1"
mice is increased, suggesting the presence of@aj@mental problem. The effector function of
B cells is also affected by Glutl deletion. Theadiestate serum IgM levels as well as the levels

of serum IgM and IgG induced by immunization witR4dvalbumin are dramatically reduced in
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CcD19-Cre Glut?" mice (Caro-Maldonado et al., 2014).

Another study focused on long-lived plasmasc@lL PCs) demonstrated an additional layer
function of glucose metabolism for maintenancehefrnemory and function of antibody secretin
plasma cells. The data showed that LLPCs constéiytimport Glucose to generate pyruvate for

mitochondrial energy production and to glycosykatéibodies (Lam et al., 2016).

1.6.5 HK2, AKT, and mTORC1

Hexokinase catalyzes the first reactionlyc@ysis. It phosphorylates glucose and produces
glucose-6-phosphate (G6P), which is the rate-lifgistep in glycolysis. There are 4 hexokinase
isozymes (hexokinase | to IV) encoded by the manamaenome (Roberts & Miyamoto, 2015).
The expressions of these isozymes are tissue gpéaiiong them, hexokinase Il (HK2) is the
dominate isozyme expressed in insulin-sensitivsuéis and proliferating cancer cells (J. Chen,
Zhang, Li, Tang, & Kong, 2014; Heikkinen et al. 0BY).

In most cell types, such as in skeletal andiaa muscle cells, the activity of HK2 is

regulated by the PIBK/AKT/mTORC1 pathway from mpikéi ways. First, AKT and mTORC1
are positive transcriptional regulators of HK2 (@aaSutherland, Robey, Printz, & Granner,
1996; Printz et al., 1993). Because HK2 is a ctutstely activated enzyme, the expression level
of HK2 determines its cellular activity. Second, RAKirectly phosphorylates HK2 and targets
HK2 to the voltage-dependent anion channels omit@chondrial outer membrane (Nakashima,
Mangan, Colombini, & Pedersen, 1986; Roberts, Taim-Smith, & Miyamoto, 2013).
Therefore, HK2 can use the ATP produced by mitodhiarfor powering the energy donation
steps in glycolysis (Arora & Pedersen, 1988). ThKHT-mediated phosphorylation also lowers

the sensitivity of HK2 to the feedback inhibitiohits product G6P (Ardehali et al., 1996;
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Roberts et al., 2013). G6P not only negatively latgs the activity of HK2 but also dissociates
HK-1l from mitochondria (Roberts et al., 2013; Ra&&Varms, 1967). Finally, inhibition of
MTORCL1 activity with rapamycin has been shown tioagce the expression of micro-RNA 143,
suggesting mTORCL1 stabilizes HK2 mRNA by supprestie micro-RNA that targets the HK2
MRNA for degradation (Fang et al., 2012).

On the other hand, HK2 also regulates mTORG@iLigcthrough protein-protein interaction.
In addition to its enzyme activity, HK2 has beepwh to stimulate autophagy in a glucose-
limited environment (Figure 1.2). Under glucoseriegiion conditions, HK2 uses its TOS motif
(TOR signaling motif) to directly bind to RaptormTORC1 and thus inhibits mTORC1-
mediated repression of autophagy (Roberts, Tan{Jaly, Smith, & Miyamoto, 2014; Schalm

& Blenis, 2002).

1.6.6 The regulation of PI3K on glucose transporteGlutl

During the development, differentiation, and adima of lymphocytes, PI3K integrates
activation signals from a wide range of receptsugh as BCR and CD19 on B cells, TCR and
C28 on T cells, and different cytokine receptamnsjuding IR2-R, IR7-R. One of the important
consequences of PI3K activation is to reprogrammtbtabolic status of the cell, such as by
increasing glucose transporters on the cell menehxpressing glycolytic genes, and activating
anti-apoptotic pathways. Several studies have @egha role of PI3K in regulating glucose
transporter 1 in B cells and T cells by using PIBKibitor LY294002. The first B cell paper
describing PI3K and surface Glutl was publishe?(@6 (Doughty et al., 2006). The authors
found that anti-lg—induced BCR engagement increase@ce Glutl expression and uptake of 2-

[*H]deoxyglucose, which can be compromised by LY224idibitor or knockout of the PI3K
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p85x subunit. A later study used the lymphoid cell lifl&5.12 to study IL-3-stimulated up-
regulation of surface Glutl (Wieman, Wofford, & Ratell, 2007). The authors showed that
expression of a myristoylated and constitutivelyvaconcogenic form of Akt is sufficient to
maintain the level of surface Glutl even in theealog of IL-3 stimulation. Moreover,

expression of dominant-negative Rabl1a, a Rab GfliRaslved in endosomal recycling, leads
to the accumulation of intracellular FLAG-Glutl batluces surface FLAG-Glutl. In sum, these
results imply that the PI3/AKT pathway increasedame Glutl levels through modulating the

recycling of internalized Glutl-containing endosaenieigure 1.2).
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Figure 1.2 Metabolic re-programming during lymphiecsctivation

Naive and memory lymphocytes are more dependeoxidative phosphorylation than activated
or effector cells. When naive and memory lymphcegee activated by antigen, they up-
regulate glucose transporter (Glutl), and hexokirza@HK?2), leading to higher aerobic

glycolysis and higher oxidative phosphorylatioresat
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1.6.7 Lis1 and dynein dependent vesicle transportan

Lis1 forms a complex with NUDE and NUDEL andds the head domain of dynein heavy
chain (most of the dyneins are microtubule minud-@otor protein) (Kardon & Vale, 2009;
Yamada et al., 2008). There are four reported fanstof Lisl1. First, at the kinetochores and
microtubule plus ends, Lis1 forms a complex withEND and dynein. These complexes involve
the apical movement of nerve cells and are requdoedroper mitotic spindle organization and
orientation in mitotic cells (H. M. Moon et al., 24; Shu et al., 2004, Tai, Dujardin, Faulkner, &
Vallee, 2002). Similarly, in developing mouse ends;yLis1 modulates centriolar microtubule
organization and directs microtubule-associatednTi¢o the cell cortex, which leads to local
activation of the Rac-PAK signaling pathway. Thewation of Rac-PAK establishes a polarity
cue to guide the position of the basal body (Sijpe, Lee, Grimsley-Myers, & Lu, 2013). Third,
in postnatal hair cells, Lis1 facilitates centrogopwositioning by coordinate cortical dynein and
pericentriolar matrix organization to generate i@m®n centriolar microtubules (Sipe et al.,
2013). Finally, the interplay of Lis1, Nudel, anghein affects the speed of minus end—directed
cargo including lysosomes and is required for naanimg the integrity of Golgi cisternae (Liang

et al., 2004).

1.6.8 Bifurcating nutrient signaling and cell fate

Our hypothesis is that a lymphocyte competenindergo differentiation unequally licenses
its daughter cells to utilize nutrients, resulting bifurcation of nutritive signaling,
transcriptional network, and cell fate (Adams et2016). In one of the daughter cells, PI3K

signaling inactivates FoxO1 by AKT-mediated phosptation on FoxO1 (W. H. Lin et al.,
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2015). PI3K and the mTOR pathway increase the ¢rgt®on of glucose transporter 1 (Glutl)
and the expression of IRF4 and c-Myc. PI3K/AKT amtOR repress autophagy, which
facilitates mitochondrial stasis. Accumulation ged mitochondria and up-regulated aerobic
glycolysis synergistically increase mitochondri@® production (Adams et al., 2016). The loss
of FoxO1 protection and the augmentation of IRF#cfion contribute to the repression of Pax5
or Tcfl in one of the sibling B cells or T cellsn@e other hand, one of the daughter cells has
relatively lower PI3K activity and thus has hig@evPK activity. AMPK supports the
translocation of FoxO1 into the nucleus and inkiliite activity of mTOCR1 (Macintyre et al.,
2014). Inhibiting mTOR stimulates autophagy, buotits glucose uptake, and represses IRF4 and
c-Myc. This results in lower glycolysis, whereas BBXOS and FAO both increase. Therefore,
this daughter cell can more efficiently renew mitoiedria and produce less mitochondrial ROS.
Altogether, higher FoxO1 and AMPK activity and IavROS level allow the daughter cell to

maintain Pax5 in B cells and Tcfl in T cells (Figur.3).
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Figure 1.3 Bifurcating nutrient signaling and dalle

We proposed a model for asymmetric metaboligmsitbling lymphocytes coupling
differentiation and self-renewal. In one of the glater cells, PI3K/AKT activates mTOR,
glycolysis, mitostasis, and elevated ROS, but imat#s FoxO1. Glycolytic flux and ROS are
involved in a feedback loop that enforces the ahaloonstellation and prepares the cells for
rapid proliferation. Conversely, in the other gilglicell, inhibiting glycolytic flux activates
AMPK, which shuts down glycolytic pathway genes &etps maintain mitoclearance and
FoxO1 activity. These interrogating feed-forwardl &@ed-back regulations and mutual
inhibition of other states help to bifurcate nuttisignaling in the two sibling cells and diversify

their cell fates.
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Chapter 2: Materials and methods

2.1 Mice

All animal work was conducted in accordance witktibational Animal Care and Use
Guidelines of Columbia University. Mice were housedpecific-pathogen-free conditions.
C57BL/6 mice, Pax5-IRES-hCD2 reporter mice (FuxBudsslinger, 2007), P14 TCR transgenic
(P14) mice recognizing LCMV peptide gp33-41/Db, 8576 OTII mice expressing an I-Ab-
restricted TCR specific for ovalbumin amino aci@3339, AMPKu1 knockout mice

(Jorgensen et al., 2004) (Prkaaltml1Vio), and IRk&tkout mice (Klein et al., 2006) have been
previously described. 8-12 week old mice were deednost experiments. Myc-tagged-Glutl
mice were from Dr. Jeffery Rathmell (Young et aD11), whereas Gluti mice were from Dr.

Gerard Karsenty (Wei et al., 2015).

2.2 Cell culture and lymphocyte activation

Spleens from mice were isolated and processed estaglished protocols. B cells and CO8
cells were enriched from spleens by magnetic begative selection with the MACS B cell
isolation kit (Miltenyi) and the MACS CDS8T cell isolation kit (Miltenyi), respectively. Betis

(5 x 10 cells per well in a 48-well plate) were culturedscove’s (Corning) complete media,
unless specified otherwise, with lipopolysacchafideS) (20ug/mL; InvivoGen) for up to three
days. Enriched CD8T cells (5 x 18 cells per well) were cultured in Iscove’s completedia
containing human recombinant IL-2 (100 units/mL#Bwell plates coated with anti-CD3/anti-
CD28 antibodies (fig/mL; Bio X Cell). For stimulation of CD8T cells from P14 mice, single

cell suspensions from whole spleens were prepar@éa@tured in Iscove’s complete media,
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unless specified otherwise, containing gp33-4lideftiug/mL) plus IL-2 (100 units/mL). For
glucose deprivation experiments, B cells or P14 CTD8ells were cultured in glucose-free/2mMm
glutamine replete RPMI (Gibco) supplemented wittaF€alf Serum (dialyzed overnight with
SnakeSkin dialysis tubing 10K MWCO; Thermo Fisharyl where specified 10 mM D-(+)-
glucose (Sigma) or 10 mM D-(+)-galactose (Sigmép Tollowing compounds were used in cell
culture experiments: mDivi-1 (Cayman), Chloroqu{Eezo), Metformin (AMPK activator;
Calbiochem), Rapamycin (mTOR inhibitor; SelleckcheRrAcetyl-L-cysteine (NAC; Sigma),
2-Deoxy-D-glucose (2-DG; Sigma), LY294002 (PI3Kiimitor; Cell Signaling), Triciribine

(AKT inhibitor; Cayman), AS1842856 (FoxOL1 inhibit&albiochem), and Oligomycin (Sigma).

2.3 Retroviral transduction

Enriched B cells or CDST cells were stimulated with LPS or plate-bount-an

CD3/anti-CD28 antibodies plus IL-2, respectively, 86 hours prior to retroviral transduction.
Cells were then re-plated in supernatant collepteat to transduction. Retroviral constructs
used were as follows: mCherry-alpha-tubulin fugpootein (Day et al., 2009); mouse dominant
negative Drp-1 (K38A), a gift from David Chan (Adge plasmid # 26049) that we
subsequently cloned into the MSCV-IRES-Thyl.1 pidsm gift from Anjana Rao (Addgene
plasmid # 17442); and hexokinase 2, made by suingdhe rat hexokinase 2 coding sequence
into an MSCV-IRES-GFP vector. Empty MSCV-IRES- Tllybr MSCV-IRES-GFP vectors
were used as controls. The pMIG-IRES-truncated mUN@FR and its derivative exofacial-
FLAG epitope tagged rat Glutl were gifts from DrRathmell (Wieman et al., 2007); GFP-
wild-type Rablla and GFP-dominant negative Ral§®28N) were made by subcloning human

Rablla (Addgene plasmid #s 12674 and 12678, regplgtt(Choudhury et al., 2002) into the
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MSCV-IRES-Thyl.1 vector; and Far Red-tubulin bydaohing pmiRFP703-Tubulin (Addgene
plasmid # 79991) into the MSCV-IRES-Thyl.1 vecttmpty MSCV IRES- Thyl.1 or MSCV-

IRES-truncated NGFR (Addgene plasmid # 27489) yeck@re used as controls.

2.4 Adoptive Transfers and Infectious Challenges

Resting CD8 T cells from P14 mice (ThyI'lwere purified with the CD8T Cell Isolation Kit
(Miltenyi Biotec). 3 x 16 CD8' T cells and adoptively transferred intravenousky)into wild-
type congenic C57BL/6 mice (Thy1)2To generate acutely resolved systemic infectiorise
were infected with 5 x FOPFUs ofListeria monocytogenes expressing gp33-41 (LMgp33) by
intravenous injection. The animals were sacrifibgdiay 4 post-infection for sorting of CD8
Thy1.Z cells for immunofluorescence.
For surface Glutl level experiments, P14£Mwpgged Glutl transgenic mice were infected

with 2 x 16 plaque-forming units (PFUs) of LCMV, Armstrongastr, by intraperitoneal (i.p.)

injection. The animals were sacrificed by day 7tpokection for FACS analysis.

2.5 Flow cytometry

For detection of intranuclear/intracellular antigecells were initially washed in PBS and
stained by antibody against selected surface argiged by LIVE/DEAD Fixable Green or Red
Dead Cell Stain Kit (Thermo Fisher) and then tréatgh the Transcription Factor Buffer
Staining Set (eBioscience) according to the manufacs instructions. Antibodies specific for
the following antigens were used: Pax5 (clone 1bt§ugated to Alexa Fluor 488 or PerCP-
Cy5.5 from Biolegend or APC from eBioscience; 1:.20BF4 (clone 3E4 conjugated to PE or

eFluor660 from eBioscience; 1:100), TCF1 (clone @B®8onjugated to Alexa Fluor 647 from
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Cell Signaling; 1:100), GFP (clone 9F9.F9 conjuddteAlexa Fluor 488 from Sigma; 1:100),
and Thy-1.1 (clone OX-7 conjugated to PerCP-CytmfBiolegend; 1:200). BD LSRII,
Fortessa, and FACSAria Il flow cytometers with FAG& software were used to analyze

and/or purify cells. Flow cytometry data was anatynsing FlowJo software (versions 8 and 10).

2.6 Other dye staining protocols

Mitochondrial membrane potential was meastbseshcubating cells with MitoTracker® Red
CMXRos (Cell Signaling) (100nM for flow cytometr200nM for confocal microscopy) for 15
to 20 minutes in the culture medium at 37 degressi@s. Autophagic organelles were labeled
with CYTO-ID Autophagy Detection Kit (Enzo; 1:10@@ution of stock) according to the
manufacturer’s instructions. Reactive Oxygen Spe(fOS) were detected by incubating cells
with MitoSOX Red Mitochondrial Superoxide Indicat@ihermo Fisher; M) for 15 minutes
at 37 °C in media or CM-H2DCFDA (Thermo FisheM) for 30 minutes at 37 °C in media.
Glucose uptake was measured by incubating ceBsNBDG (Cayman; 10QM) for 45 minutes

at 37 °C in glucose-free media.

2.7 Confocal microscopy

Confocal microcopy was performed as described.(Ching et al., 2011; W. H. Lin et al.,
2015). Using transmitted light morphology, tububindge staining, and DNA staining, specific
identification of telophase or cytokinetic siblipgirs with exclusion of any spurious
neighboring-but-unrelated cell pairs is achieveith @t al., 2015). For fixed cell imaging, cells
were adhered to poly-I-lysine (Sigma) coated cdiyr$#1.5 Thermo Fisher) and treated with

freshly prepared 3.7 % PFA (Sigma) diluted in celture media (pH 6.8) in order to preserve
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mitochondrial morphology and MitoTracker Red FMditascence intensity. Following brief
treatment with 0.1% Triton, cells were stained veattiibody againsi-Tubulin (clone YOL1/34
Abcam; 1:300) and then anti-rabbit antibody confaddo Alexa Fluor 568 (Thermo Fisher) in a
PBS solution containing 0.01 % saponin and 0.2%stodkin gelatin (Sigma). For live cell
imaging, cells were transferred to poly-I-lysineaterl 8 chambered coverglass wells (#1 LabTek)
in warm cell culture media and allowed to adhereflyrbefore imaging. Images were acquired

on inverted confocal microscopes (Zeiss LSM710 iaoN Ti Eclipse) and processed

using ImageJ (v.1.46r) or Fiji (v.2.0) softwarepimject z stacks, apply a minimal smooth filter

for some displayed images, rotate, change pseuniscaonvert to RGB, and add scale bars or
time scales. Total fluorescence in defined regafr@ngle cells was quantitated using the

integrated density function in ImageJ.

2.8 Statistical Analyses

Significance between experimental groups was détexrusing two-tailed t tests or two-tailed
ratio t tests for paired data, two-tailed Mann-Whbit test for unpaired data, or repeated-
measures one-way ANOVA. Two-tailed Fisher’s exast tvas used to determine significance
for contingency statistics of microscopy data conmgaasymmetric versus symmetric
fluorescence intensity of molecules between sibiags. Statistical analyses and summary
statistics to determine means and SDs were cavtiedsing GraphPad Prism software v €

0.05,**p < 0.01, andx*x*p < 0.005).
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Chapter 3. Asymmetric mitochondrial stasis in dauglter cells guides the
differentiation of effector cells and maintenance bprogenitor cells

mitochondrial age %
ap o a differentiated cells %@
young older oldest 0 ROS; %,
_ active “ anabolism @
Naive : @ :
e progenitor o A % @% j
catabolism - anabolism y _._-mito_;_'.tas_i:g-.‘___,...---
@m ﬂ» (L'D% : bifurcated metabolism & cell fate
mitoclearance ~ mitostasis '7’130 - _
: ) \i-‘ “catabolism ™.
. P
N B Y
memory cell /b'%'r- & : ay

- % .. mitoclearance
catabolism =2 o e
W _ self-renewal

< without PI13K

mitoclearance quiescence

The results in this chapter have been published ia co-first author paper:
Anabolism-Associated Mitochondrial Stasis Driving lLymphocyte Differentiation
over Self-Renewal.

Adams WC, Chen YH, Kratchmarov R, Yen B, Nish SA, in WW, Rothman NJ,
Luchsinger LL, Klein U, Busslinger M, Rathmell JC, Snoeck HW, Reiner SL.

Cell Rep. 2016 Dec 20;17(12):3142-3152. doi: 10.60Xelrep.2016.11.065.
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3.1 Pax5 repression represents an irreversible comtment to differentiation

After immunization, Pax5-positive B cells underdonal selection, and generate
two exclusive cell populations: Pax5 high B celisl &erminally differentiated, Pax5—silenced
plasma cells. Using cells from Pax5-IRES-human @&pdrter mice (Fuxa & Busslinger, 2007),
we performed a re-plating assay to compare théyabflnCD2 (Pax5) and hCD2 (Pax%)’
cells to self-renew and differentiate. Splenic Bsckabeled with cell proliferation dye were
activated with LPS. In cells having undergone saverunds of division, hCO®and hCD%"
cells were sorted by flow cytometry and re-platedliPS-containing media. The results showed
that hCD2 (Pax3) cells are capable of generating both Paptbgeny (self-renewal) and of
giving rise to Pax8" progeny, whereas Pax5(hC[¥¥)cells are unable to regain Pax5
expression and thus are only capable of givingtdsl%ax‘o""" progeny (Figure 3.1). These results
suggest the Pax5 population, or a subset of ttpslption, has stem-cell like activity: self-

renewal and differentiation.
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Figure 3.1 Pax5 repression represents an irreverdd commitment to differentiation

(Left) LPS-activated, Pax5 (hCD?2) reporter B celkre sorted by flow cytometry from later cell
generations based on surface hCD2 expressionsBdgturity of live cells is shown.

(Right) Pre-sort Pax5 protein staining of fixeds&lext to Pax5 protein staining of sorted cells,
followed by Pax5 protein staining of sorted popioias one day after re-plating in fresh media
containing LPS. Plots depict one representativeex@nt and numbers are summary statistics

(mean = SD, n=5) for the frequency of cells witthie corresponding gate.
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3.2 Pax5 repression is accompanied by reduced mitoandrial membrane potential

A successful immune response depends on the gemeodieffector and memory
lymphocytes to providdisease-fighting cells as well as immunological memory. However, the
detailed mechanism by which the balance of thesepipulations is maintained remains unclear.
Our laboratory’s earlier work supports a stem-op@del of clonal selection. That is, after
antigen activation, an activated lymphocyte (suxh &C B cells or an activated memory cell)
can generate differentiated effector and self-reig@nrogenitors at the same time through
asymmetric cell division. Our earlier work has fduhat in dividing B cells and T cells, the two
daughter cells asymmetrically express the lineagevaining transcription factors Pax5 and
Tcfl, respectively (W. H. Lin et al., 2015). Howeyvthe detailed mechanism by which the
polarized signal is provided remains unclear.

Effector and memory lymphocytes have beendao adopt distinct metabolic preferences.
Also, mitochondrial dynamics and functional statisave been linked to the differentiation of
plasma cells. | hypothesis that asymmetric mitodhniahfunctional status in the two daughter
cells provides guiding signals for establishing aisgmmetric transcriptional program. To
understand whether transcription programming ip®to mitochondrial status, | performed
FACS analysis combining cell proliferation dye Mitacker Red CMXRos (Mito-CMX), IRF4
or Pax5 specific antibodies, and mitochondrial memb potential-dependent dye. To
demonstrate that the staining of Mito-CMX is depamicon mitochondrial membrane potential, |
performed Mito-CMX staining on activated B cellgimated with various concentrations of
mitochondrial membrane potential uncoupler, carboggnide m-chlorophenyl hydrazone
(CCCP). FACS analysis showed that Mito-CMX stainm@versely correlated with the

concentration of CCCP in the media (Figure 3.2A8Ypgesting that the staining of Mito-CMX is
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positively associated with mitochondrial membraongeptial. When combining Mito-CMX
staining with Pax5 and IRF4 staining, we found thatIRF4' population has relatively lower
Mito-CMX staining, whereas the IRF4 intermediat@plation has higher Mito-CMX staining
(Figure 3.2 B Left). Moreover, Mito-CMX high and & intermediate B cells are mainly Pax5
high, whereas Mito-CMX low and IRF4 high cells &ax5 low (Figure 3.2 B Right). Taken
together, these results suggest that Pax5 highl iRErmediate subsets have relatively higher
mitochondrial membrane potential, whereas morefitiated plasma blasts (Pax5 low, IRF4
high) exhibit reduced mitochondrial membrane po&nGating on the number of cells division,
we found that after B cells are activated, Paxipisegulated together with increased
mitochondrial membrane potential in the first tweisions. After the third division, subsets of
cells start to down-regulate Pax5 and mitochondn@mbrane potential. The reduction of
mitochondrial membrane potential is more obviouth#Pax5 low population than in the Pax5

high population (Figure 3.2 C).
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Figure 3.2 Pax5 repression is accompanied by redush of mitochondrial membrane

potential.

(A) A control experiment to demonstrate MitoTrackivXRos dye (MitoCMX) staining is

positively correlated with mitochondrial membrarsgntial. B cells were stimulated with LPS

for 1.5 days. Before FACS analysis, CCCP was adttedhe media at indicated concentrations

for 30 minutes, and then MitoTrackerCMXRos was ad2ié minutes before FACS analysis.

(B) CTV-labeled B cells were stimulated with LP$ 85 days and stained with MitoTracker

CMXRos dye (MitoCMX) to measure mitochondrial mewane potential. Left plot: IRF4 versus

MitoTracker CMXRos. Right plot: two populations @dlls based on levels of IRF4 and
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MitoTracker CMXRos dye (Mito) were analyzed forladivision versus Pax5.

(C) CTV-labeled naive B cells stimulated with LR 8.5 days and stained with MitoTracker
CMXRos dye (MitoCMX) to measure mitochondrial mewne potential. The plots are gated on
each division, and show Pax5 versus MitoTracker ®d¥X Data are representative of two

separate experiments.
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3.3 Differential mitochondrial membrane potential in sibling cells is independent of cell-cell
interaction

After observing the association of Pax5 expresaimh mitochondrial membrane potential, |
aimed to visualize the dynamics of total mitocham@nd mitochondrial membrane potential
during each stage of cell division. In LPS-stimethB cells, mitochondria are distributed around
the two microtubule-organizing centers (MTOCS) ietaphase cells, whereas they are
accumulated in the middle of division plane in drege. | found that sibling cells exhibit
differential mitochondrial membrane potential i ttytokinetic stage, although the total amount
of mitochondria is relatively equally distributedtiveen the sibling cells (Figure 3.3 A).
Staining for the mitochondrial outer membrane prof@m20 reveals that the sibling cells that
have lower mitochondrial membrane potential savé& mitochondria, suggesting that the lower
Mito-CMX staining in one of the sibling cell is nobserved because of that sibling cell lacking
mitochondria.

In our previous studies, we have found twaigsoof transcription factors that require
different mechanisms to establish asymmetric pagterhe first group of transcription factors
requires extrinsic signals for establishing poYairit cytokinetic cells. For examples, the
asymmetric pattern of Bcl6 depends on cell-ceiattion through ICAM. These transcription
factors are polarized in metaphase and exhibit asstnic accumulation in sibling cells in vivo.
However, they lose their asymmetric pattern andiecequally distributed between the
daughter cells when lymphocytes undergo homeostagpansion in Ragl knockout mice
(Barnett et al., 2012). Because unequal mitochahdrembrane potential can be observed in
LPS-stimulated B cells, | hypothesized that theran intrinsic mechanism that is capable of

establishing and maintain asymmetric mitochondtialus in sibling cells. If the hypothesis held,
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| expected that differential mitochondrial membra¢ential in sibling cells could be observed
under a homeostatic expansion condition. The reswonfocal analysis of transferred B1-8
high B cells to Ragl knockout animals is in aligmtineith this prediction. That is, unequal
mitochondrial membrane potential in sibling cebs till be observed during homeostatic

expansion (Figure 3.3 B).
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Figure 3.3 Sibling cells exhibit different mitochomrial membrane potential independent of
cell-cell interaction
(A) Dynamics of mitochondria during B cell divisie B cells were stimulated with LPS
(20ug/ml) for 40 hours. The cells were stained WiitoTracker CMXRos dye (CMXRo0s)
for 20 minutes before cell sorting, and then wered with 4% paraformaldehyde and

permeabilized with ice cold methanol to enablensta of mitochondrial outer membrane
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protein Tom20. The figures show representative esviem metaphase (n=10), early
anaphase (n=5), late metaphase (n=5) and telogkds€n=12).

(B) MitoTracker CMXRos staining of homeostaticatisoliferating B cells (B1-8, CD45.1)
adoptively transferred into Ragl knockout mice.dgy 5 post-transfer, CD45.tells are

sorted for confocal analysis. Total number of inthggtokinetic cells is 29.
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3.4 Pax5and healthy mitochondria are evident in the same daghter cell

To understand the dynamic relationshipgvbeh Pax5 and mitochondrial membrane
potential in dividing cells, in vitro stimulated ¢&lls were co-stained with MitoTracker Red
CMXRos dye and Pax5 and then subjected to contoelsis. | found that the sibling cells
with asymmetric Pax5 also exhibited greater diffiees in mitochondrial membrane potential,
although sibling cells with different mitochondrimembrane could be observed in sibling cells
with symmetric levels of Pax5 (Figure 3.4). Thersggtion pattern of Pax5 and mitochondria
with higher membrane potential suggests that tlheglzr cells exhibit different mitochondrial
activity before the establishment of asymmetricRaxd that the sibling cells with lower Pax5
levels also have a relatively lower mitochondriadtpn gradient. Strong MitoTracker Red
CMXRos dye staining is associated with three fectgreater mitochondrial membrane potential,
higher OXPHOS activity, and higher mitochondrialssiaBecause Tom20 staining reveals that
the total mitochondrial mass is relatively equasiiling cells with differential mitochondrial
membrane potential (Figure 3.3), it is more likéigt the sibling cells with lower Pax5 exhibit
lower mitochondrial activity. There are two meclsmns resulting in low mitochondrial activity.
First, aged, malfunctioning mitochondria have lowsmbrane potential, and thus they are
removed by the Pink/Parkin pathway. Second, lowiesahondrial membrane potential may
suggest the cells are less dependent on OXPHOS exseagy source and may be fueled by other

metabolic pathways, such as glycolysis.
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Figure 3.4 Pa6 and healthy mitochondria fall in the same daughtecell.

The cultured B cells were first labeled withtd@MXRos for 20 minutes in the media before
being harvested for methanol fixation. The samplere fixed with 3% PFA diluted in PBS, and
then were permeabilized withethanol. After fixation, Pax5 protein was stained with rabbi
anti-mouse Pax5 monoclonal antibody and goat-aibidit IgG conjugated to Alexa Fluor® 647
dye. The tubulin was stained with rat monoclonabdlin antibody [YOL1/34] and goat-anti-rat
IgG conjugated with Alexa Fluor® 488 dye. The n@mbf imaged cytokinetic events is 41

(n=41 sibling pairs).
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3.5 MitoTracker Pulse assay identifies unequal mitthondrial clearance in cytokinetic cells

Maintaining healthy mitochondria has been linkedni@intaining self-renewal ability and to
preventing senescence of various type of stem, ¢getikiding muscle stem cells, neural stem
cells, and cancer stem cells (Garcia-Prat et @L62Katajisto et al., 2015; Khacho et al., 2016).
Two different mechanisms have been reported fontaging mitochondrial health in stem cells.
One of the mechanisms is removing malfunctioningpationdria through autophagy or
mitophagy. This mechanism is found in muscle andalestem cells (Garcia-Prat et al., 2016;
Khacho et al., 2016). By contrast, studying thensli&e cells in a breast cancer cell line reveals
daughter cells may inherit unequal amount of agedamondria, thus affecting their stem-like
properties (Katajisto et al., 2015).

To determine whether these two mechanismsaaxfie asymmetric mitochondrial
membrane potential phenotype in dividing B cells,performed a MitoTracker Pulse assay to
visualize the dynamics of clearing or accumulabbaged mitochondria. Imaging fixed cells by
confocal microscopy reveals that in dividing lympiees, the subcellular distribution of aged
(pulsed) mitochondria is fairly symmetric in metaph until early telophase. However, when
cells enter the cytokinetic stage, we find thatiore than half of the sibling pairs, different
amounts of aged (pulsed) mitochondria are inhe(fgglre 3.5 A).

The same trend can also be observed in live caljing, implying that the observed
differential accumulation of labeled mitochondmeone of the sibling cells is not due to an
artifact of staining. Live cell imaging of anaphas#ls or early cytokinetic cells reveals that the
labeled mitochondria do not accumulate in a padrcsingle daughter cell (Figure 3.5 B). Also,
aged (pulsed) mitochondria do not exhibit a uniomal movement pattern in time-lapse

videos (Figure 3.5 B). However, unequal amouniaged (pulsed) mitochondria can be
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observed in late cytokinetic sibling cells (Fig@® C). In sum, these data are more supportive
of the hypothesis that asymmetric mitochondriaiustés due to unequal ability to remove or
renew mitochondria, rather than active partitionaigqged mitochondria into one of the daughter

cells.
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Figure 3.5 MitoTracker Pulse ass identified unegal mitochondrial clearance in
cytokinetic cells.(A) Later in division, mitochondrial clearanceuisequal. MitoTracker Red
FM (MTR)-pulsed, LPS-stimulated B cells were fixadter 44 hours and stained with DNA dye
(DAPI) and anti-tubulin antibodies. The plots sh@presentative examples of metaphase,
telophase, and cytokinetic cells. Experiment regekétree times (metaphase: n=11 cells,
telophase: n=8 sibling pairs, and cytokinesis: nsib8ng pairs). Graph depicts percentage of

sibling cell pairs with equal or unequal ratios3@f intensity of MTR and tubulin (*P<0.05,
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Fisher's exact test). (B) Two representative tiapgsé series of LPS-stimulated B cells labeled
with SiR-tubulin dye (350nM, 15 hours) and pulsathiITG (100nM). Frames represent 3-
minute intervals. Scale bars = 6 mm. (C) A repregere time-lapse series of LPS-stimulated B
cells transduced with mCherry-alpha-tubulin RV guntsed with MTG 16 hours prior to

imaging. Frames, left-to-right, represent 3-minuatervals (n=3). Scale bars =5 mm.
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3.6 Inhibition of mitochondrial fission-induced effector cell differentiation

To study the effect of accumulation of agetbohondria, we compared the effect of several
mitochondrial inhibitors, which target differenttmthondrial pathways, on the dynamics of
mitochondrial morphology and on the transcriptiom@gram of activated B cells. First, we
treated the activated B cells with different inkalos, and then labeled the total mitochondrial
network with MitoTracker Green dye, which is a nshhondrial membrane potential-independent
dye.

The results showed that rotenone, which is an itdribf electron transport form complex |
to ubiquinone, did not significantly affect mitochoradimass in treated B cells (Figure 3.6). By
contrast, CCCP, which is a mitochondrial oxidaf®sphorylation uncoupler, reduced the
mitochondrial mass, which is in accordance withvines report suggesting that depolarized
mitochondria are cleared by a mitophagy mechandnNarendra et al., 2008). mDivi-1, which
is a mitochondrial fission inhibitor, increased Mitacker Green staining , suggesting inhibiting
mitochondrial division extends the mitochondrialwnerk and increases the total mitochondrial
mass (Cassidy-Stone et al., 2008)

Activated B cells are characterized by higpression of Pax5 and B220, but low expression
of CD138, Embigin, and IRF4. By contrast, plasmigsaxhibit low levels of B220 and Pax5 but
high levels of intracellular IRF4, and surface CBEhd Embigin (Fairfax, Kallies, Nutt, &
Tarlinton, 2008; Kallies et al., 2007). Our prevsonork has established that PI3K inhibitor
LY297004 suppresses the differentiation of plaseis,cwhereas Foxol inhibitor induces
differentiation toward plasma cells (W. H. Lin ét 2015). By comparing the surface marker
and intracellular transcription factor patterns,faend that mDivi-1 has a similar effect to

Foxol inhibitor, whereas rotenone works like PI8BKibitor. The CCCP-treated cells acquired
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an intermediate phenotype, in which IRF4 and Enmbigre upregulated but the down-
regulation of Pax5 and B220 were inhibited (TaBleThese results suggest that inhibition of
complex | in the electron transport chain has alaimeffect to repressing PI3K, and that
inhibition of mitochondrial fission mimics the eéfieof inactivating Foxo1l to stimulate
differentiation into effector cells.

What is the result of inhibiting mitocidrial fission? We established a FACS staining
protocol, called “mitoclearance”, combining MitoTker Green pulse, cell proliferation dye and
MitoSox staining. MitoTracker Green is a mitochdaespecific dye whose staining is less
affected by mitochondrial membrane potential. M@Sis a mitochondria-specific superoxide
detection reagent, whoseidized products become fluorescent when bintbngucleic acid
The dilution of cell proliferation dye is mainly plendent on cell division, whereas the dilution
of pulsed MitoTracker Green reflects both diluti@hwsing cell division and clearance of labeled
mitochondria. We found that cells exhibiting hightdéSOX staining retained more MitoTracker
Green staining (mitoclearance low), whereas Mitolsaxcells are a mixture of mitoclearance
high and low cells. The MitoSox low and mitoclearatow cell may represent the cells that
have repaired their aged mitochondria by fusiomwiw mitochondria (Figure 3.7).

Using the “mitoclearance” assay, we cantsaemDivi-1-treated cell retained more aged
mitochondria with MitoTracker Green pulse companaith the no drug control group (Figure
3.8 upper row). Also, MitoSox staining showed timiivi-1 treatment produced more
mitochondrial ROS. Taken together, the results esggccumulation of aged mitochondria may
enhance mitochondrial superoxide production (Figu8lower row).

To rule out the possibility that the observeceetffof mDivi-1 on the differentiation of

lymphocytes is the off-target effect of mDivi-1, \@&ectly tested the result of disrupting Drp-1

69



function by over-expression of dominant negativp-Di(K38A) (DN Drp-1) using retroviral
vector to transduce activated lymphocytes. FAC3yaisashowed that overexpression of DN
Drp-1 has an even stronger effect on repressing Rad stimulating IRF4 expression) in B
cells (Figure 3.9 A), and more obviously, Tcfl rgsion in CD8T cells (Figure 3.9 B).
Moreover, the effect of overexpression of DN Drpah be partially rescued by the addition of
N-Acetyl L-Cysteine (NAC), a ROS scavenger, in thedia, suggesting that the over-served
repression effect involves the production of ROgyFe 3.9 C)

In T cells, mitochondrial ROS has been repbtteplay a critical role in stimulating
transcription factor nuclear factor of activatedélls (NFAT) and support interleukin-2 (IL-2)
production (Sena et al., 2013). Here, our findisggport the idea that mitochondrial ROS also
plays a role in the repression of lineage-maintajriranscription factors in B cells and T cells,
and thus guides the differentiation of effectotahd the limiting of the self-renewal ability of

progenitor cells.
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Figure 3.6 Mitochondrial fission inhibitor mDivi-1 treatment increased mitochondrial mass

B cells derived from wild-type B6 mice wereatlated with LPS (20ug/ml) for 3 days. The
inhibitors were added (1® mDivi-1; 2.50M CCCP; 300nM Rotenone) into the culture media
for 4 hours before live cell imaging by scanningrascopy. MitoTracker Green, which is a

mitochondrial membrane potential-independent dyas used for labeling mitochondria.
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B cell Plasma CCCP mDivi-1  Rotenone PI3K Foxol
cell inhibitor  inhibitor

IRF4 Low  Hi Up Up Down Down Up
Pax5 Hi Low Retain hi  Down Retain hi Retain hi  Down
B220 Hi Low Retain hi Down Retain hi Retain hi Down
CD138 Low  Hi - - Down Down Up
Embigin Low  Hi Up +/- - Down Up
CMXRos Hi Low Down Up Up

Table 1 The effects of drugs on B cell transcriptioal program and mitochondria

membrane potential.

B cells were activated with LPS (2fJml), and drugs were added at the beginning of the

culture (CCCP: 1M, mDivi-1: 10uM, Rotenone: 150nM, PI3K inhibitor LY294002: 4,

Foxol inhibitorAS1842856: 1uM). MitoTracker CMXRos was added to the media (2@p20

minutes before cells were harvested for FACS aiglys
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Figure 3.7 Mitochondrial stasis is associated witmitochondrial ROS production

MitoTracker GreenFM pulse-labeled B cells werewatad with LPS for 3 days and then stained
with MitoSOX. Cell division versus MitoSOX fluoresce in non-MitoSOX-labeled control
cells (far left) versus MitoSOX-labeled cells (seddo-left). Cell division versus mitoclearance
of MitoSOX" cells and MitoSOX cells (third column), compared to all cells (fayht)

illustrates that MitoSOX cells are enriched with stasis of aged (pre-pllsgtbchondria,
analogous to differentiated effector T cells erethivith mitochondrial stasis. Data are

representative of two separate experiments.
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Figure 3.8 Inhibition of mitochondrial fission impedes mitochondrial turnover and

increases mitochondrial ROS.

(Upper row) FACS of CTV-labeled and MitoTracker @meFM ("MTG") pulse-activated B cells
(top row) and CTV-labeled and MitoSox labeled Bsé@bottom row) stimulated with LPS for
66 hours. Cells were cultured in the absence @gmee of mDivi-1 (10M). A reverse arrow on
they-axis indicates dilution (and/or elimination) ofgiabeled (pulsed) mitochondria that occurs
with each cell divisionx-axis), termed mitoclearance. Upper row statistigaphs display the
frequency of cells within the entire trapezoidal GlTow gate (left) and MFI of MTG signal in
the fourth cell division (right) (n=3, **P<0.01 aritf*P<0.005 for indicated treated groups
compared to no drug control group, one-way repeaeasures ANOVA).

(Bottom row) CTV-labeled B cells stimulated with & the absence or presence of mDivi-1
(10 uM) and analyzed on day 3 for cell division versusohondrial ROS (MitoSOX).
Horizontal numbers denote the frequency of celthiwia bound area. Vertical numbers denote

mean fluorescence intensity (MFI) of all cells, swhply those within bound area. Bottom row
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statistical graphs display frequency of MitoS®Hgells (left) and MitoSOX MFI (right) among B
cells stimulated in the absence or presence of FD{u=3, *P<0.05 or **P<0.01, two-tailed

paired t-test). FACS data are representative ektlseparate experiments.
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Figure 3.9 Overexpression of dominant negative Drfi-promotes effector cell

differentiation. (A) Overexpressing dominant negative Drp-1 (DN D)y transducing the B
cells with retrovirus up-regulated IRF4 but repegsBax5. B cells were activated with LPS for
40 hours, and then infected with retrovirus camgyidN Drp-1 or control vector, and then re-
plating for another 24 hours before FACS analysis.

(B) Overexpressing dominant negative Drp-1 (DN Djpy transducing the CD& cells with
retrovirus repressed Tcfl. CD¥ cells enriched from spleen of wild-type B6 mimeMACS kit

selection were activated by plate bound anti-CD8amti-CD28 and IL-2 (100 units/ml) for 40
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hours, then infected with retrovirus carrying DNpBlr or control vector, and then re-plated in
the presence of anti-CD3, anti-CD28, and IL-2 foother 24 hours before FACS analysis.
(C) The addition of N-Acetyl L-Cysteine (NAC) (3mNf) the culture media suppressed the
repression effect of DN Drp-1 on Pax5 and Tcfl ioells and T cells, respectively. Data are

representative of two separate experiments for ealthype.
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3.7 Inhibiting mitochondrial biogenesis and renewapromotes effector cell differentiation

Mitochondria quality control involves four majolges: fission, turnover, fusion, and
biogenesis. So far, we have demonstrated that adation of aged mitochondria that produce
more mitochondrial ROS accelerated the differeiatieinto effector cells by perturbing the
fission and turnover mechanism. Next, | examinedetfiect of disrupting the key factors in the
biogenesis pathway. If our model that accumulasiggd mitochondria serves as the trigger for
effector cell differentiation held, | expected tiatibiting biogenesis of mitochondria should
accelerate the differentiation of effectors butueglthe population of self-renewing cells.

Two major transcription factor families thaintribute to the biogenesis of mitochondrial
genes are FoxO and PGG-{peroxisome-proliferator-activated recepgaro-activator-i).
FoxO family transcription factors (especially Fox@id FoxO3) have been reported to
participate in the biogenesis of mitochondria (Ghenhal., 2009; Peck, Ferber, & Schulze, 2013;
Philip-Couderc et al., 2008). As previously disagss the introduction section, the activity of
Foxol can be inhibited by AKT-mediated phosphorglatPGC-h serves as co-transcriptional
regulation factor modulating the activity of othey transcription factors, including nuclear
respiratory factor 1 and nuclear respiratory fa@ianvolved in mitochondrial gene biogenesis
(Jornayvaz & Shulman, 2010). One of the key regutadf PGC-& is AMPK (AMP-activated
protein kinase). AMPK is a sensor of several stsggsals, including low ATP leveROS, nitric
oxide, and reactive nitrogen species (RNS) (Carefaal., 2012)For mammalian cells, AMPK
is a heterotrimeric complex comprisedo9f3, andy subunits. Each subunit has multiple
isoforms @1, a2, B1, B2, y1,y2, andy3) and their expression is tissue- and cell-typeesje. For
lymphocytespl is the only subunit expressed in B cells and T cells (Mayema&nglaire,

Viollet, Leo, & Andris, 2008; Tamas et al., 2006).
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We therefore tested whether knocking out the AMRKsubunit and treating cells with
FoxO inhibitor would accelerate effector cell difatiation. Comparing the B cells derived from
an AMPKal knockout animal to those from a wild-type aninvad, found that more B cells
exhibit a Pax5-low phenotype in the later divisiamsl that the Pax5 inhibition effect of the
FoxO inhibitor and mDivi-1 is more significant ine AMKPal knockout (Figure 3.10). A
similar synergistic effect of FoxO inhibitor and D1 on Tcfl repression was also observed in
AMPKal knockout CD8 T cells by using CD4-Cre to conditionally delets!RKal in T cells

only (Figure 3.11).
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Figure 3.10 Inhibiting mitochondrial biogenesis andenewal synergistically promotes

effector cell differentiation.

Cell division versus Pax5 expression of CTV-labdbecklls from wild-type and AMPKL

knockout mice stimulated with LPS for 3 days in #ffesence or presence of mDivi-1 (i),

FoxO1 inhibitor (1.M), or both inhibitors. Graph contains frequencyPai3' cells in the last

cell division among conditions indicated (n=3, *P8® or **P<0.01 or ***P<0.005 comparing
groups with one or more perturbations to group wihperturbation, repeated measures one-way

ANOVA).
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Figure 3.11 Inhibiting mitochondrial biogenesis andission promotes effector cell

differentiation. CD8" T cells were enriched from wild-type or CD4-Cemimals with either

loxP sites flanked Glutl or wild-type Glutl allelsolated CD8T cells are labeled with cell

proliferation dye (CTV) and then stimulated by pkaiound anti-CD3 and anti-CD28 in the

presence of IL-2 in the culture media. Cells weaevbsted for FACS staining. The plots are

representative of two separate experiments.
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Chapter 4: potential for asymmetric glucose uptakestablished in metaphase
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4.1 Aerobic Glycolysis Linking an Anabolic Constehtion to Differentiation

So far, our results suggest that the diffeabdities of the two daughter cells to clear aged
mitochondria is linked to the fate determinatiorefiector cells and maintenance of self-renewal
ability. We also demonstrated that accumulatioaggd mitochondria results in augmentation of
mitochondrial ROS production. Mitochondrial agisgassociated with ROS induced-damage to
proteins and mitochondrial DNA, which results ineshondrial dysfunction (Cui, Kong, &
Zhang, 2012). Why do activated lymphocytes gendrigie amounts of ROS? This is associated
with the pathway that they use to produce energgtiRg and naive lymphocytes and memory
cells produce energy mainly through oxidation piasplation, whereas activated lymphocytes
and effector cells produce energy by aerobic gigisland oxidation phosphorylation (C. H.
Chang et al., 2013; Palmer, Ostrowski, Baldersdmis@ian, & Crowe, 2015; T. Wang,
Marquardt, & Foker, 1976After activation, both B cells and T cells dispky augmented
extracellular acidification rate (ECAR), which reflects aerobic glycolysis, and an augmented
oxygen consumption rate (OCR), which represents mitochondrial respiration function
(Caro-Maldonado et al., 2014). The self-reinforcing relationship between mitoctioal stasis
and ROS prompted us to test the effects of metstnadin lymphocyte differentiation.

To clarify the relationships between glucaskzation and lymphocyte differentiation, we
tested the result of perturbing the glycolytic pedly on the transcriptional program of Band T
lymphocytes. Inhibiting glycolytic flux by treatiractivated lymphocytes with 2-Deoxy-D-
glucose (2-DG) suppressed the downregulation obRax Tcfl in proliferating B cells and T
cells, respectively (Figure 4.1). That is, inhibitiof glycolysis shifted the balance of
lymphocyte fate toward self-renewal but suppresséattor cell differentiation. Indeed, 2-DG

treatment has been reported to enhancing memoeyl Tocmation in vivo by sustain FoxOx1
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and Tcfl activity(Sukumar et al., 2013).

In addition, 2-DG treatment also reduced ttadiferation rate (Figure 4.1 A). Therefore, it is
possible that the suppression of Pax5 and Tcfl dmgualation is partially contributing to the
reduced number of cell divisions. Thus, | triegpesform an opposite experiment to enhance
glycolysis. If glycolysis is linked to effector telifferentiation, we predicted that enhancing
glycolysis would induce more severe down-regulatbRax5 and Tcfl in B cells and T cells,
respectively. Enhancing glycolysis is achieveddtyaviral overexpression of hexokinase 2
(HK2), which is the rate-limiting enzyme in glycslg (Roberts & Miyamoto, 2015), leading to
an over-differentiation phenotype with more cellslergoing Pax5 and TCF1 repression (Figure
4.2). In B cells, IRF4 was also upregulated wher2hias overexpressed, suggesting that

enhancing glycolysis directs the differentiatiow#éod plasmablasts and plasma cells.
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Figure 4.1 Suppression of aerobic glycolysis inhits effector cell differentiation

(A) Upper panel: Cell division versus Pax5 exprassf CTV-labeled B cells stimulated

with LPS for 3 days in absence or presence of mDi@@0uM) and increasing doses of
2-Deoxy-D-glucose (2-DG) (0, 0.25, 0.50, and 0.7 haft-to-right). In these B cell
experiments, drug variables were added 18 houes stimulation began. Lower panel: Cell
division versus TCF1 expression of CTV-labeled EDB' T cells stimulated for 4 days with
gp33-41 peptide plus IL-2 in the absence or presehmDivi-1 and increasing doses of 2-DG
(0, 0.5, 1.0, and 2.0 mM), present from the begigrf stimulation. (B) The statistical graph
depicts frequency of Pa® cells in indicated conditions (n=6, ***P<0.00%peated measures
one-way ANOVA). (C) The statistical graph depiftexjuency of TCF1 CD8' T cells in

indicated conditions (n=5, **P<0.01 or ***P<0.00&peated measures one-way ANOVA).
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Figure 4.2 Enhancing aerobic glycolysis promotes feictor cell differentiation

(A) CTV-labeled B cells stimulated for 36 hourshwitPS prior to transduction with control or
hexokinase-2 (HK-2) encoding retrovirus (RV) andlgmed 36 hours after transduction for cell
division versus Pax5 and IRF4. Only transduced tsvare shown. Statistical graphs display
frequency of Pax%and IRF4' cells among cells transduced with control or HRY2 (n=3,
*P<0.05, two-tailed paired t-test).
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(B) CTV-labeled CD8T cells stimulated with anti-CD3 and anti-CD28ibhatlies with IL-2 for
36 hours prior to transduction with control RV @xbkinase 2 encoding RV and analyzed 36
hours after transduction for cell division versuSFIL. Only transduced events are shown.
Statistical graph depicts frequency of TEE&Ils among cells transduced with control or HK-2

RV (n=3, *P<0.05, two-tailed paired t-test).
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4.2 Glycolysis regulates surface and intracellulaglucose transporter level

Activated lymphocytes augment their glyaiyability by increasing expression of HK2
and glucose transporters (Sukumar et al., 2013prgthe 13 glucose transporter family
members, Glutl is the predominant glucose tranepexpressed in activated CDéhd CD4 T
cells (Macintyre et al., 2014) as wells as actidddecells (Caro-Maldonado et al., 2014).
Conditionally knocking out Glutl in B cells impaiBscell homeostasis and antibody production
(Caro-Maldonado et al., 2014), whereas knockdowrtilGh CD4 T cells impairs proliferation,
differentiation, and decreases survival. The resfuknocking down Glutl in CDST cells is less
obvious than that observed in CDR cells, because CD{ cells are able to compensate for the
lack of Glutl by upregulating the expression oft@Jwvhich is normally downregulated after
activation (Macintyre et al., 2014).

Our recent publications provide evidence that tngedctivated lymphocytes with 2-DG
reduces the levels of intracellular ROS (measuyeD®FDA) and phosphorylated S6, which is
an indication of mMTORCL1 activity. Therefore, we edkvhether inhibiting glycolysis of 2-DG
would affect glucose up-take. | performed intradell staining with an anti-Glutl antibody
recognizing the intracellular domain in LPS stimethB cells. The result demonstrated that the
intracellular Glutl level is strongly reduced byp% in Pax5 low B cells (Figure 4.3 A).
Moreover, 2-DG treatment also reduces the suriags bf Flag-tagged Glutl in transduced B
cells (Figure 4.3 B), implying glucose deprivatimay activate Glutl transportation to the cell
membrane. These results suggest an active glycqgthway is required for maintaining the
intracellular and surface protein levels of Glwfig that glycolysis can feedback to regulate the

rate of glucose uptake, especially in effectorscell
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Figure 4.3 Inhibiting glycolysis reduces intracelllar Glutl but upregulates surface Glutl

(A) Glycolytic feedback regulates intracellular Glul levels

B cells are stimulated with LPS for 48 hours, befadding the drugBI3K inhibitor LY294002
(5uM) and 2-DG (0.5mM), and then analyzed by d&yadter stimulation (36 hours after
introduction of the drug treatments). The experittes been repeated two timés) B cells
were activated with LPS for 40 hours before spfadtion. Activated B cells were infected with
retroviral vector expressing Flag-Tagged-Glutl/NG#Rontrol NGFR vector and then further
cultured for 24 hours before FACS analysis. Drugsanadded by 6 hours after spin infection.

The FACS plot represents NGFR positive events.
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4.3 Glutl polarization in dividing lymphocytes resls in differential inheritance of Glutl

As discussed in an earlier section, we found tigit membrane potential mitochondria
are enriched in the daughter cell that acquiresrax5. Live cell imaging using Cyto-ID,
MitoTracker, and LysoTracker pulsed staining has/gled evidence that the daughter cells
have different abilities to remove old mitochondiwever, this result did not rule out another
possibility: that that differential mitochondrialembrane potential may indicate the daughter
cells have adopted different metabolic program.

To obtain biological macromolecules (such &ADpolysaccharides, and proteins) for
building new cells, proliferating cells need to al carbon and nitrogen from the environment.
However, the cell membrane serves as a barriereteept nutrient molecules from diffusing in
and out the cell. Most of the nutrient moleculasife acids, peptides, fatty acids, and
carbohydrates) pass through the cell membrane lgyolva transporter complex. Our recent
publications demonstrate that dividing lymphocyes able to produce daughter cells with
opposing cellular metabolisms, which is enablead®ymmetric expression/accumulation of
metabolic regulators such as FoxO1 and IRF4. Gikah2-DG affects intracellular Glutl levels,
we want to know whether the daughters may inhergxpress different amounts of nutrient
transporters thus establishing and amplifying tiffergnt metabolic programs in the daughter
cells. In this study, | imaged the subcellular lazzgion of amino acid transporter heavy chain
CD98 and the glucose transporter 1 (Glutl), respegt

CD98, an early marker of T-cell activationaiglual function protein. The protein is required
to support rapid proliferation and lymphocyte cloagpansion by conducting extracellular
integrin signals to cells to induce proliferatiamdao suppress apoptosis (Cantor, Slepak, Ege,

Chang, & Ginsberg, 2011; Kurihara et al., 2015al$b serves as a subunit of the amino acid
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transporter complex (Gottesdiener et al., 1988ds&ian, June, Thompson, & Leiden, 1988). The
uptake of branched-chain (valine, leucine, isoleexand aromatic (tryptophan, tyrosine) amino
acids by lymphocytes is mediated by CD98 heterodimbkich served as the L-type amino acid
transporter 1 (LAT1) (Kanai et al., 1998). The CD®#8erodimer is composed of a heavy chain
(4F2 antigen heavy chain) with a type Il singlegptansmembrane domain and one of the
alternative multi-pass light chains. The CD98 heelvgin serves as an anchor to restrain the
light chain on the cell membrane by disulfide ligkawith the light chain (Nakamura et al.,
19909).

Knocking out the Slc3a2 gene, which encodesidfay chain of CD98, blocks the
proliferation of B cells and prevents their diffetiation into plasma cells (Cantor et al., 2009).
By contrast, knocking out Slc3a2 in T cells resirita reduced proliferation rate induced by
plate bound antigens (anti-CD3 plus anti-CD28 Abthe presence of IL-2) and modestly
impaired homeostatic proliferation (Cantor et 2011). KN Pollizzi et. al. reported that when
CDS8' T cells are activated by antigen-presenting ctiis differential expression of CD98 in the
cytokinetic stage contributes to asymmetric mTORHvity in daughter cells (Pollizzi et al.,
2016).

To test whether asymmetric CD98 is associaifuthe observed asymmetric Pax5 in
dividing B cells and Tcfl in dividing T cells, | germed an immunofluorescence assay to trace
the dynamics of CD98 in different cell cycle stageB cells and T cells. The B cells were
stimulated with LPS in vitro, whereas CDB cells derived from P14 transgenic mice were
stimulated with gp33 peptide, because CD98 pol&dky been reported to rely on antigen-
presenting cell-mediated activation. In both LPigstated B cells and gp33-activated P14

CDS8' T cells, all of the CD98 staining is restrictedhe cell membrane, and remains on the cell
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surface through interphase, metaphase, and telegRagire 4.4). There is no evidence of CD98
polarization in metaphase or telophase cells.

On the other hand, we found that Glutl staining puascta or vesicle-like and localized to
the microtubule-organizing center (MTOC) in inteagh B cells and CDST cells. The most
significant difference between the patterns of CRA8 Glutl is that Glutl is polarized to one of
the MTOC in pro-metaphase cells, and such polagtybe also found in metaphase cells. We
also find that in LPS-stimulated B cells and P148CD cells, telophase cells have acquired
different amount of Glutl (Figure 4.5). To demoatdrthat the observation was not an artifact or
staining problem, | used retroviruses expressingXsGFP fusion protein and mCherry-tubulin
to perform live cell imaging in LPS-stimulated BllseWe have obtained videos to validate that
the GFP-containing intracellular vesicle was calmed with the MTOC in the interphase cells
(Figure 4.5, the cell on the left), and that a éa@fP-positive vesicle containing Glutl is
polarized to one of the MTOC from metaphase thraeytphase (Figure 4.6 the cell on the

right).
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Figure 4.4 CD98 is not polarized in dividing B ce#i and CD8 T cells
(A) LPS-stimulated B cells are sorted for immunofiescence staining by day 3.5 after
stimulation. This plot shows representative evémtinterphase (n=2), metaphase (n=2) and

telophase (n=6), respectively.
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(B) Splenocytes derived from P14 transgenic miceevgémulated with gp33 peptide and IL-2
for 3.5 days. Enlarged splenocytes were sortedforunofluorescence staining. This plot shows
representative events for interphase (n=4), praptetse (n=1) and metaphase (n=2),

respectively.
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Figure 4.5 Glutl is polarized in LPS-stimulated B ells and P14 CD8 T cells

(A) LPS (20ug/ml)-stimulated B cells were sortedifomunofluorescence staining by day 3
after stimulation. The B cells were fixed with 3%4in PBS, and then permeabilized with
0.3% Triton X100. After blocking, the samples westained with rabbit monoclonal antibody to
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Glutl (EPR3915) and goat-anti-rabbit IgG Alexa F®®68 dye. This plot shows representative
events for interphase (n=2), metaphase (n=5), @loghase (n=9), respectively. (B) Thy1.1
P14 CDS8' T cells were transferred into a Thy 1r2cipient animal, and then the recipient
animal was infected with 5 x 1®FUs ofListeria monocytogenes expressing gp33-41 (LMgp33)
by i.v. injection. By 4 days after infection, erdad, CD8, Thy 1.2 cells were sorted for
immunofluorescence analysiBhis plot shows representative events for interpl{as?2),

metaphase (n=5), and telophase (n=9), respectively.
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12:00 min

Figure 4.6 Live cell imaging reveals sibling cellsherit unequal amounts of Glutl during
cytokinesis

A representative time-lapse series of LPS-stimdI&eells (day 3) transduced with retrovirus
expressing either mCherry-alpha-tubulin or Flag®&gt1-GFP fusion protein 16 hours prior to
imaging by spinning disk confocal microscopy. Frameft-to-right, represent 3-minute
intervals. Scale bars araquimh. The cell on the left is an interphase cell, vasrthe cell on the

right is a dividing B cell (from metaphase to cyitwsis).
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4.4 Glutl proteins are stored in intracellular vestles

The asymmetric Glutl level in daughter cells, prtedpus to find out more details about
the localization of Glutl and the biological sigogince of Glutl levels. Using retrovirus
expressing Flag-tagged rat Glutl, we were ableaio surface Glutl (by anti-Flag antibody) and
intracellular Glutl (by anti-Glutl C-terminal andidby). The results showed that in interphase B
cells, Glutl was located in intracellular structjrehereas there was only some spot-like surface
Flag-tagged Glutl staining (Figure 4.7). Also, Uifid that the amount of surface Flag-tagged
Glutl in interphase cells was much higher than étaphase cells and telophase cells (Figure
4.7). Although the staining of surface Flag-tag@#dtl is lower than intracellular Glutl, the
staining patterns of Glutl and surface Flag-taggkdl are very similar, suggesting there is a

link between the localization of surface Glutl amgacellular Glutl.
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Figure 4.7 Immunofluorescence analysis of surfalc#lGand intracellular Glutl

metaphase

telophase

B cells were stimulated with LPS (20ug/ml) for 48uhs before spin infection with retrovirus
expressing Flag-tagged rat-Glutl and truncated hud@FR. After being cultured for another
24 hours, the transduced cells were sorted by FIRCRGFR positivity and then subjected to

immunofluorescence staining. Interphase (n=7), pfeige (n=6), telophase (n=1).



4.5 Upregulation of intracellular and surface Glutlmarks effector cell differentiation

Intracellular Glutl staining demonstrated thatBheells which upregulated Glutl were a
heterogeneous population comprised of Pax5 highPam® low cells, whereas the Glutl low
cells were enriched for Pax5 high cells, which |sgg that increasing intracellular Glutl may be
associated with effector cell differentiation (Figu.8). We also performed confocal imaging on
LPS-activated B cells and anti-CD3-, anti-CD28 #i 2-stimulated CD8T cells infected
with Flag-tagged Glutl retrovirus. Co-staining Ftagged Glutl and Pax5 or Tcfl in B cells
and CD8 T cells, respectively, revealed that Pax5 higreBsaexhibit low Glut, and that Tcfl
low CD8' T cells had a higher level of Glutl. Moreover, @soimal Glutl could be found in
Pax5 low B cells and Tcfl low CDg cells (Figure 4.9).

Because confocal imaging has shown that surfacel &uocalized near intracellular Glutl
vesicles, we tested whether surface Glutl levelkadedifferentiation of effector cells. By using
B cells and CD8T cells derived from Myc-tagged Glutl mice, werdithat those cells which
upregulate surface Glutl have a greater probalafiteing identified as Pax5 low B cells or
Tcfl low CD8 T cells, suggesting that upregulated surface Ghay mark populations that
exhibit a bias to differentiate into effector cgisgure 4.10).

To further test whether in vivo activated T cellsoaupregulated Glutl when differentiating
into effector cells, we immunized mice expressingcMag-Glutl with LCMV Armstrong strain,
which is an acute infection model. At day 7 poseation, animals were sacrificed for analysis
of splenic CD8 T cells by flow cytometry. After been activated dnytigen, CD8 T cells
upregulated CD44 and a subset of the CD44 pogtipeilation further upregulated KLRG1 and
downregulated Tcfl to become effector T cells (W.\M et al., 2016). Surface Myc-tag-Glutl

staining revealed that Tcf1 low, but not Tcfl higip8" T cells upregulated surface Glutl
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together with surface CD44 (Figure 4.11 A). In aiddi, in wild-type B6 mice infected with
LCMV, we found that the intracellular Glutl levehwalso positively correlated with the surface
CDA44 level, but not the KLRGL1 level. Taken togethiese data reveal that in vivo-stimulated
CD8 T cells upregulated intracellular and surfadetGwhen they downregulated Tcfl, but

before they upregulated surface KLRGL1 (Figure 811
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Figurer 4.8 Intracellular Glutl and Pax5 levels inB cells

B cells were activated with LPS (20ug/ml) for 3 ddoefore FACS analysis.

Samples were stained with green live/dead dye bdfeing fixed and permeabilized with
Foxp3/Transcription Factor Staining Buffer Set @fiience). After permeabilization, samples
were stained with rabbit monoclonal antibody [EPER90 Glucose Transporter GLUT1

(Abcam), rat anti-Pax5 [1H9]-PerCP/Cy5.5 (BioLeggranhd rat anti-IRF4 PE (eBioscience),

and then with goat-anti-rabbit IgG conjugated tex& Fluor® 647 dye. Experiment has been

repeated 2 times.
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Figure 4.9 Effector cells exhibit higher Glutl levés

B cells were activated with LPS (20ug/ml) for@@urs before being infected with retrovirus
expressing Flag-tagged Glutl and truncated humaRRNGimilarly, CD8 T cells were
stimulated by anti-CD3, anti-CD28 and IL-2 (100shitl) for 40 hours and then infected with
retrovirus expressing Flag-tagged Glutl and triectduman NGFR. At 26 hours after retroviral
infection, NGFR-positive B cells or CDE cells were sorted by flow cytometry for
immunofluorescence staining. Flag-tagged Glutl stasmed with rat anti-DYKDDDDK-tag
antibody [L5](BioLegend). Pax5 and Tcfl were stdimath rabbit anti-Pax5 and rabbit anti-

Tcfl, respectively.
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Figure 4.10 Upregulation of surface Glutl marks e#ctor cell differentiation

(A) B cells enriched from spleens of homozygous Mwagged-Glutl transgenic mice were
stimulated with LPS (20ug/ml) for 3 days. The cellre stained with Red live/dead dye, and
rabbit c-Myc antibody [71D10], and then goat anti-rabbit IgG conjugated to Alexa Fluor®
647 dye before fixation and permeabilization fdracellular anti-Pax5-PE staining.

(B) CD8' T cells enriched from spleens of homozygous Mygéeal-Glutl transgenic mice
were stimulated by plate-bound anti-CD3 and ant28R@ntibody as well as IL-2 (100 units/ml)
for 3 days. The samples were stained with Greesidead dye, anshouse Myc Tag antibody
[4A6], and then goat anti-Mouse IgG conjugated to Alexa Fluor® 647 dye before fixation and

permeabilization for intracellular Tcfl staining.
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Figure 4.11 Surface Glutl is upregulated in effectal cells in acute LMCYV infection

Mice were infected with the Armstrong straflL&EMV (2*10° PFU) byintraperitoneal
injection. The animals were sacrificed by day 7 post-ingectirhe experiments have been
repeated twice. (A) In Myc-Tagged Glutl transgamice (n=4), Tcfl low CD8T cells
upregulate surface Glutl during activation. Thdéase level of Glutl increased when CD44 was
upregulated. (B) Wild-type mice infected with LCMbdr 7 days. The intracellular Glutl

increased as CDST cells increased CD44 expression. These expetinave been repeated

twice.
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4.6 The PIBK/mTORC1 pathway maintains intracellular and surface Glutl levels

Three classes of PI3Ks generate different pooteefipid second messenger,
phosphoinositides 3 phosphates, on plasma membhrm#ssomes, autophagosomes, and
multivesicular bodies (MVBs) (Marat & Haucke, 2016)ass | PI3Ks produce predominately
phosphatidylinositol 3,4,5-trisphosphate (PI(3,B3h)The assembly of the catalytic and
regulatory subunits of Class | PI3Ks on membraseahrected by activated guanine nucleotide-
binding protein coupled receptors (GPCRS) or rewepgtosine kinases (RTKs) (Jean & Kiger,
2014). PI(3,4,5)Pprovides the docking sites for the pleckstrin htogg (PH) domain of AKT,
which then signals through mTOCRC1 and Foxol (The&ak, Alessi, & van Aalten, 2002;
Tzivion, Dobson, & Ramakrishnan, 2011). Insulimstiation has been reported to increase
Glutl protein content in 3T3-L1 adipocytes. Thigpbmenon occurs because the
PISK/PKB/mTOR cascade increases the transcriptiohteanslation of Glutl mRNA (Taha et
al., 1999).

To validate whether PI3K also regulates tieltGlutl protein level in B cells and CD8
cells, we measured the intracellular Glutl leveFACS after treatment with different inhibitors,
including LY294002, a pan-PI3K inhibitor that tatg®I13K class I, PI3K class lll, and a subset
of other PI3K-related kinases (such as mTOR and BNA (Gharbi et al., 2007); ZSTK474,
class | PI3K-specific inhibitor (Kong & Yamori, 20} and rapamycin. We found that
LY294002, ZSTK474, and rapamycin all exhibitedramsg repression effect on intracellular
Glutl levels in both in vitro activated B cells a@®8" T cells, suggesting that the class | PI3K
and mTORCL1 pathway regulate the biogenesis andistaid Glutl protein (Figure 4.12).

In addition to measuring the total intrackliuGlutl level, we also asked whether the PI3K

pathway regulates the surface level of Glutl protéle measure the surface level of Glutl by
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using activated lymphocytes with retrovirus incogimmg exofacial Flag-tagged rat Glutl or
lymphocytes derived from transgenic mice carryingcMagged—Glutl alleles (Wardell et al.,
2009; Wieman et al., 2007). The results of botlagsidicated that suppressing pan-PI3K
activities by LY294002, inhibiting class | PI3K,@mhibiting mTOCR1 all lead to the reduction
of the surface Glutl protein level (Figure 4.13,4. Therefore, class | PI3K may act by
stimulating the targeting of Glutl to the plasmamheane, or may be required for intracellular

Glutl to be recycled back to the plasma membrane.
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B cells CD8 T cells

-1 No drug - No drug
LY294002 1uM T LY294002 5uM

ZSTK474 0.5uM ZSTK4T74 5uM

- Rapamycin 0.1uM Rapamycin 0.1uM

Toal élutl

Figure 4.12 Class | PI3K and mTOCR1 regulate intraellular Glutl levels

(Left) B cells were stimulated by LPS (20ug/ml) 26 days before the addition of drugs and
then harvested for FACS analysis 36 hours afteathition of the drugs. (Right) CDF cells
derived from homozygous Myc-tagged Glutl transgemice were stimulated with anti-CD3,
anti-CD28, and IL-2 (100 units/ml). Drugs were adi@5 days after activation, and then the

cells were cultured for an additional 18 hours beteeing harvested for FACS analysis.
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Figure 4.13 Class | PI3K and mTOCR1 regulate surfae Glutl levels

(Left) B cells were activated with LPS (20ug/mly #0 hours before infection with retrovirus
carrying either Flag-tagged rat Glutl IRES trunddteaman NGFR (tNGFR) or pMIG IRES
tNGFR empty vector. Drugs were added 8 hours sfigr infection. Infected cells were
incubated with the drugs at indicated concentraiori8 hours before being harvested for
FACS analysis.

(Right) CD8" T cells derived from wild-type B6 mice were stimatgd with anti-CD3, anti-CD28,
and IL-2 (100 units/ml) for 40 hours before spifettion. Activated CD8T cells were
transduced with retrovirus carrying either Flaggedjrat Glutl IRES tNGFR or pMIG IRES
tNGFR empty vector. Drugs were added 8 hours &ft@sduction and then the cells were

cultured for 18 more hours before being harvestedrACS analysis.
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Rapamycin 0.1uM
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Untreated
LY294002 0.1uM
ZSTK474  20nM
Rapamycin 0.1uM
WT control
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Surface Myc-Tag-Glutl
Figure 4.14 Class | PI3K and mTOCRL1 regulate surfae Myc-tagged Glutl levels

(Left) B cells derived from homozygous Myc-taggeldit® transgenic mice were stimulated with
LPS for 2 days before drug was added. After drudjtexh, the B cells were further cultured for
18 hours before FACS analysis with Rabbit Myc-Tagileody and Goat-anti-Rabbit 1IgG
conjugated to Alexa Fluor® 647 dye.

(Right) CD8 T cells derived from homozygous Myc-tagged Glughsgenic mice were
stimulated with anti-CD3, anti-CD28, and IL-2 (100its/ml). Drugs were added 2.5 days after
activation, and cells were then cultured for addiél 18 hours before being harvested for FACS

analysis.The experiments have been repeated twice.
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4.7 Inhibition of PI3K abolishes Glutl polarity in dividing lymphocytes

To understand the effect of PI3K on Glutl local@at we performed immunofluorescence
staining to compare the localization of Glutl iffefient stages of cell division. We found that
PI3K inhibitor LY294002-treated B cells lost poleation of Glutl vesicles to the MTOC in
prophase (the two MTOCs were not positioned orofiposite sides of the dividing cells, and
the chromatin has not yet condensed,) and metagh¥@C were positioned on the opposite
sides of the dividing cells, and the chromatin t@sdensednd lined up in the center of the
cell) (Figure 4.15). Moreover, PI3K inhibitor LY2940@Polished the asymmetric Glutl
phenotype in cytokinetic cells. In the presencPI8K inhibitor, Glutl vesicles are equally
distributed into the two daughter cells, suggestitad the polarization of Glutl in prophase and
metaphase requires PI3K to establish polarizaigmass. Notably, in all of the images, PI3K-
treated cells exhibit lower Glutl staining, whishin consistent with the our FACS data, in

which PI3K inhibitor also reduced the level of atellular Glutl.
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No drug PI3K inhibitor

Figure 4.15 PI3K inhibitor abolishes asymmetric Glul localization

prophase

metaphase

cytokinesis

B cells derived from wild-type B6 mice were stimiai with LPS (20ug/ml) for 3 days before
being sorted for immunofluorescence staining. Rl#Kbitor LY294002 (5uM) was added

directly into the culture media 18 hours befordiagr
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4.8 Rabl1la regulates surface and intracellular Glut levels and is required for polarization
and asymmetric segregation of Glutl vesicles in diling cells

The PI3K signaling pathway has been shown to erhandace Glutl levels in response to
IL-3 stimulation through a Rablla-mediated pathimatre murine prolymphocytic cell line
FL5.12 (Wieman et al., 2007). To validate whetlmes pathway is also responsible for the
trafficking of Glutl in mature lymphocytes, we infed CD8 T cells derived from Myc-tagged
Glutl mice with retrovirus expressing wild-typedmminant negative Rablla (S25N) fused to
GFP to measure the surface Glutl level with Myc-@atjpody and the intracellular Glutl
protein level by anti-mouse Glutl antibody. Thaulessshowed that expression of dominant
negative Rablla increased the intracellular Gexgllat the expense of reducing the surface
Glutl level, suggesting that abolishing the GTRedrity of Rabl14the GDP-locked form) led
to the accumulation of intracellular Glutl and reeld the recycling of Glutl back to the plasma
membrane (Figure 4.16) . This result is compartabighat has been reported in the IL-3
prolymphocytic cell line FL5.12.

In addition to Glutl levels, we also meadufes effect of expressing dominant negative
Rabl1a on the transcriptional program during lyngyt® proliferation and differentiation.
Retrovirus expressing dominant negative Rabllaresppd Pax5 but upregulated IRF4 in LPS-
stimulated B cells (Figure 4.17 A). Similarly, oegpression of dominant-negative Rablla
suppressed Tcfl in in vitro activated CDBcells (Figure 4.17 B). Thus, overexpressing
dominant negative Rabl1la promotes effector cdidihtiation.

Finally, we performed confocal analysis ttedmine the effect of over-expression of
dominant negative Rabl1a on the localization otGugsicles in dividing lymphocytes.

In B cells, overexpression of GFP-wild type Rabiitmeased the amount of intracellular Glutl
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vesicles. Although some the vesicles are not lacagar MTOC, most Glutl vesicles were still
polarized to the MTOC in interphase and metaphalse, daughter cells exhibiting asymmetric
amounts of Glutl could be found in 50% of the cytekic pairs. By contrast, overexpression of
GFP-dominant negative Rabl1a increased the amdunttacellular Glutl vesicles, but these
vesicles were not co-localized with the MTOC, dmeirt distribution was more diffuse in the
metaphase cells. In almost all of the observedkaysbic cells, both daughter cells inherited
equal amounts of Glutl, suggesting that asymme@itiitl distribution and polarization to the
MOTC are both dependent on a Rablla-mediated pgttivigure 4.18). This loss of polarity
and asymmetric Glutl phenotype is similar to theepbation in PI3K inhibitor Ly294002-
treated cells, implying the PI3BK/mTORC1 pathway magvide polarized signals for Glutl

vesicles through regulating the GTPase activitRablla.

114



GFP-Rab11a WT GFP-Rab11a DN

35.5

274 | 3 = 20.9

intracelular Glut1

I T e Ty T Fry TR B i eIy Ty

249 g 9.34 E 17.2

surface Mc-tag-Glut1

cell division

F

Figure 4.16 Rabl1a regulates surface and intracellar Glutl levels

CDS8' T cells were enriched from the spleen of homozgddyc-tagged Glutl ansgenictr mice
and stimulated for 40 hours by plate-bound anti-C&8i-CD28, and IL-2 (100 units/ml) in the
media. Activated cells were infected with retrogicarrying GFP-wild-type Rabl1la, GFP-
dominant negative Rablla (S25N), or GFP-expressingol vector (MIGR1) and cultured

with plate-bound anti-CD3, anti-CD28, and IL-2 hetmedia for 18 hours before FACS analysis.
The surface Myc-tagged Glutl was stained by Mouge-Wag antibody (Clone 4A6) with Goat
anti-mouse IgG conjugated to Alexa Fluor® 647 dykereas the intracellular Glutl was
detected by rabbit monoclonal [EPR3915] antibodéhacose Transporter GLUT1 with Goat

anti-rabbit 1gG conjugated to Alexa Fluor® 647 dye.
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Figure 4.17 Dominant-negative Rabl1la induced effemt cell differentiation
B cells were stimulated by LPS (20ug/ml) and CD&ells were stimulated by plate bound anti-
CD3 and anti-CD28 with IL-2 (100units/ml) in the di& for 40 hours before retroviral
transduction. Activated cells were transduced WMtlsR1 (GFP control), GFP-Wild-type
Rabl1la, or GFP-dominant negative Rablla. The esipresf dominant-negative Rablla
inhibits Pax5 and Tcfl in B cells and CDB cells, respectively. The experiments have been

repeated twice.
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Figure 4.18 Overexpression of dominant-negative Rdlia abolishes the Glutl asymmetric

interphase

metaphase

cytokinesis

phenotype in dividing lymphocytes

B cells were activated with LPS for 40 hours befgpen infection with retrovirus carrying
GFP-Rablla WT, GFP Rablla-dominant negative, olRI@&FP control). The GFP-positive
cells were sorted by day 3 after activation. Tiiart shows confocal image analysis of Glutl
protein staining in representative interphase (WA9, DN: n=5), metaphase (WT: n=21, DN:

n=16), and cytokinetic (WT: n=7, DN: n=3) B cells.
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4.9 Lis1 regulates the polarization of Glutl-contaiing intracellular vesicles toward MTOC
By using CD4-Cre to conditionally delete Lis1 in €and CDS8 T cells, we found that P14+
Lis1™ CD4-Cre CD8 T cells divided relatively slower compared to P14s1" CD8' T cells
when stimulated by gp33 and IL-2. The LsCD4-Cre CD8 T cells also showed relatively
lower Tcfl repression compared to Lfsdiblings (Figure 4.19).

Confocal analysis revealed that most ofciltured P14CD8' T cells derived from the
Lis1” CD4-Cre animal lack intracellular vesicles conitainGlutl, but these T cells still have
strong Glutl staining near the cell membrane, sstgggknocking out Lis1 mainly affects
recycling endosome but not surface Glutl (Figu®}.In some of the interphase cells with
intracellular Glutl vesicles, these vesicles artgpotarized toward the MTOC, which is similar
to the phenotype of PI3K inhibitor-treated CDBcells. This result also confirms that the
formation of large Glutl vesicles near MTOC regslingotor protein and vesicle transportation

and therefore the large GFP-positive vesicles oeskn live cell imaging of Glutl-GFP are not

the result of GFP aggregation in the cells (Figui®.
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Figure 4.19 Knocking out Lis1 affects effector celtlifferentiation

The splenocytes derived from LIS1CD4-Cre+, P14+ and Lis f/f, Cre negative, Padimals
were labeled with CellTrad¥ Violet proliferation dye and then activated by 83ug/ml) and
IL-2 (100 units/ml). Activated cells were harvestedanalysis after being cultured for 80 hours.
(Upper) FACS analysis of Tcfl repression in Lis1 K&s (LisI", CD4-Cre+) and control cells
(Cre-negative). Y-axis represents the Tcfl stainivitgereas the X-axis shows the cell
proliferation dye staining (CellTraf8 Violet).

(Lower Left): A histogram comparing the Tcfl lewelLis1 KO cells and control cells.

(Lower Right): A histogram comparing the numbeceli divisions in Lis1 KO cells and control

cells.

119



cells with Glut1 vesicles

g 30
‘.-E 60
WT B
]
% 20
o
32 0
WT Lis KO
Glut1 localized to
[®) MTOC
O 100
-
= a0
. c
Lis1 KO 2%
TS w0
o H m
[o]
< O
WT Lis KO

Figure 4.20 Lis1 is required for Glutl vesicles t@olarize to the MTOC

The splenocytes derived from LIS1CD4-Cre+, P14+ (Lis1 KO) and Ifs Cre negative,

P14+ (WT) animals were activated by gp33 (lug/m§ H.-2 (100 units/ml). Activated cells
were harvested for analysis after 3 days of cult{lreft) Representative interphase cells in Lisl
KO and WT animals. (Right) The bar chart compahesftequency of cells positive for Glutl
staining (upper), and the percentage of cells Bitit1 vesicles polarized to the MTOC. The

interphase cells in WT (n=38) and Lis1 KO (n=37yevenaged by confocal microscopy.
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Chapter 5: Discussion
5.1 Is remodeling mitochondrial fusion and fissiorsufficient to alter effector and memory

cell differentiation?

In a recent paper, Pearce and her colleagues mo@osodel suggesting that enforcing
mitocohondrial fission in effector cells reprograeuitheir metabolism and imposed a memory
cell phenotype(Buck et al., 2016). The authorsest#tat perturbing the fission and fusion of
mitochondria is sufficient to reprogram the metadolof effector cells and that mitochondrial
morphology is a determining factor in T cell faféneir data showed that the formation of a
memory cell-like population was enhanced by addiigjvi-1 (10uM) to the culture media by
day 3. However, our data indicate that treatin¢saeith Mdivi-1 from the beginning of the
culture accelerates the downregulation of Tcf1,lymmg that suppressing mitochondrial fission
promotes effector cell differentation. At the figdance, these results are in conflict with each
other. However, our experiment reveals that thieieficy of mDdivi-1 mediated repression of
Pax5 or Tcfl is dependent on the time point withcvtit is added to the culture. When Mdivi-1
or CCCP is added to the stimulated B cells or Tsaeithin the first 36 hours after stimulation,
the downregulation of Tcfl in T cells and of Par®i cells, respectively, is accelerated. The
repression effect is less obvious when Mdivi-1 @CP is added 48 hours after stimulation. This
data suggests that two important determinantshietfect of inhibiting mitochondrial fission
are the number of divisions the cultured cells havdergone before drug treatment and the
incubation time of the cultured cells with the drug

We explained that Mdivi-1 did not cause aaddamage to mitochondria with short-term
treatment, but in the long-term, inhibition of tiiochondrial fission mechanism leads to

accumulation of damaged mitochondrial compartmediesarly, whereas fusion of relatively

121



healthy mitochondria may increase metabolic fumgtfasion of damaged mitochondria will not
prevent the further accumulation of damage. Thésbalieve that the Pearce model which states
that "fission favors effector and fusion favors noeyi is oversimplified. The coordinated

fission and autophagic turnover of mitochondriadPK are probably extremely important for

memory.
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5.2 Do AMPK and mTORC1 work cooperatively in rapidly proliferating lymphocytes?

It is well known that AMPK and mTORCL1 are activatetler opposite nutrient conditions.
AMPK is activated under nutrient-deficient conditsp whereas mTORCL1 is activated under
nutrient-high conditions. Moreover, AMPK suppresseBORC1 by phosphorylating Raptor and
other mTORCL1 associated proteins, such as TSC2nfGetial., 2008; Inoki et al., 2006).
However, we found that even in normal culture ctads, B cells or T cells derived from an
AMPK knockout animal exhibit a tendency for earbpdhregulation of Pax5 or Tcf1,
respectively, compared with B cells or T cells ded from wild-type animals. It is unlikely that
this phenomenon is due to the cells running owvailable nutrients after 4 days in culture,
because the AMPK knockout cells start to downregguRax5 or Tcfl after the first 2 divisions.
These data suggest that even in the presencefmiesuif nutrients and growth factors, rapidly
proliferating cells may gradually subject to cedlustress responses. The stress may come from
misfolding protein response of the endoplasmicudtim and enhancing ROS generation during

ATP production.

5.3 The linkage between PI3K and Glutl trafficking

The detailed mechanism of how PI3K maintaitagellular and surface Glutl protein levels
remains unclear. Most of the earlier studies us294002 as a reversible PI3K inhibitor
(Doughty et al., 2006; Wieman et al., 2007). Unfadtely, LY294002 has been found to inhibit
several PI3Ks, including the PI3K p110 gamma isofceind even other protein kinases (Gharbi
et al., 2007). Therefore, we cannot rule out thesfmlity that the observed Glutl alteration after
LY294002 treatment is due to protein kinases atii@n PI3Ks. Also, LY294002 cannot

selectively inhibit different PI3K isoforms; anduhmore elegant experiments combining
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inducible and conditional gene targeting shoulghedormed to confirm which PI3K subunits
are responsible for Glutl trafficking, membraneldiog, and degradation. Finally, LY294002
could also inhibit the effect of MTORCL1 and therefave cannot determine whether its effect
was directly mediated by inhibition of PI3Ks or wasough its off-target effect on mTORC1
(Brunn et al., 1996).

One of the potential links between PI3K andtGlrafficking may be WNK1.
WNKZ1 is a protein kinase that regulates the Tre-2/UBB&2-Cdc16 Domain Family Member
4 (TBC1D4)-Rab8A Complex, which is required fomiskocation of Glutl to the surface of cell
membranes (Mendes, Matos, Moniz, & Jordan, 2010§KW/can be phosphorylated on Thr60.
In 3T3-L1 cells, insulin-like growth factor I-stifrated WNK21 phosphorylation could be blocked
by the irreversible PI3K inhibitor wortmannin an®\R interference-directed depletion of Aktl
and Akt2, but not by rapamycin (Jiang et al., 200%)ese results suggest the involvement of the
PISK/AKT pathway in WNK1 phosphorylation, but noT@RC1.

Interestingly, a recent study demonstrated ttte of WNK1 in T cells to promote cell
migration but to attenuate integrin-mediated adiresiVe are looking forward to testing whether
targeting WNK1 would induce lost polarity of Glutidividing B and T cells, just as in
LY294002 treated cells. If so, the result will soppa model that PI3K/AKT regulate WNK1-

mediated Glutl trafficking through phosphorylatmWNK1 (Kochl et al., 2016).
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5.4 PI3K, AKT, mTORC1, and Glutl surface expression

A further question about how PI3K regulatéstGsurface expression is whether AKT and
MTOCRL1 are also involved in optimizing the traffiogg of Glutl. The first paper which
described that inhibiting PI3K activity blocks Glusurface expression in B cells was published
in 2006 (Doughty et al., 2006). The authors denratesti that the abundance of Glutl protein in
splenic B cells activated by F(ab’)2 fragments mi-anouse IgM is reduced by treatment with
PI3K inhibitor LY294002 and deletion of p&ba key subunit of PI3K, suggesting that the PI3K
pathway is contributing to regulating the expresdGlutl. This paper also noted that the total
Glutl protein level in these anti-lgM activated dvilype B cells was not affected by rapamycin
treatment.

The next year, J C Rathmell and his colleaguslished a paper using the early
hematopoietic myeloid/lymphoid cell line FL5.12 eggsing exofacial-FLAG epitope tagged rat
Glutl to study the effect of altering PI3K and Al&gtivity on the surface expression of Glutl
(Wieman et al., 2007). The result of a pulse-clasay showed that removing cytokine IL-3
from the media accelerated the turnover rate afl&bsurface Glutl. Moreover, treatment with
the PI3K inhibitor LY294002 blocked the IL-3 indut&lutl surface expression, but did not
affect the total protein level of FLAG-Glutl. Expeing myristoylated and constitutively active
Akt (myrAkt) or phospho-mimetic (S473D/T308D; AktDEbrms of Aktl is sufficient to
maintain the surface FLAG-GIutl level in the preseand absence of IL-3. Overexpressing
myrAkt enhanced surface FLAG-Glutl expression. Sueénotype could not be reverted by
treatment with rapamycin, suggesting that it isgbevity of AKT, but not mMTORC1, that is
responsible for modulating surface Glutl traffigki®ne of the caveats of this study is that they

did not use wild-type lymphocytes and could noerolit the effect of rapamycin on the
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efficiency of transient transfection of myrAkt.

5.5 The dynamics and localization of Glutl vesicles

Our live cell imaging and immunofluorescentarsng have demonstrated that Glutl-
containing vesicles are polarized in dividing lyropiites. The surface level of Glutl is regulated
by endocytosis and endocytic recycling. After endiosis, cargo proteins can be transported
through a series of endosome compartments. The m@japartments are early endosomes, late
endosomes, and the endocytic recycling compartfi€) and recycling endosomes (Grant &
Donaldson, 2009). Early endosomes are coated vabibRind early endosome antigen 1 (EEA1L),
whereas recycling endosomes are marked by Rabal@ehdosomes can be stained with
LysoTracker, which is a dye that stains acidifiedieular structures in live cells.
Live cell imaging using B cells infected with retnus expressing Glutl-mCherry fusion
proteins and GFP-Rabl1a fusion proteins reveatgtraof the Glutl vesicles are co-localized
with GFP-Rabl1la, suggesting a subset of the Glesiches are in the recycling endosomes.
Further experiments are needed to identify whad kihendosome is asymmetrically segregated
in dividing lymphocytes, and how the PISK/mTORC>hyeay regulates the polarity of such

endosome.
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5.6 New evidence of asymmetric cell division on ratating self-renewal versus effector cell
differentiation

Traditionally, the primary role of asymmetcell division in mature lymphocytes was
understood to be in the first cell division, whgmphocytes are activated by antigen-presenting
cells (Oliaro et al., 2010). Also, the driver offdrent fates of the sibling cells was thought & b
the asymmetric abundance of transcription faceush as T-bet and Tcfl in T cells, or Bcl6,
Pax5, and IRF4 in B cells (Barnett et al., 201Z;.XChang et al., 2011; W. W. Lin et al., 2016;
Nish et al., 2016). However, in recent years, seva@udies and our work have suggested that
signals regulating metabolism and nutrient senalsg exhibit differences between the sibling
daughter cells and these asymmetric phenotypescatanited to the first cell division. Such
signals include PI3K and mTOCR1 signaling, resgltssymmetric Foxol activity,
phosphorylated-S6 abundance, and c-Myc proteir (8VeH. Lin et al., 2015; Pollizzi et al.,
2016).

In this study, | further identify two mechisms that contribute to establishing the
differential fates of the sibling cells: asymmetfymitochondrial stasis and glucose transporter.
Both asymmetric phenotypes can be observed inbdbenge of antigen-presenting cells,
suggesting these mechanisms can establish cefisittipolarity cues. My experiments show that
metabolism, mitochondria, and transcriptional pamgming interplay with each other to amplify
the differences between the sibling cells. Thugmasetric cell division and cell differentiation
are continuous and progressively changing processes

Once the self-amplifying signals pass throadhreshold, the cells enter a transition point,
where further stimulation will generate siblinggwilistinct transcriptional programs. Some of

the sibling cells will lose self-renewal abilitgdding to irreversible effector cell differentiatjo
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whereas the other cells maintain self-renewal tgalnd differentiation potential. Therefore, a
clone can be used, but not lost, to generate daugélis with diverse functions.

We found that effector cells generate more ROS ewatpto self-renewing cells because they
have a lower ability to renew aged mitochondria arniigher capacity for aerobic glycolysis.
Therefore, my studies also provide methods to obttie direction of effector cell

differentiation. Treatment with ROS scavengers glgdolysis inhibitors during cell division can
suppress the downregulation of lineage-maintaitiagscription factors. This technique would
be helpful in developing better methods for makimgmory-like lymphocytes for immune
therapies, in identifying methods for preventingp@&xstion of activated lymphocytes in a cancer

micro-environment, and for improving the qualitylginphocytes derived from aged patients.
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Appendix

Primer list
number Primer | Primer sequence usage
name
001 Thet- CCTTGAACCTCCTCGTTCGAC Sequencing
GFP- MIGR1
FGM-Fr from
upstream to
CDS
002 Thet- TTGTGGCCGTTTACGTCGC Sequencing
GFP- CDS before
FGM-Rev the 5’ end
of EGFP,
80bp
downstream
to start
003 Bglll- ATGACAGATCTGCCACCATGGAGCCCAGCAGCAAGAAG Cloning
ratGlutl- rat Glutl
S5e-Fr
004 EcoR1- ATGACAGAATTCTCACTTGGGAGTCAGCCCCCAG Cloning
ratGlutl- ratGlutl to
3e-FGM FGM
005 EcoR1- ATGACAGAATTCCACTTGGGAGTCAGCCCCCAG Cloning
ratGlutl- rat Glutl to
3e- CheFM
CheFM
006 BamHI- ATGACCAGGATCCGCCACCATGGAGGCGCTGATCCCGGTC Cloning D
msDrp- Drp-1
1_5e-Fr
007 msDrp-1- | ATGACCAGGATCCACCCTCGAGTTGTCACCAAAGATGAGTCTCTCGGAT| Cloning DN
3e-Xhol- | TTC Drp-1
BamHI-
Rv
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