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ABSTRACT OF THE DISSERTATION

Hypoxia Inducible Factors: Redefining Metabolic Regulation of CD8 T
cell Differentiation and Function

by

Anthony Phan

Doctor of Philosophy in Biology

University of California, San Diego, 2016

Professor Ananda Goldrath, Chair

T cell responses are initiated by detection of cognate peptide presented by antigen
presenting cells in secondary lymphoid tissues and result in migration of T cells to various
tissues with disparate local conditions. Hypoxia Inducible Factors (HIFs) are uniquely
poised to integrate physiological and disease-derived signals to modulate T cell responses
making them an attractive target for further study. Understanding how T cells have taken
advantage of the HIF pathway to interpret local conditions and integrate these with the
array of mitogenic signals produced during infection is essential for the advancement of

our understanding of T cell biology and critical for the development of novel therapeutic



approaches. This dissertation takes advantage of genetic models to modulate the oxygen-
sensing HIF pathway to define how HIFs regulate CD8" T cell differentiation and function.

By employing genetic deletion of the von Hippel Lindau tumor suppressor protein
(VHL), a crucial negative regulator of HIF signaling, we identified a novel role for HIF
activity in modulating effector CD8" T cell function following chronic viral infection. We
demonstrated that sustained HIF signaling not only enhances effector function in the
face of persistent antigen, but drives resistance to immune exhaustion in antigen-specific
CD8' T cells. Constitutive HIF signaling also drove enhanced glycolytic metabolism
and pharmacological inhibition of glycolysis resulted in partial rescue of HIF-dependent
alterations in expression of effector molecules, activation-associated receptors, and critical
transcription factors suggesting that modulating cellular metabolism can directly impact T
cell function and possibly fate decisions.

Extensive metabolic changes accompany T cell activation including a switch to
glycolytic energy production and increased biosynthesis. Recent studies suggest that a
subsequent return to reliance on fatty acid oxidation to fuel oxidative phosphorylation
and increasing spare respiratory capacity are essential for the differentiation of memory
CD8' T cells. Constitutive HIF activity in CD8' sustains glycolytic metabolism and
suppresses oxidative phosphorylation providing a powerful model by which to define the
role of metabolic pathway choice in CD8' T cell differentiation. Here we demonstrate that
surprisingly, constitutive glycolytic metabolism does not inhibit the formation of long-lived
memory CD8 T cells, but predominantly supports the formation of effector memory (Tgyp)
CDS8™ cells. Moreover, the departure from a reliance on oxidative phosphorylation also
drives accelerated emergence of memory precursor cells following the peak of the response
to acute viral infection. Importantly, these long-lived memory CD8T T cells upregulated
IL-7 receptor, expressed critical transcription factors at similar levels to wildtype cells, and

demonstrated a heightened response upon secondary challenge demonstrating that restricting

X1



CDS8™ T cells to glycolytic metabolism does not inhibit the differentiation of a protective
memory pool.

While constitutive HIF signaling has provided a powerful model to define targets of
HIF activity in CD8" T cells, we also sought to understand how loss of HIF signaling and
HIF-mediated glycolytic metabolism may impact CD8" T cell differentiation and function.
In this dissertation we begin to explore how deletion of HIF-1o and HIF-2a impact CD8* T
cell metabolism and function following acute viral infection and place these findings in the

context of CD8" T cell immunity as well as propose areas of future study.
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INTRODUCTION

The greatest innovation in public health has been the invention of vaccination, which
relies on the bedrock concept of immunological memory to provide enduring protection
against numerous diseases. Adaptive immune cells are critical for mediating vaccine-induced
protection, however the vast majority of current vaccines fail to elicit potent protective
memory T cell populations. CD8" T cells are a subset of T lymphocytes that are essential
for the eradication of intracellular pathogens and play an important role in the clearance of
tumors [17,41,43]. As such, the generation of CD8" T cell memory has been an area of intense
study with significant progress made in defining regulators of memory differentiation with
the ultimate goal of improving vaccine efficacy. This dissertation expands upon the field’s
understanding of transcriptional and metabolic regulation of CD8" T cell differentiation by
defining the impact of the Hypoxia-Inducible Factor family of transcription factors (HIF's),
which transcriptionally regulate immunity and cellular metabolism, in CD8" T cells during

the response to viral infection.

CD8* T cell Differentiation

During infection, circulating antigen-specific naive CD8% T cells encounter cognate
antigen presented in the context of MHC Class I molecules presented by antigen-presenting
cells in secondary lymphoid tissues. Stimulation of the T cell receptor along with co-

stimulation activate CD8" T cells promoting rapid proliferation, coincident differentiation,



acquisition of effector functions, and migration to sites of infection [17,41,43]. Once in
infected tissues effector CD8' T cells produce cytokines (i.e. IFNy and TNFa) and utilize
cytolytic molecules (i.e. perforin and granzymes) to control the invading pathogen and kill
infected cells. Following clearance of the pathogen the effector CD8™ T cell population
contracts precipitously, whereby the majority of antigen-specific CD8% T cells die via
apoptosis, with a fraction (5-10%), surviving to become long-lived protective memory CD8™
T cells [17,41,43].

Secondary Lymphoid Tissue Peripheral Tissue

Naive CD8* @ Effector function,
T cell Further expansion,
@ Heterogeneous Specification of fate?
Effector Pool ]
Activam
Expansion, /
Differentiation
O X
/
= /
© - ©
©0 /
. :
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Cytokines and chemokines
Nutrient availability
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Figure 0.1: Activation and migration of CD8% T cells. Naive CD8T T cells
encounter cognate antigen in secondary lymphoid tissues, active, expand, and acquire
effector capacity then migrate to peripheral tissues. During this time CD8% T cells are
exposed to numerous extracellular signals that can play a role in promoting migration,
supporting effector function, and defining cell fate.

Tremendous progress has been made in identifying critical signals (i.e. antigen, 11.-12,
and TGF-B), transcription factors (i.e. T-bet, Eomes, Id2, Id3, and Foxol), and cellular
populations (i.e. distal and proximal daughter cells, terminal effector and memory precursor
cells) that drive or lead to differentiation of memory CD8" T cell populations [17]. Useful
cell-surface markers for studying the factors guiding CD8™ T cell effector versus memory

differentiation are IL-7-receptor-a (CD127) and Killer cell lectin-like receptor subfamily G

member 1 (KLRG1). Following infection and activation all CD8% T cells downregulate



expression of CD127, however near the peak of the cellular response to infection a proportion
of cells (dependent on inflammatory environment) upregulate KLRG1 while remaining
CD127%, additionally another subset of cells re-express CD127 and express low levels
of KLRG1. This shift in KLRG1 and CD127 expression correlates with memory and
proliferative potential as KLRG1MCD127% cells tend to be terminally differentiated effector
cells, while KLRG1°CD127" cells exhibit a higher potential to form long-lived memory cells.
Importantly, these markers are correlative and not deterministic as recent studies have shown
that these subsets consist of a heterogeneous population of cells with a continuum of memory
forming potential [17,43]. Mirroring the heterogeneity of the effector cells that eventually
form memory CD8" populations, recent studies have highlighted that memory CD8" T cells
are a heterogeneous population as well, consisting of circulating populations (central memory
(Tom) and effector memory (Tgy)) and tissue resident memory populations (Tgry). With
the continued characterization of these subsets, by genetic models (i.e. knockout-studies)
and high throughput sequencing technologies (i.e. single cell RNA-seq and ATAC-seq), the
ontogeny of memory cells and their subsets remains undefined and it appears evident that
multiple distinct cell-intrinsic programs, influenced by cell-extrinsic signals, are likely at play
in specifying the memory fate.

When considering the vast array of signals, transcription factors, and mechanisms
regulating CD8" T cell differentiation it becomes clear that many unexplored factors
potentially drive the bifurcation between effector and memory formation. Further defining
the molecular mechanisms that drive CD8" T cell fate will provide unique strategies for
improving current vaccines.

Protective immunity relies on coordinate responses from numerous cell types in
order for host tissues to resist incursion by foreign agents. Infection of tissues by pathogens
often drives vast changes in the tissue microenvironment as well as the upregulation of

systemic signals necessary for marshalling immune cells to the fight. Recently it has become
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Figure 0.2: A potential model of memory CD81 T cell differentiation. Naive
CD8™ T cells activate, expand, and differentiate into a heterogenous pool of effector cells
from which the ontogeny of memory generation is unclear. This figure illustrates one
potential model where memory precursors further differentiate into all three described
memory subsets.

appreciated that antigen, cytokines, chemokines, as well as the balance of nutrients and
oxygen can play a role in modulating immune cell metabolism thereby affecting cellular
fate and function [17,75]. Further, T cells must traffic from secondary lymphoid tissues to
infected sites, experiencing dramatic shifts in microenvironmental signals unique to tissue
milieu, which may play a crucial role in influencing T cell metabolism, altering cellular
function and cell fate decisions. How such microenvironmental signals are integrated at the

transcriptional level is a topic of considerable importance in understanding T cell immunity.

T cell metabolism - a modulator of T cell responses

It has been noted for decades that the massive proliferation that occurs following
lymphocyte activation is accompanied by marked shifts in cellular metabolism [99]. Quiescent
naive T cells primarily rely on oxidative phosophorylation for their energetic demands, but
upon activation by cognate peptide and costimulation from antigen presenting cells, T cells
rapidly shift towards a reliance on glycolytic metabolism [17,75]. Glycolytic supply of energy

proves to be critical for differentiation and effector function of activated T cells. Following



clearance of the pathogen, most effector T cells die, however a small proportion survive
and differentiate into long-lived memory populations that exhibit a coordinated return to a
reliance on oxidative phosphorylation [17,75]. Recent work has demonstrated that these
metabolic transitions accompany key cell-fate decisions impacting differentiation and effector
function of T cell subsets [16,22,45,56,61,69,89,91,94,95,102]. Most intriguingly, data from
some of these studies argue that differentiation of memory as well as function of effector cells
are dependent on utilization of specific metabolic pathways [16,31,69,91,94,95]. For example,
the transition from predominantly glycolytic metabolism to oxidative phosphorylation, fatty
acid metabolism, and generation of spare respiratory capacity by antigen-specific CD8T T
cells may be essential for the formation of long-lived functional memory CD8% T cells [94].
However, understanding molecular regulators of T cell metabolism has emerged as a topic
of intense study, and in this dissertation we will discuss the master regulators of oxygen

homeostasis, the HIFs, and their role in regulating T cell metabolism and function.

HIF - a regulator of cellular metabolism

The importance of cellular metabolism in altering T cell differentiation and function
has propelled research into the role of well-established metabolic regulators such as c-Myc,
PI3K/AKT, mTOR, Foxol, and the HIFs in controlling T cell function. HIFs are a family
of transcription factors consisting of three alpha subunits, HIF-1a, HIF-2a, and HIF-3a,
with differing tissue-specific expression patterns that when stabilized can heterodimerize
with HIF-1( also known as the aryl hydrocarbon receptor nuclear translocator (ARNT),
and in the case of HIF-1a and HIF-2c, bind hypoxia response element (HRE) sequences
and activate a transcriptional program dedicated to mediating the adaptation of cells to
reduced oxygen availability [8,71,85]. HIF-3ua’s lack of a c-terminal activation domain

suggests that it is unable to activate transcription despite being capable of heterodimerizing



with HIF-13 and binding HRE sequences. It is currently unclear what role HIF-3u plays
in modulating cellular responses to hypoxia [54,57]. HIFs promote the adaptation of cells
to hypoxia primarily by lowering oxygen consumption through the increased expression
of two critical glycolytic enzymes, lactate dehydrogenase A (LDHa), which increases the
capacity to regenerate NAD+ following reduction of pyruvate produced by glycolysis, and
pyruvate dehydrogenase kinase 1 (PDK1), which actively prevents pyruvate from shunting
into the TCA cycle [29,46]. Altering these two metabolic checkpoints along with increased
expression of other glycolytic enzymes dramatically shifts cellular metabolism away from
oxygen-consuming pathways and drives a reliance on glycolysis for the generation of ATP.

Emerging literature has demonstrated a critical role for HIFs in modulating T cell
metabolism via both oxygen-dependent and oxygen-independent pathways and highlighted
their regulation of other novel gene targets influencing effector T cell function and differenti-
ation [21,23,26,28,56,89]. This introduction will first examine many of the regulators of HIF
in T cells, and then what is known about HIF’s impact on T cell metabolism, differentiation,

and function.

Regulators of HIF activity in T cells

Interest in HIF-regulated transcription in T cells stems from HIF’s function as a
modulator of metabolism in response to changes in oxygen tension; however, studies in T
cells and other immune cell types have revealed that while a primary function of HIF's is the
detection and response to low oxygen tensions, a number of other mechanisms regulate HIF
activity in an oxygen-independent fashion, allowing T cells to co-opt the HIF pathway for
regulation of cellular metabolism and other known transcriptional targets in response to
immune stimuli independent of oxygen availability. Here we will cover many of the known

regulators of HIF activity in T cells as well as some that remain unexplored in T cell biology,



but likely play a role in T cell function and fate given their described function in other cell

types.
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Figure 0.3: Oxygen-dependent regulation of HIF stability. The canonical oxygen-
dependent degradation pathway of HIFa requires prolyl-hydroxylation by PHDs and
subsequent polyubiquitination by VHL resulting in proteosomal degradation.

As in other cell types, the HIF pathway serves as the central sensor of oxygen
tension in T cells and is regulated in an oxygen-dependent fashion [59,71]. When T cells are
in oxygen-sufficient environments HIF o subunits are rapidly degraded by the proteasome
following hydroxylation by prolyl hydroxylase domain proteins (PHDs), primarily PHD2,
and ubiquitination by the von Hippel-Lindau tumor suppressor protein complex (pVHL), an
E3 ubiquitin ligase that specifically targets hydroxylated HIFo subunits (Figure 0.3) [39,40].
Conversely, when cells enter hypoxic environments, (~1% O2), PHDs, which require oxygen
(O2) as a cofactor for their function, along with iron(II) and a-ketoglutarate, are unable to
hydroxylate HIF on the appropriate proline residues resulting in a loss of pVHL-dependent
ubiquitination and subsequent stabilization of HIFa subunits [39,40]. HIFa can then dimerize
with HIF-1f upon translocation into the nucleus and activate HIF target genes. While
canonical oxygen-dependent regulation of the HIF pathway remains integral to regulating
HIFa stability, interestingly, activation by cognate antigen of T cells appears to “unlock”

the oxygen-dependent responsiveness of T cells amplifying stabilization of HIFa subunits as



naive cells cultured in 1% O3 exhibit mild stabilization of HIFa subunits in comparison to
those activated and cultured in 1% Os (unpublished observation A. Phan and A. Goldrath

and [97]).

Prolyl hydroxylase domain proteins and Factor Inhibiting HIF-1

Hydroxylation of HIFa subunits is the canonical mechanism for regulating HIF
activity [87]. Therefore regulation of PHD expression and activity is critical for regulating
HIF function. Three PHD isoforms are present in mice and examination of PHD function
shows that PHD2 is the default regulator of HIFa stability in most cell types [1]. Eginl
(PHD?2) is constitutively expressed in T cells and hydroxylates HIFa subunits for subsequent
degradation at the steady state. Interestingly, a conserved HRE has been identified and
shown in mouse embryonic fibroblasts to drive increased PHD2 expression following extended
exposure of cells to hypoxia, suggesting a self-regulating circuit designed to prepare cells
for re-entry into oxygen rich environments following hypoxia [55,60]. Egin3, which encodes
PHD3, is dynamically expressed in T cells following activation suggesting an importance
for hydroxylase activity during T cell responses [34]. PHD3 also appears to be directly
regulated by a HRE in a HIF-dependent fashion in in vitro experiments in human cancer
cell lines [55,77]. Further exploration of PHD expression and activity in the context of T cell
activation will be informative for defining regulators of HIF activity in the immune response.

In addition to PHDs, another hydroxylase, the Factor Inhibiting HIF-1 (FIH),
hydroxylates an asparagine residue in the c-terminal activation domain of both HIF-1o and
HIF-20 subunits in normoxia [47,53]. Asparaginyl-hydroxylation blocks the ability of HIFs
to bind transcriptional coactivators CREB-binding protein and p300 [47,53]. This prevents
HIF-mediated transcription, providing an additional layer of post-translational regulation of
HIF's that escape degradation by the proteasome.

PHDs and FIH rely on Og, iron(II), and o-ketoglutarate as cofactors. As such, hypoxia



or use of competitive inhibitors of a-ketoglutarate or iron chelators have been shown to
inhibit prolyl- and asparaginyl- hydroxylase activity and stabilize HIFo subunits [9,27,40]. In
addition, accumulation of TCA cycle intermediates succinate and fumarate, due to mutations
in TCA cycle enzymes, have been shown in renal cell carcinoma cells to competitively inhibit
hydroxylase activity by preventing PHD access to o-ketoglutarate thereby promoting HIF«
stabilization [38,86]. This suggests that alterations in T cell metabolism may serve as an
additional mechanism regulating HIF stability and activity through modulation of PHD

activity.

T cell receptor

Macrophages have been shown to stabilize HIFa subunits in response to bacterial
antigens in an oxygen-independent, TLR-dependent fashion that requires NF-kB activation
[6,78]. Much like macrophages, T cells have been shown to stabilize HIFs regardless of oxygen
tension in response to activation of antigen receptors [12,23,26,50,51,64,89]. T cell receptor
(TCR) signaling and costimulation through CD28 results in robust HIFa protein stabilization
regardless of oxygen tension which can be further potentiated by hypoxia [26, Chapter 1
of this dissertation] [64]. Microarray analysis comparing naive and activated CD8" T cells
show increased expression of mRNA for both HIF-1a and HIF-2a following activation in
antigen-specific CD8" T cells responding to viral and bacterial infections, suggesting that
TCR signaling regulates both HIF-1a and HIF-2a expression in vivo [34]. Induction of
HIF-1a is thought to be mediated by PI3K/mTOR activity downstream of TCR and CD28
signaling which promotes transcription of two splice isoforms of HIF-1o mRNA in human and
mouse T cells along with driving increased protein translation [50,64]. Oxygen-independent
stabilization of HIF-2a also occurs at low levels following TCR and CD28 stimulation of CD8"
T cells [26, Chapter 1]. However, it is unknown if this occurs through PI3K/mTOR activity

similarly to HIF-1a stabilization or if unique molecular pathways drive this stabilization
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independently. TCR and CD28 signaling have also been shown to activate NF-kB signaling in
T cells and given the importance of NF-kB activity in promoting antigen receptor-dependent
activation of HIFs in macrophages it stands to reason that NF-kB activity may play a critical
role in regulating HIF activity following TCR and CD28 engagement [19,74]. Additionally,
initial studies of TCR-dependent stabilization of HIFo subunits utilized rapamycin, a broad
spectrum mTOR inhibitor, to assess mTOR-dependency [64]. However, recent advances in
our understanding of the PI3K/mTOR pathway in T cells has revealed additional complexity
in the regulation and activity of mTOR (i.e. mMTORC1 versus mTORC2, cross-talk with
other metabolic pathways) [81]. Further examination of TCR-dependent regulation of HIFo
stability in the context of critical T cell activation pathways is necessary to clarify when

and where HIF-mediated transcription will influence T cell immunity.

Cytokines

As interest in the impact of HIFa activity in T cells has increased, the effects of
cytokine signaling on HIFa stabilization/activity has begun to be explored. Previous work
in human cancer cell lines has demonstrated that TGF-B may drive oxygen-independent
regulation of HIF demonstrated by normoxic stabilization of HIFs through Smad-dependent
inhibition of PHD2 expression [58]. Intriguingly, in CD4" T cells, pro-inflammatory IL-6
and anti-inflammatory TGF-$ have been implicated in in vitro normoxic stabilization of
HIF-1o in a STAT3-dependent manner [23]. However, an additional study demonstrated
that HIF-1a stabilization is STATS3 independent suggesting that other cytokines, possibly
I1.-23, could also play a role in influencing HIF-1a activity in CD4™ T cell differentiation [89].
In macrophages, Tyl and T2 cytokines could stabilize HIF-1a promoting M1-polarization
or HIF-2a driving M2-polarization respectively [92]. Similarly, in vitro activation of CD8"
T cells followed by culture with IL-2 potentiated normoxic stabilization of HIF-1a and little

to no stabilization of HIF-2a while culturing with IL-4 promoted normoxic stabilization of
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both HIF-1o and HIF-2a in expanding CD8s [26, Chapter 1]. Culturing activated CD8* T
cells with IL-2 or IL-4 also altered HIF-1o- or HIF-2a-dependence of several differentially
expressed effector molecules, transcription factors, and activation-associated receptors. This
suggests that cytokine-dependent stabilization of HIF's could be an additional context-specific
mechanism for modulating T cell function and fate similar to the bifurcation of M1 and M2
macrophages [26,92, Chapter 1]. Deciphering how individual cytokines affect the different
layers of HIFa regulation will provide important insight into the potential impact hypoxia

and the inflammatory microenvironment have on T cell differentiation and function.

Non-coding RNAs

With genome-wide sequencing, it has recently become appreciated that non-coding
RNAs (ncRNAs) make up a large proportion of differentially expressed genes following T
cell activation. Examination of microRNAs (miRNAs) and long noncoding RNAs (IncRNAs)
in T cells has demonstrated important roles for both in the regulation of T cell biology
downstream of numerous signals [42,70,73|. Notably, a number of miRNAs and IncRNAs
have been implicated in regulating HIFa accumulation. miR155 and miR210 are hypoxia-
regulated which, in mouse intestinal epithelial cells and T cells respectively, provide negative
feedback to HIF activity following extended hypoxic signaling [11,97]. A recent study
demonstrated that miR210, but not miR155, is upregulated upon T cell activation in
a CD28- and HIF-lo-dependent manner in CD4" and CD8" T cells [97]. Surprisingly,
computational analysis predicted HIF-1a as a target of miR210 and further study of Ty17
CD4™ T cells revealed a negative feedback loop mediated by miR210 for T cells cultured in
prolonged hypoxia. Transfer of miR210-deficient CD4™ T cells in a T cell transfer model of
colitis resulted in increased severity of disease that correlated with increased stabilization
of HIF-1o in CD4™ T cells isolated from the lamina propria of mice. These data suggest

that miR210-dependent degradation of HIF-1a mRNA dampens wildtype Ty17 responses
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in chronically hypoxic tissues and may serve as a critical regulator of T cell immunity [97].
Importantly, the impact of miR210 on HIF-1a stability was most striking in conditions of
limiting oxygen such as the gut, suggesting that non-canonical regulators of the HIF pathway
may provide context-specific tuning of the HIF pathway for regulation of unique cellular
functions, such as CD4" Ty subset differentiation.

In contrast to miRNAs, p21, a IncRNA, has been shown to play a novel role in
blocking pVHL-HIFu interactions in transformed and non-transformed human cell lines [101].
In wvitro culture of HeLa cells in hypoxia inhibited PHD function and stabilized HIF-1a
protein as expected, however, knockdown of p21 IncRNA resulted in an inability to maintain
HIF-1o protein levels after 24 hours of hypoxia [101]. Intriguingly, in this study HIF-1a-
dependent transcription of eginl increased PHD2 levels sufficiently to potentiate hypoxic
degradation of HIF-1a. Maintenance of HIF-1a stability following increased PHD2 levels
required HIF-la-dependent expression of p21 IncRNA and disruption of pVHL-HIF-1«
interactions [101]. Control of HIFa stability by ncRNAs is a recent addition to the HIF
pathway’s regulatory roadmap and significant work will need to be done to understand
why these loops have evolved and how they impact canonical HIF regulation (i.e. PHD-
and VHL-dependent regulation). Also important to note is that the majority of studies on
ncRNA regulation of HIFa subunit stability has focused on stabilization of HIF-1a and it
remains unclear how other subunits are impacted. Elucidating subunit specific regulation of
HIFs will be critical in understanding their individual roles in T cell biology. Due to the
emerging importance of ncRNAs in T cell biology, investigation into ncRNAs could also
provide additional responsive flexibility to the HIF pathway in T cells for the regulation of

effector functions.
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Reactive oxygen species (ROS)

T cell activation has been shown to induce mitochondrial activity driving complex III-
dependent production of ROS that is essential for activation of nuclear factor of activated T
cells (NFAT) and subsequent IL-2 induction [88]. ROS additionally has been implicated in the
stabilization of HIFs. However intense study has resulted in two prevailing interpretations
of available data regarding the role of mitochondria-derived ROS in regulation of HIF
(reviewed [93]). One model argues that mitochondrial ROS is necessary for regulation of
HIF« stability. Initial reports examining the role of mitochondria in HIFa stabilization
found that loss of mitochondria (Rho cells) or inhibition of electron transport chain (ETC)
complexes responsible for ROS production prevented stabilization of HIF-1a in hypoxia
(1.5% O3) due to a lack of superoxide (SO) production from the ETC [14,15]. Additional
studies carefully dissecting the contribution of individual ROS species in human cell lines
through exogenous addition of ROS or overexpression of ROS-producing or -depleting
enzymes revealed that HIFa stabilization was dependent on mitochondrial derived HsOo
rather than SO in hypoxia [10,32]. Direct mechanistic evidence of how ROS inhibited
PHD or VHL function, however, has yet to be shown. These studies are contrasted by
experiments which argue that mitochondrial metabolism is essential for HIFa stabilization,
but in a ROS-independent fashion. Inhibition of complex III of the ETC of human kidney
epithelial cells in the presence of 2,2 4-trimethyl-1,3-pentanediol (TMPD), which allows
for continued ETC activity and oxygen consumption without production of SO, resulted
in no difference in hypoxic HIF« stabilization arguing that mitochondria-dependent HIF«
stabilization in hypoxia is ROS-independent and driven primarily by Os usage by the ETC
which reduces cytosolic O2 availability, thereby reducing PHD activity and culminating
in HIFa stabilization [20]. While these two models appear mutually exclusive, a possible
explanation for the current data is that a combination of both decreased Os availability

due to mitochondrial metabolism as well as alterations in cellular redox state and iron(II)
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availability due to ROS production may synergize to promote HIFa stabilization in cells [93].
As mitochondrial metabolism and ROS production are essential for the activation of T cells,
this supports a potential role for mitochondrial ROS in regulating stability of HIFa subunits
in T cells, similar to observations in other cell types [88,93]. Experiments demonstrating a
direct link between mitochondrial ROS production and HIFa stabilization in T cells could
provide mechanistic insight to metabolism-dependent transcriptional programming.

The sheer diversity of signals that have been identified and continue to be implicated
in HIF stability and activity reflect the complex role of HIF in the integration of microenvi-
ronmental stimuli for the regulation of T cell metabolism, differentiation, and ultimately,

function (Figure 0.4).
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Figure 0.4: Regulators of HIF activity in T cells. In addition to oxygen, many signals
regulate HIF activity in T cells, activating HIF-dependent transcription and potentiating a
variety of self-regulatory pathways.
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Regulation of T cell metabolism, differentiation, and function.

T cells undergo rapid metabolic reprogramming within the first 24 hours of activation,
and recent work has focused on elucidating key regulators of T cell metabolism in an effort
to delineate the direct impact of such changes on T cell immunity [17,75]. Interestingly, it
has been found that HIF-1a activity is unnecessary while c-Myc is essential for metabolic
reprogramming of T cells within the first 24 hours of activation [98]. HIF-1a deletion did not
impact proliferation, glutaminolysis, glycolysis, or fatty acid oxidation by T cells following
activation with anti-CD3 and anti-CD28 in vitro [98]. Induction of LDHa and hexokinase-2
gene expression, two well characterized HIF-1a targets, were moderately downregulated by
HIF-1a deletion and mild impairment of glycolytic rate was observed 72 hours after activation.
Thus, while unnecessary for the initial transition to glycolytic metabolism, HIF-1o may be
involved in sustaining glycolytic throughput during the T cell response [98]. It is important
to note these data are from T cells activated in atmospheric oxygen concentrations, leaving
open the possibility that in secondary lymphoid tissues, under physiologic oxygen tensions
(0.5-4.5% O3), HIF's may play a more significant or different role in regulating early T cell
metabolic programming while integrating additional microenvironmental signals to direct
trafficking, function, and differentiation [12].

Indeed in support of HIF-1a maintaining glycolytic metabolism in T cells, a recent
study proposes that reduced exposure to IL-2 following T cell activation results in increased
expression of Bcl-6 which directly represses glycolytic genes regulated by HIF-1o and c-Myc
providing a mechanism for dampening glycolytic metabolism and effector function, thereby
altering T cell fate decisions in a microenvironment-dependent fashion [66]. These data
support a model where HIFs are capable of maintaining glycolytic metabolism in T cells
shortly after activation driven by oxygen-independent mechanisms. Identifying additional

factors that regulate HIF stability or activity in order to modulate glycolytic maintenance
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may lend important insights about the molecular “switches” that drive context-dependent
metabolic shifts critical for cell fate decisions.

While metabolic reprogramming occurs in all T cells upon activation, recent work
has shown that CD4" and CD8" T cells show distinct metabolic changes [13]. Following
72 hours of in wvitro stimulation with anti-CD3 and anti-CD28 glycolytic and oxidative
phosphorylation rates were measured via extracellular flux by CD4" and CD8* T cells [13].
Both CD4" and CD8™' T cells increased total metabolic rates following activation, indicated
by increased extracellular acidification rate (ECAR) and oxygen consumption rate (OCR),
proxies for glycolysis and oxidative phosphorylation respectively, in comparison to naive
cells. However, examination of ECAR/OCR ratios as a measure of reliance on glycolysis or
oxidative phosphorylation revealed that while both CD8' and CD4™" T cells skew towards
glycolysis following activation, CD8% T cells relied more heavily on glycolytic metabolism
relative to CD4™ T cells [13]. Interestingly, CD4" T cell proliferation exhibited greater
sensitivity to inhibition of both glycolysis or oxidative phosphorylation despite arguably
greater metabolic flexibility relative to CD8" T cells [13]. These data support a role for both
glycolysis and oxidative phosphorylation in promoting T cell proliferation and are supported
by studies in both CD4" and CD8% T cells where inhibition of glycolytic metabolism
reduces but does not abolish proliferation, whereas inhibition of oxidative phosphorylation,
surprisingly, produces a more dramatic defect in proliferation by comparison [16,45, 88].
These data argue that in T cells metabolic reprogramming to a reliance on glycolytic
metabolism primarily occurs to promote effector function and likely additional unidentified T
cell processes rather than to support proliferation [16]. Importantly, Cao et al also emphasize
that context-specific cues will play an essential role in modulating T cell metabolism in vivo.
Experiments comparing the effect of fuel availability (glucose versus glutamine), cytokine
signaling (IL-2, IL-15, IL-7), titrated levels of TCR stimulation, and addition of co-receptor

signaling (4-1BB or OX40) during activation of T cells found that all microenvironmental
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signals tuned metabolic pathway skewing, mitochondrial mass, and ROS production in
CD4*" and CD8" T cells [13]. Further studies will need to be done to assess whether these
differences in metabolic profiles directly specify lineage and whether HIF regulates these
differences. It will be important to determine the differences in energetic demands between
CD4" and CD8" T cells and how they correlate with unique usage of the HIF pathway in

each subset for regulation of metabolism, cellular functions, and fate decisions.

Regulation of CD4% T cell metabolism

CD4™" T cells have been shown to differentiate into a wide range of helper subsets
following activation. These subsets exhibit distinct effector functions and differentiate
following upregulation of key transcription factors. For example in the case of Tyl CD4% T
cells, the transcription factor T-bet is induced upon activation or for Ty17 CD4" T cells
the transcription factor RORyt. The wide range of phenotype and function exhibited by
these CD4™ helper subsets suggests the possibility for varying metabolic demands, and
in line with this hypothesis, culturing activated CD4™ T cells in Ty17 conditions drove
significantly higher glycolytic rates in comparison to CD4" T cells cultured in other Ty
conditions [89]. Notably, HIF-1a protein levels were also high in CD4" T cells cultured
in Ty17 conditions [23,89]. Analysis of gene expression of HIF-1o-deficient CD4" T cells
cultured in Typl7 conditions found reduced expression of known HIF-la targets in the
glycolytic pathway in comparison to wildtype cells. Decreased gene expression of genes
promoting glycolysis corresponded with greatly reduced glycolytic metabolism, in comparison
to HIF-1o-sufficient CD4™" T cells, demonstrating a reliance on HIF-1a in regulating CD4%
T cell metabolism during Ty17 differentiation [89]. In support of a role for HIF-1a in
regulating CD4" T cell metabolism, a recent study of Foxp3™ regulatory CD41 T cells (Trl),
that produce IL-10 to control inflammation, demonstrated that HIF-1a also participates in

maintaining a shift towards glycolytic metabolism in CD41 T cells activated and cultured
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in vitro in the presence of I1L-27 [56].

Impact on CD4%1 T cell differentiation and function

The impact of HIF-dependent regulation of cellular metabolism on T cell differentia-
tion and function is less clear than its regulation of glycolytic genes. However, recent work
has demonstrated several novel roles for HIF regulation of T cell differentiation and effector
function. In vitro experiments with CD4" T cells demonstrated that inhibiting glycolytic
metabolism directly impacted effector function [16]. More specifically, in vitro activation
of CD4™ T cells in glucose-free media supplemented with galactose prevented glycolytic
metabolism and reduced IFNy production, dependent on the ability of GAPDH to bind the
3’ UTR of IFNy mRNA. When the binding site of the 3’ UTR was mutated, inhibition of
glycolysis in CD4™ T cells no longer affected the production of IFNy. These data show that
usage of glycolytic metabolism in CD4™ T cells occupies GAPDH, preventing interaction
with cytokine mRNA and potentiating effector function [16]. These data provide a potential
link between HIF regulation of T cell glycolysis and effector function that warrants further

study.

HIF-1o and the Ty17/iT, e balance

Recent reports examining the T cell intrinsic role of HIF-1o on CD4™ T cell differenti-
ation demonstrated that deletion of HIF-1a resulted in reduced capacity for differentiation of
Ty17 CD4™ T cells in vitro and reduced induction of experimental autoimmune encephalitis,
a T17-driven murine model of autoimmunity in vivo [23,89]. The reduction in differentiation
of Ty17 CD4T T cells in HIF-1a-deficient CD4" T cells was concomitant with an increase
in differentiation of iT g cells. These initial reports suggested that HIF-1a was critical for
expression of IL-17A [23,89]. However, two distinct mechanisms were proposed to explain

how HIF-1o promoted Ty17 differentiation and suppressed iT,es formation. One study
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argued that HIF-1a deficiency primarily perturbed Ty17 differentiation through a reduction
in glycolytic metabolism and demonstrated in vitro that suppression of glycolysis in wildtype
CD4™" T cells by addition of 2-deoxyglucose to Ty17 culture conditions inhibited Ty17 dif-
ferentiation and promoted iT,e, differentiation [89]. In contrast, Dang et al proposed several
novel regulatory functions and targets for HIF-1o [23]. In vitro activation of CD4™ T cells
in T17 polarizing conditions resulted in STAT3 signaling which drove expression of HIF-1a
mRNA and HIF-1a protein stabilization. HIF-1a in turn drove expression of RORYyt, and in
cooperation with RORyt, promoted expression of IL-17A. HIF-1a deficiency resulted in loss
of RORyt expression and therefore a loss of IL-17A expression [23]. In addition to driving
expression of Ty17 signature genes, HIF-1a also inhibited differentiation of iT,e¢s by binding
to Foxp3 through a n-terminal domain resulting in proteosomal degradation of Foxp3 in
spite of TGF-{ signaling present in in vitro Tp17 culture conditions [23]. Additional studies
by several groups in human and murine models, have both supported and contradicted
aspects of these initial reports [3,7,21,24,35-37]. It is clear that HIF-1a can play a role
in the differentiation of T17 versus iTyee cells. However, the functional effects may be
subject to experimental context. Indeed, data from recent reports suggest that HIF-1a may
play a role in supporting thymic T,es function in addition to regulating differentiation of
TH17/iT eq cells [3,21,35].

In addition, as demonstrated in CD8" T cells, HIFo isoforms may have compensatory
regulation that occurs in cytokine-dependent fashion [26, Chapter 1]. Therefore, the
complicated results seen in various models of T17 and T,eg differentiation may result from
differential HIFo expression/stabilization. Careful dissection of the relative contribution of
HIFo subunits will be necessary to truly understand the contributions of hypoxia, glycolytic
metabolism, and HIF« activity on CD41 T cell differentiation given that Ty differentiation

is cytokine dependent.
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Regulation of CD8T T cell metabolism

Multiple lines of evidence also support a role for HIF regulation of metabolism
in CD8" T cells. A recent study prevented formation of functional HIFa transcriptional
complexes through conditional deletion of HIF-13 in T cells. CD8* T cells deficient in HIF-1(3
activated in response to TCR signaling and costimulation were unable to sustain levels of
glucose uptake and lactate production following extended culture in vitro [28]. Experiments
examining VHL-null CD8' T cells, which have constitutive stabilization of HIFa subunits,
further support a role for HIFa in regulating CD8" T cell metabolism. Microarray analysis of
adoptively transferred P14 TCR transgenic VHL-null CD8* T cells demonstrated significantly
higher expression of glycolysis-associated genes compared to wildtype [26, Chapter 1]. Most
directly, in vitro activated VHL-null CD8" T cells have significantly increased glycolytic
throughput as well as suppression of oxidative phosphorylation in line with HIF regulation

of cellular metabolism seen in other tissues [26, Chapter 1].

Impact on CD8* T cell differentiation and function

Similar to CD4" T cells, recent work has established important novel roles for
HIFs in the regulation of CD8" T cell differentiation and function [26,28, Chapter 1]. In
addition to preventing the maintenance of glycolytic metabolism in activated CD8' T cells,
conditional deletion of HIF-1B from T cells resulted in a reduction in gene expression of
perforin and some granzymes following in vitro activation and culture with IL-2. Increased
stabilization of HIF-1a produced the opposite effect of HIF-13 deletion, as culture of wildtype
cells in 1% O drove increased stabilization of HIF-1a and resulted in increased perforin
expression [28]. Chromatin immunoprecipitation of RNA Polymerase II (RNAPol II) at the
transcription start site or distal exon of perforin showed no difference between wildtype or
HIF-13-deficient cells in RNAPol II binding suggesting that increases in perforin mRNA

and protein are indirectly affected by functional HIF transcriptional complexes [28]. In
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addition to alterations in cytotoxic molecules, HIF-1[3 deletion results in significant increases
in mRNA expression for chemokine receptors and trafficking molecules including CCRY,
CXCR3, and CD62L [28]. Interestingly, increased gene expression was not restricted to
either secondary lymphoid organ homing-receptors or those of inflammatory chemokines,
thereby making it difficult to predict whether HIF-1B-deficient CD8" T cells may traffic
preferentially to certain tissues in vivo following infection. However, in vitro generated
wildtype and HIF-1B3-deficient CTLs mixed in equal proportions, labeled, and transferred
into naive hosts yielded increased recovery of HIF-13-deficient CD8% T cells from lymph
nodes suggesting HIF signaling favored effector CD8' T cell trafficking to non-lymphoid
tissues [28]. In order to assess whether the increased expression of secondary lymphoid
homing receptors such as CD62L on HIF-1B-deficient CTL is a direct transcriptional effect
or an indirect result of metabolic perturbation the authors examined CD62L expression
on in vitro activated wildtype CD8" T cells cultured in IL-2 and low levels of glucose and
found that limiting levels of glucose prevented downregulation of CD62L following activation,
arguing that the increased expression of CD62L in HIF-13-deficient cells is the result of
reduced glucose uptake due to lower glut! expression. However, these data do not rule out
a direct role for HIF transcriptional activity in regulating T cell trafficking molecules as
well [28].

Data regarding loss of HIF-13 are complimented by studies examining CD8" T cells
following conditional deletion of Vhl, which resulted in constitutive stabilization of HIF«
subunits, responding to chronic viral infection [26, Chapter 1]. VHL-deficient CTL exhibited
increased expression of effector molecules such as GranzymeB as well as resistance to T cell
exhaustion in the face of chronic antigen exposure. The resistance of VHL-deficient CTL
to exhaustion resulted in reduced viral titers following chronic LCMV clone 13 infection
in comparison to wildtype, however, this was accompanied by host death resulting from

severe immunopathology [26, Chapter 1]. Microarray analysis of VHL-deficient CD8" T



22

cells responding to either chronic or acute infection demonstrated that constitutive HIF
activity drives significant alterations in a variety of effector molecules (GzmB), secreted
factors (Ifng), costimulatory receptors ( Tnfrsf9), exhaustion/activation associated genes
(Lag3), and key CD8* T cell differentiation transcription factors (Prdm1, Tbz21, Eomes)
exhibited significantly altered expression. Many of these changes in gene expression were
confirmed at the protein level and analysis of CD8" T cell subsets during the course of
response to viral infections showed a dramatic HIFa-dependent loss of shorter-lived effectors
(KLRG1MCD127) in both acute and chronic viral infection [26, Chapter 1]. Deletion of both
HIF-1a and HIF-2a in addition to VHL rescued host death by eliminating immunopathology
and restoring expression of many altered genes to wildtype levels following chronic LCMV
infection, demonstrating HIFoa dependence of enhanced effector responses to persistent
antigen [26, Chapter 1]. While it is clear from these data that HIF-1o and HIF-2a play a
role in the regulation of CD8™ T cell exhaustion in the face of persistent antigen, the impact
each subunit has on both the metabolic phenotype and the functional phenotype will be
important topics to address.

Together these data demonstrate a role for HIFs in the differentiation and function of
CDS8™ T cells during the response to viral infections. HIFs appear to play a significant role in
the modulation of effector molecule expression during the course of an infectious response and
likely serve to modulate antigen-dependent responses as constitutive HIFa signaling drives
resistance to T cell exhaustion signals. This model is supported by studies of tumor infiltrating
CD8" T cells where HIF-1a increased 4-1BB ( T'nfrsf9) expression, a costimulatory receptor,
which when ligated has been shown to drive proliferation, IL-2 production, and increased
cytolytic activity in response to tumors and chronic viral infections [72,96]. VHL deletion
ultimately impacts both receptor expression and likely signaling events downstream of the
receptors as well. Further work exploring how HIFs crosstalk with these signaling pathways

will be highly informative and present novel therapeutic approaches. It is important to note



23

that these studies have focused on effector responses and early CD8" T cell differentiation
events. Whether HIFs regulate the formation of T cell memory remains unknown and
experiments exploring HIF’s control of both transcriptional and metabolic targets will be
helpful for parsing out the individual contributions of transcription factors and cellular
metabolism to the differentiation of protective memory T cells and explored in part in this

dissertation [Chapter 2 and Chapter 3].

Control of memory CD8* T cell differentiation

As mentioned above, recent studies have observed significant metabolic transitions
upon T cell activation that coincide with T cell fate decisions [16,22,45,56,61,69,89,91,94,95,
102]. Further examination of CD8" T cell metabolism following activation found that memory
CD8™ T cells exhibited an increase in spare respiratory capacity (SRC) fueled by fatty acid
oxidation (FAO) which have been argued to be essential for the differentiation of memory
CDS8™ T cell populations and rapid recall responses upon secondary challenge [69,94,95].
While these studies demonstrate a significant correlation between metabolic transitions
and CD8™' T cell fate, they do not demonstrate that the usage of a particular metabolic
pathway drives fate determination. These studies have posited that upon inhibition of FAO
driven SRC, memory CD8T T cells fail to survive and thus, usage of this specific metabolic
pathway is essential for the differentiation and survival of memory CD8" T cells. An
alternative interpretation of these data would be that energy generation is essential for the
differentiation and survival of memory CD8*% T cells and that ultimately memory CD8" T
cell differentiation is a metabolic pathway-agnostic process. In order to test this hypothesis,
in this dissertation [Chapter 2] we leverage HIF’s ability to regulate both glycolysis and
oxidative phosphorylation to alter the metabolic pathway CD8" T cells rely upon during
differentiation and ascertain whether metabolic pathway usage inherently limits potential

cell fates following acute viral infection.
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The following chapters in this dissertation will cover some of the findings discussed
above [26, Chapter 1], utilize the unique control of cellular metabolic pathways by HIF to
interrogate the necessity of metabolic pathway choice in CD8" T cell memory differentiation
[Chapter 2], and determine the direct impact of HIFa-deficiency on CD8 T cell responses to
acute viral infection [Chapter 3]. Finally, this dissertation will conclude with an examination
of future directions to be explored with regards to the impact of HIFs on CD8" T cell
differentiation and function and how these questions may be helpful in understanding
how microenvironmental inputs may regulate immunity and thus inform choices in the
development of novel therapeutic strategies.

The introduction, in part, has been published in Molecular Immunology. “Hypoxia-
inducible factors regulate T cell metabolism and function.” Anthony T Phan; Ananda W
Goldrath. Molecular Immunology (2015). The author of this dissertation was the primary

author of this review.



Chapter 1

Hypoxia-inducible factors enhance
the effector responses of CD8T T

cells to persistent antigen

1.1 Introduction

The CD8T T cell response to intracellular pathogens such as bacteria, viruses and
protozoans is critical to host resistance to infection. Naive CD8" T cells respond to infection
by rapidly expanding and differentiating into effector and memory precursor populations
while traversing to various host tissues from secondary lymphoid organs to fight the infection.
During infection host tissues present unique microenvironments with distinct challenges,
including but not limited to, restricted access to nutrients such as oxygen. Clearance of
the infection results in a contraction of the CD8" T cell pool resulting in the emergence
of a stable memory cell population capable of providing long-lived immunity. The rapid
expansion and contraction of CD8™ T cell number are accompanied by metabolic transitions,

such as a dramatic increase in reliance on glycolytic metabolism upon T cell activation
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and subsequent return to usage of fatty acid fueled oxidative phosphorylation in long-lived
memory CD8" T cells. These events occur in a diverse set of tissue environments, including
secondary lymphoid tissues, suggesting that microenvironmental signals such as oxygen
tension may play a significant role in regulating CD8' T cell function and differentiation
following infection.

In the following chapter, adapted from [26], a novel role for HIF signaling in the
regulation of CD8' T cell differentiation, effector function, and metabolic activity following
chronic viral infection is described. T cell receptor signaling, oxygen, and cytokines regulate
HIFa stability resulting in alteration of CD8" T cell differentiation and function. Constitutive
HIFa activity, due to deletion of VHL, in CD8" T cells resulted in dramatic alteration of
expression of several critical transcription factors previously shown to regulate CD8" T cell
fate and function. Additionally, chronic viral infection by LCMV strain clone 13 in mice with
CD8™ T cells deficient in VHL resulted in severe immunopathology leading to host death.
The immunopathology was seen most prominently in the lung and was the direct result of
improved effector function by CD8" T cells and resistance to persistent viral infection-driven
T cell exhaustion. Improved effector capacity and resistance to exhaustion was driven by HIF-
lo and HIF-2a expression as deletion of both along with VHL rescued host death following
chronic LCMYV infection. Additionally, constitutive HIFa activity in in vitro activated CD8%
T cells promoted enhanced glycolytic metabolism. Intriguingly, pharmacologic inhibition of
glycolytic metabolism altered expression of effector and activation-associated receptors by in
vitro cultured CD8' T cells supporting a role for cellular metabolism in regulating effector
function. These results demonstrated the impact of environmental sensors, like HIF, in the
regulation of effector function and differentiation of CD8" T cells during the response to
infection and provided a unique model by which future studies could be completed to dissect

the role of cellular metabolic pathway choice on CD8' T cell differentiation and function.
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1.2 Results

HIF-1o and HIF-2a regulate effector, activation/inhibitory, and differenti-

ation markers in CD81 T cells.

Effector CD8" T cells responding to infection travel through a range of host tissues,
including those with low oxygen tension. Oxygen availability has been demonstrated to
regulate a wide range of biological processes including the responses to tissue damage,
infection, and tumor growth in numerous cell types [65,71,85]. In order to assess the role
oxygen tension may play in regulating CD8" T cell differentiation and function we utilized
an in vitro system to assess the impact of HIF-1a, HIF-2a, and cytokines on critical effector,
activation/inhibitory, and differentiation-associated proteins in CD8' T cells. We enriched
CD8' T cells from spleens of uninfected wildtype (WT), Hifla/VCdj-Cre (HIF1-KO),
Epas "/ Tie2-Cre (HIF2-KO), or VAV dLck-Cre (VHL-KO) mice, activated in vitro with
plate bound anti-CD3 and soluble anti-CD28, expanded the activated CD8% T cells in
medium containing IL-2, and then incubated in normoxic (21% O2) or hypoxic (1% O3)
conditions.

Immunoblot analysis of nuclear extracts isolated from these activated cytotoxic
lymphocytes (CTL) revealed the accumulation of moderate amounts of HIF-1a protein in
activated WT cells under normoxic conditions, which was increased by hypoxic incubation
(Figure 1.1A). As expected, both HIF-1o and HIF-20 were found at higher levels in VHL-KO
cells compared to WT in normoxia (Figure 1.1A). Examination of several critical CD8% T
cell effector, activation/inhibitory, and differentiation-associated markers by flow cytometry
revealed significant increases in expression of granzyme B (GzmB), an essential CTL effector
molecule, 4-1BB, GITR, and OX40, activation-associated costimulatory receptors, as well
as LAG-3 and CTLA-4, inhibitory receptors, in W'T cells exposed to hypoxia compared

to WT cells cultured in normoxia (Figure 1.1B). The upregulation of these markers was
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Figure 1.1: HIF-1a and HIF-2« differentially regulate essential effector, activa-
tion/inhibitory, and differentiation-associated molecules.(A) Immunoblot analysis
of HIF-1a, HIF-2o and lamin B in nuclear extracts of WT, Hif1a/V/ Cd}-Cre, Epas1™/f Tie2-
Cre and VHL-KO CD8" T cells activated in vitro with anti-CD3 plus anti-CD28, followed
by population expansion for 96 hrs in IL-2 and incubation for 6 hrs in normoxia (ambient air;
~21% O3) or hypoxia (1% oxygen).(B) Geometric mean fluorescence intensity (gMFI) from
flow cytometry analysis of cell-surface and intracellular proteins in WT, Hif1a™/Cd4-Cre,
and VHL-KO cells (n = 3 mice per genotype). * p < 0.01 and ** p < 0.001 (two-way
analysis of variance with Bonferroni’s post-hoc test).(C) (D)

HIFlo-dependent in these culture conditions, as all of these molecules were poorly induced
in HIF1a-KO cells exposed to hypoxia (Figure 1.1B). Intriguingly, expression of T-bet and
TCF1, transcription factors known to regulate CD8™ T cell differentiation, was decreased in
WT cells following exposure to hypoxia, mirroring the expression level of both in VHL-KO
cells (Figure 1.1B). The decrease in T-bet and TCF1 expression was also rescued in HIF-
1KO cells, demonstrating that oxygen tension, through a HIF-la-dependent mechanism,
was capable of modulating the expression of critical regulators of CD8' T cell function
and differentiation. Moreover, carefully examining the expression of TCF-1 and GzmB in
WT cells in comparison to HIF1-KO cells in normoxia demonstrated HIF-1a-dependent
surpression of TCF1 and promotion of GzmB expression irrespective of oxygen tension,

consistent with previous findings of HIF-1a accumulation following TCR and cytokine
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signaling in normoxia [12,50,51,64,89].

The induction of HIF-1a or HIF-2a can be regulated by cytokines in macrophages [92]
and given the diverse microenvironmental signals CTL likely encounter in host tissues we
explored whether accumulation of HIF-1o and HIF-2a could also be regulated by cytokines
in CD8* T cells. We once again performed immunoblot analysis of cells treated as described
above (Figure 1.1A and 1.1B) but with the addition of IL-4, which drives HIF-2a accumulation
in macrophages [92]. As expected, addition of IL-4 was sufficient to induce increased
accumulation of HIF-2a along with HIF-1a in WT CTLs exposed to hypoxia (Figure 1.1C).
The addition of IL-4 not only altered the accumulation of HIF-2a, but also influenced whether
HIF-1a or HIF-2a drove expression of particular molecules such as GzmB. While hypoxic
induction of GzmB expression in WT cells cultured with IL-2 was entirely HIF-1o-dependent,
in vitro expansion with both IL-2 and IL-4 shifted the regulation of GzmB expression to both
HIF-1a and HIF-2a (Figure 1.1D). Thus, the cytokine milieu and abundance of individual
HIFo subunits determined the contribution of HIF-1a or HIF-2a in the regulation CD8"
T cell differentiation and function. Together these data showed that HIFs can serve as
modulators of multiple aspects of CD8T T cell function that are influenced by TCR signaling,

cytokines, and oxygen tension.

Constitutive HIFa activity in CD8T T cells results in immunopathology-

dependent host death following LCMYV Cl13 infection.

To further explore the role of HIFu signaling on CD8% T cell function in wvivo,
we generated VHL-KO mice expressing the P14 transgene, which encodes for a T cell
receptor specific for a peptide fragment of LCMV glycoprotein (gp33) presented by major
histocompatibility complex molecule H-2DP. We then adoptively transferred WT or VHL-KO
P14 CD8* T cells, which have constitutive stabilization of HIFa subunits (Figure 1.1), into

wildtype hosts and infected the host mice with either the acute (Armstrong) or chronic
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(clone 13) strain of LCMV and observed the outcome. A significant proportion of mice which
received VHL-KO P14 CD8* T cells (~80%) succumbed to clone 13 infection, unlike those
which received WT cells (~5%) (Figure 1.2A). Neither WT or VHL-KO P14 CD8" T cells
caused host death following acute infection, suggesting that VHL-dependent control of HIF
activity is relevant for the CD8" T cell response to chronic viral infection (Figure 1.2A).
Both strains of LCMV do not normally result in host death and tissue damage is caused by
the host immune response rather than direct virus-mediated cell death. Histological analysis
of host tissues revealed that LCMV clone 13-infected hosts that received VHL-KO cells
exhibited lungs with substantial edema and evidence of significant immunopathology, in
contrast to mice which received WT cells or were uninfected, indicating substantial CD8* T
cell-mediated immunopathology.

Given the significant accumulation of HIF-1o and HIF-20 in VHL-KO CD8T T
cells and the milieu dependent regulation of CD8" T cell differentiation seen in vitro we
generated mice with T cell specific deletion of Vhl, Hiffa, and Epasl driven by dLck-Cre
and expression of the P14 TCR in order to determine whether host-mortality was HIF-1a
and HIF-2o-dependent (Figure 1.1). Following adoptive transfer of WT or VHL-HIF 1o~
HIF20-KO P14 CD8T T cells and infection with LCMV clone 13 no increased mortality
was observed despite the ample expansion of antigen-specific VHL-HIF1oa-HIF20-KO cells
(Figure 1.2C and [26]).

Notably, previous studies have demonstrated that LCMV clone 13 infection drives
markedly compromised CTL responses by day 9 after infection [add refs|. Therefore, the death
of host mice receiving VHL-KO cells suggests that CD8" T cell-mediated immunopathology
driven by constitutive HIF« signaling maybe the result of augmented effector function by

VHL-KO CD8" T cells in response to chronic infection (Figure 1.2).
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Figure 1.2: Constitutive HIF-1o and HIF-2« activity in CD8%1 T cells mediates
host death during persistent viral infection.(A) Perimortal lung pathology in wild-
type host mice (n = 4) given no cells and left uninfected or given 1 x 10* WT P14 CD8*
T cells (WT P14 — WT) or VHL-KO P14 CD8" T cells (VHL-KO P14 — WT), then
infected 1 day later with LCMV clone 13 and assessed 9 day later. Scale bar, 100 pym.
(B) Survival of and core body temperature of wild-type host mice given 1 x 10* WT or
VHL-KO P14 CD8* T cells (P14 — WT), then infected 1 day later. Pooled sample size
survival, n = 9 (WT P14, dashed line) or 9 (VHL-KO P14, black line); body temperature,
n > 3 per time point. * p = 0.003 and ** p < 0.001, WT versus VHL-KO during chronic
infection (log-rank (Mantel-Cox) test). (C) Survival and core body temperature as in
(A) in wild-type hosts after transfer of WT or VHL-HIF-1o-HIF-20-deficient P14 cells
(P14 — WT). Pooled sample size (mice): survival, n = 5 (WT P14, black line) or 8
(VHL-HIF-1o-HIF-20-KO P14, blue line); body temperature, n > 3 mice per time point.
Data are pooled from three experiments (b,c; error bars, s.e.m.) or are representative of
two experiments.

Sustained HIFa activity enhances effector function and drives resistance

to T cell exhaustion

The dramatic immunopathology seen following clone 13 infection in host mice that
received VHL-KO P14 CD8T T cells presented many intriguing questions about why the
infection was no longer tolerated when HIF signaling was sustained in CD8" T cells (Figure
1.2). In order to further dissect the differences between WT and VHL-KO cells, we once
again performed adoptive transfers of WT or VHL-KO P14 CD8" T cells into wildtype

hosts followed by infection with LCMYV clone 13. Prior to significant core temperature loss
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we harvested tissues from infected mice and determined viral titers by quantitative PCR
analysis of the mRNA encoding LCMV glycoprotein (LCMV gp) from mice receiving WT
or VHL-KO cells. In both spleen and liver we found a significant reduction in LCMV gp
mRNA by day 7 post infection (Figure 1.3A). The reduction in viral mRNA correlated with
a reduction in viral antigen detected by immunofluorescent staining of liver sections with an
antibody specific to LCMV antigen (Figure 1.3B). These data were particularly intriguing as
LCMYV clone 13 infection has been shown to drive progressive loss of antigen-specific CD8T T
cell function [add ref]. Similar to in vitro generated CTL (Figure 1.1) examining GzmB and
TNF production by WT and VHL-KO cells that had been cotransferred into wildtype hosts
followed by clone 13 infection demonstrated that VHL-KO cells maintained higher GzmB
and TNF expression over the course of infection relative to W'T cells while experiencing
the same inflammatory environment (Figure 1.3C and 1.3D). These data suggest the
sustained expression of effector molecules was the result of cell-intrinsic alterations in CD8"
differentiation following VHL-deletion rather than the product of cell-extrinsic differences.

A hallmark of T cell exhaustion is the loss of the ability of CTLs to produce multiple
cytokines such as TNF and IFNy, an effect which progressively worsens as antigen persists.
To determine the polyfunctionality of VHL-KO cells, we analyzed surviving mice after
adoptive transfer of WT or VHL-KO P14 CD8* T cells (at day 21 following infection, Figure
1.3E) or mixed transfer of WT and VHL-KO P14 CD8* T cells (day 17 following infection,
Figure 1.3F). We found that VHL-KO P14 CD8" T cells were resistent to exhaustion,
with a significant increase in the proportion of cells that maintained the ability to produce
both TNF and IFNy in both single and mixed-transfer experiments (Figure 1.3E and 1.3F).
Consistent with enhanced effector function and resistance to exhaustion VHL-KO cells
expressed GzmB at higher levels than WT cells and were cytolytic on a per cell basis than
WT cells in an in vivo cytotoxicity assay (Figure 1.3E-1.3G). These data suggest that in

vivo HIF activity plays a key role in modulating effector function during the response to
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Figure 1.3: VHL-deficient CD8T T cells sustain expression of effector
molecules, resist exhaustion, and demonstrate improved clearance of persis-
tent viral infection.(A) Quantitative PCR analysis of the abundance of mRNA encoding
LCMV glycoprotein (LCMV gp) in spleen and liver tissue from B6 hosts receiving 1 x
10* WT or VHL-deficient P14 CD8% T cells followed by infection with LCMYV clone 13
and analysis 7 days later. LCMV gp expression relative to mRNA encoding HPRT. WT,
n = 10 mice and VHL-KO, n = 9 mice. (B) Immunofluorescence microscopy of LCMV
antigen (green) and DAPT (blue) in liver sections of host mice as in (A). n = 5 mice, scale
bar = 100 ym (C,D) Expression of GzmB (C) and TNF (D) of WT and VHL-KO P14
CD8* T cells following cotransfer of 2 x 10* (1 x 10* of each genotype) cells into B6 hosts
followed by infection with LCMV clone 13 and flow cytometry analysis (left) on days 6-11
of infection. Relative expression of VHL-KO cells compared to WT summarized (right).
(E,F) Expression of IFNy and TNF of WT or VHL-KO P14 CD8™ T cells single-transferred
(E) or cotransferred (F) followed by infection with LCMYV clone 13 and analyzed day 21
post infection (E) or day 17 post infection (F) by flow cytometry following restimulation
with LCMV gp33-41 peptide (left). (E,F middle) Summarized proportion of cells producing
IFNy and or TNF. (E,F right) Summarized expression (gMFI) of IFNy, TNF, and GzmB.
(E, bottom right) Abundance of viral RNA in spleen from mice receiving WT or VHL-KO
P14 CD8' T cells. (G) In wvivo cytotoxicity assay: WT or VHL-KO P14 T cells were
transferred into B6 hosts and infected with LCMYV clone 13. Whole splenocytes coated
with or without gp33 peptide, 2.5 10% gp33 peptide coated cells per mouse were injected
i.v. 16 days after infection. The absolute number of cells binding H-2DP gp33 tetramer
(left), the % killing of target cells (middle) and the approximate killing per antigen-specific
CD8™ T cell (right) are shown. * p = 0.003, ** p = 0.05 and *** p = 0.007 (Student’s
unpaired t-test). Error bars indicate s.e.m. for all plots.
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infection in CD81 T cells.

HIF signaling modulates CD8% T cell metabolism impacting expression of

effector molecules, cell surface receptors, and transcription factors.

Previous studies have demonstrated that naive T cells significantly increase their
usage of glycolytic metabolism following activation, which correlates with effector function,
however the role of HIFs in this process following infection is unknown [98,99]. Gene
expression analysis of VHL-KO P14 CD8" T cells in comparison to WT P14 CD8" T cells
sorted from mice that received a mixed transfer of WT and VHL-KO P14 CD8' T cells
followed by infection with LCMV clone 13 revealed a potent induction of transcripts involved
in glycolytic metabolism and those involved in suppressing oxidative phosphorylation in
VHL-KO cells (Figure 1.4A). Upregulation of these targets is in accordance with known target
genes of HIF [79]. Extracellular flux analysis of in vitro activated WT and VHL-KO CD8* T
cells demonstrated that glycolytic metabolism of VHL-KO cells was enhanced in comparison
to WT cells (Figure 1.4B). Measurement of oxygen consumption and proton-production rate,
proxies for oxidative phosphorylation and glycolytic metabolism respectively, revealed that
VHL-KO cells consumed oxygen (OCR) at a significantly lower rate and conversely generated
protons (ECAR) at a significantly higher rate than WT cells (Figure 1.4B). Examining
the ratio of these two measures confirms that VHL-KO cells skew towards the usage of
glycolytic metabolism more heavily than WT cells (Figure 1.4B). These data suggest that a
potential mechanism by which constitutive HIF signaling mediates alterations in CD8' T cell
differentiation and function is through modulation of cellular metabolism. In support of this
hypothesis, culture of in vitro activated WT CTLs with the glucose analog 2-deoxy-D-glucose,
a competitive inhibitor of hexokinase, mitigated hypoxia-mediated alterations in expression

of multiple effector- and activation-associated molecules (Figure 1.4C).
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Figure 1.4: HIF signaling regulates cellular metabolism in CD8% T cells. (A)
Expression of transcripts involved in the glycolytic pathway and negative regulation of
oxidative phosphorylation (Neg reg oxphos) in VHL-KO cells relative to their expression
in WT cells on day 7 following infection with LCMV clone 13 (B) Extracellular flux
analysis of in vitro activated WT and VHL-KO CD8" T cells. Proton production (ECAR),
oxygen consumption (OCR) and OCR/ECAR ratio of WT and VHL-KO CD8" T cells
(n = 4 mice per genotype) activated with anti-CD3 and anti-CD28 and then incubated
with IL-2. * p = 0.0005 and ** p <0.0001 (Student’s unpaired t-test). (C) Expression
of GzmB, GITR, LAG-3 and T-bet in WT CDS8T splenocyte populations (n = 3 mice)
activated and expanded as in Figure 1.1, then incubated for 48 hrs in 1% oxygen with 1
mM 2-deoxy-D-glucose (grey), presented relative to vehicle treated cells (black).

1.3 Discussion

Host defense is dependent on numerous cell types producing coordinated responses
to invading pathogens in unique microenvironments. Tissue-specific challenges, such as the
availability of nutrients or cofactors such as oxygen, vary throughout the host and require
infiltrating immune cells to remain flexible and adapt to microenvironment-specific require-
ments. Oxygen has been demonstrated to play a critical role in regulating differentiation
and effector function of immune cells, such as macrophages [6,78,92], suggesting that other
immune cells may sense oxygen tension to modulate differentiation or effector function.

In this chapter, adapted from [26], we demonstrated that HIF« subunits are regulated
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by TCR signaling, oxygen tension, and cytokines resulting in alterations in expression of
effector molecules, activation/inhibitory receptors, and transcription factors in CD8% T
cells. These effects suggested that HIF-signaling may play a significant role in effector
responses to infection. Following chronic viral infection, constitutive HIF signaling in
antigen-specific CD8" T cells drives enhanced effector function and substantial resistance
to immune exhaustion in a HIF-1o- and HIF-2a-dependent fashion. Surprisingly, enhanced
antigen-specific CD8" T cell responses drove dramatic immunopathology and significantly
increased host mortality. The increase in host mortality highlights the importance of tolerance
generating mechanisms in the context of persistent viral infections as continued effector
responses may ultimately be detrimental to the survival of the host. While the increased
immunopathology and host mortality are clearly HIF-1o- and HIF-2o-dependent the direct
mechanism driving sustained effector function in the face of numerous pro-exhaustion signals
following LCMV clone 13 infection remains unclear. A potential mechanism may be the
enhanced glycolytic metabolism by enforced by constitutive HIF activity. Intriguingly, when
glycolytic metabolism was inhibited pharmacologically in WT CTL, this suppressed HIFa-
dependent alterations in expression of effector molecules, activation/inhibitory receptors, and
critical CD8' T cell transcription factors. These results suggest an intriguing role for HIF
signaling in modulating CD8" T cell effector function either through direct transcriptional
regulation of activation-associated receptors (i.e. 4-1BB and GITR) or by sustaining effector
function-promoting glycolytic metabolism in antigen-specific CD8" T cells to adapt the
level of effector activity to the conditions of the microenvironment.

Previous studies have demonstrated that HIF-1a expression can be driven by TCR-
signaling in T cells regardless of oxygen tension and in line with those reports we demonstrated
that in vitro culture of wildtype CD8T T cells can drive stabilization of HIF-1a even in
normoxia [12,50,51,64,89]. Importantly, our data expand on these findings by additionally

demonstrating that, in addition to TCR signaling, the level of HIFa protein stabilization in
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CDS8™ T cells can be further regulated by oxygen tension and cytokines. The differential
regulation of HIF-1a and HIF-2a subunit stabilization by cytokines appears similar to that
reported for macrophages and suggests an intriguing flexibility in HIF-pathway mediated
regulation of CD8" T cell responses [92]. Stabilization of both HIF-1a and HIF-2a subunits
by TCR signaling, oxygen, and cytokines drove alterations in expression of a variety of
molecules important for CD8* differentiation and function. Future studies exploring whether
cytokine-dependent stabilization of HIFs serve as an additional context-specific mechanism for
modulating T cell responses may provide valuable insight into how individual cytokines affect
different aspects of T cell immunity. Moreover, while we demonstrated that constitutive HIF
signaling drives augmented glycolytic metabolism, further examination of the contribution of
individual HIFa subunits on the regulation of glycolysis will clarify how each HIFa subunit
impacts CD8T T cell differentiation and function.

In sum, these data suggest a role for the microenvironment in regulating effector
function. For example, when activated CTLs traffic to host tissues and encounter pathogen-
infected cells, localized hypoxia, due to either tissue damage or the inflammatory environment,
may provide an additional instructional cue for CTL by increasing stabilization of HIF-
la and HIF-2a thereby supporting expression of effector molecules in situ. Clearance of
the infection, coinciding with a resolution of inflammatory signaling or possibly improved
local oxygenation as tissue repair begins, could then drive the inverse process promoting
degradation of HIFo-subunits and a dampening of effector functions which are no longer
necessary. Furthermore, the local cytokine milieu would provide additional flexibility in
modulating CTL differentiation and function. Future studies utilizing localized infection
models could provide tremendous insight into this potential regulatory loop. Finally,
mechanistic studies to dissect the direct and indirect mechanisms by which HIF signaling
modulates effector function would be of significant interest as this may identify novel targets

for modulating immunotherapy strategies.
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1.4 Materials and Methods

Mice and experimental design.

Mice were bred and housed in specific pathogenfree conditions in accordance with
the Institutional Animal Care and Use Guidelines of the University of California San Diego.
The following mice have been described: VA mice [33], Hif1a/V? mice [84], and Epast¥/1
mice [30]. Deletion of those loxP-flanked genes in T cells was achieved by crossing of mice
with loxP-flanked alleles to dLck mice [103], mice expressing Cre from the T cell-specific
CD4 promoter [49] or Tie2-Cre mice to obtain mice with homozygous loxP-flanked alleles
without Cre or hemizygous for Cre. P14 mice [80], which recognize an immunodominant
epitope of the LCMV glycoprotein common to LCMV Armstrong strain and clone 13 were
bred to the appropriate lines with loxP-flanked alleles. All mice were backcrossed over ten
generations to the B6 background. Randomization and steps to reduce experimental bias
were done as follows: after initial identification and selection of wild-type and mutant mice,
processing of samples and was routinely done by identification code rather than genotype

until data-acquisition stages.

Infection and cell transfer.

Mice were infected with LCMV Armstrong strain (2 x 10° plaque-forming units,
injected intraperitoneally) or LCMV clone 13 (2 x 10° plaque-forming units, injected
intravenously). For adoptive transfer, 1 x 10% to 5 x 10* Va2TCD8* P14 cells were injected
intravenously into B6 recipient mice, which were then infected with the relevant pathogen 1

day later.
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In vitro and hypoxic incubation.

Samples from mouse spleens were enriched for CD8' T cells by negative selection.
Incubation with biotinylated anti-B220 (RA3-6B2), anti-CD19 (1D3), anti-Ter-119 (Ter119),
anti-CD4 (GK1.5), anti-NK1.1 (PK136) and anti-CD11b (M1/70; all from eBiosceince) was
followed by incubation with streptavidin-labeled magnetic beads and depletion on a MACS
column. Purified CD8' T cells were then activated for 48-72 hrs with plate bound anti-CD3
(145-2C11; University of California, San Francisco, Antibody Core) and soluble anti-CD28
(37.51; University of California, San Francisco, Antibody Core) in RPMI-1640 medium
containing 10% FCS, 25 mM HEPES, pH 7.2, 1% penicillin-streptomycin-glutamine and 55
uM [-mercaptoethanol. Cells were then pelleted and replated in fresh medium supplemented
with 100 U/ml human IL-2 alone or additionally with 20 ng/ml mouse IL-4, followed by
incubation for 24-48 hrs. Cells were then split into normoxic conditions (standard incubator)
or 1% oxygen (Thermo Scientific-Hera Cell incubator equipped to replace oxygen with
nitrogen), followed by incubation for indicated times. Flasks were then removed, placed
immediately on ice and processed for flow cytometry or immunoblot analysis. For analysis of
cellular metabolism, CD8" T cells were purified on columns, activated and cultured in IL-2
as described above and then were plated and analyzed on a Seahorse XF24-3 according to
the manufacturer’s instructions. 1 mM 2-deoxy-D-glucose (Sigma) was added to the medium

when indicated.

Immunoblot analysis.

Nuclear extracts were isolated (NE-PER kit; Pierce) and ~15 pg protein was loaded
in each lane (Novex). HIF-lo and HIF-2a were detected with NB100-449 and NB100-
122, respectively (Novus). Lamin B was used as a loading control (sc-6217; Santa Cruz

Biotechnology).
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Flow cytometry and sorting.

Cells were immunostained and acquired on a BD FACSCalibur or Fortessa, and were
sorted (where needed) on a BD FACSAria. In addition to the antibody clones noted above for
depletion, the following fluorophore-conjugated antibodies were used for flow cytometry and
sorting: anti-4-1BB (17B5), anti-CD8 (53-6.7), anti-CD25 (PC61.5), anti-CD44 (IM7), anti-
CD45.1 (A20), anti-CD45.2 (104), anti-CD62L (MEL-14), anti-CD69 (H1.2F3), anti-CD127
(A7R34), anti-CD244 (244F4), anti-GITR (DTA-1), anti-Eomes (Danllmag), anti-IFN-
vy (XMG1.2), anti-KLRG1 (2F1), anti-LAG-3 (C9B7W), anti-OX40 (OX86), anti-T-bet
(4B10), anti-TNF (MPG-XT22), anti-PD-1 (J43), anti-perforin (OMAK-D), anti-TIM-3
(RMT3-23) and anti-V2 (B20.1; all from eBioscience); anti-CTLA-4 (UC10-4F10-11; BD),
anti-granzyme B (MHGBO05; Life Technologies); and anti-TCF1 (C63D9; Cell Signaling
Technologies). Phycoerythrin-conjugated H-2DP tetramers loaded with a peptide with the

sequence KAVYNFATC were from Beckman Coulter.

Statistical analysis.

Two-group comparisons were assessed with an unpaired Student’s ¢ test, survival
data were assessed with the log-rank (Mantel-Cox) test, and grouped data were assessed
by two-way analysis of variance followed by Bonferroni post-test (to adjust for multiple
comparisons). P values of less than 0.05 were considered significant. No data-point-exclusion
criteria were used, and the normality and variance of the distribution of the data was not

assessed.
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Chapter 2

Constitutive Glycolytic
Metabolism Supports CD8T T cell

Effector Memory

2.1 Summary

Extensive metabolic changes accompany T cell activation including a switch to
glycolytic energy production and increased biosynthesis. Recent studies suggest that a
subsequent return to reliance on fatty acid oxidation to fuel oxidative phosphorylation
and increasing spare respiratory capacity are essential for the differentiation of memory
CD8™ T cells. Strikingly, we find that constitutive glycolytic metabolism and suppression of
oxidative phosphorylation, due to HIF transcriptional activity, accelerates CD8% memory cell
differentiation during infection. In spite of HIF-driven glycolysis, CD8" memory cells emerge
that upregulate IL-7-receptor and key transcription factors, as well as show a heightened
response to secondary challenge. Importantly, increased glycolysis favors formation of long-

lived effector-memory CD8" T cells. These data redefine the role of cellular metabolism
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in memory cell differentiation, showing that constitutive reliance on glycolytic metabolism
does not hinder formation of a protective memory population and highlight complexity in

the relationship between metabolic activity and CD8" T cell immunity.

2.2 Introduction

Memory CD8™ T cells can provide enduring protection against intracellular pathogens
and tumors [43]. As such, eliciting memory T cells is a primary objective of vaccination
strategies. Memory CD8' T cells are a heterogeneous population consisting of multiple
subsets: central memory (Tcn) cells, that reside in secondary lymphoid tissues and have high
proliferative potential upon secondary infection; effector memory (Tgn) cells, that patrol
peripheral tissues and provide rapid effector responses; and tissue resident memory (Tgrw)
cells, that permanently reside in non-lymphoid tissues, provide localized defense, and aid in
rapid recruitment of adaptive and innate immune cells to sites of infection [17,41,43,63].

Rapamycin-mediated inhibition of mTOR signaling [2] or metformin-induced activa-
tion of AMPK signaling [76] can enhance the production of memory CD8" T cells, suggesting
that CD8™ differentiation can be manipulated by altering cellular metabolism [69,75,82,91,94].
It has been hypothesized that reliance on fatty acid oxidation (FAO) and a concomitant
increase in spare respiratory capacity (SRC) support both memory cell survival and the
ability of these cells to respond rapidly to reinfection [69,94,95]. These data demonstrate
that metabolic pathway usage can be correlated with fate determination in CD8" T cells,
leading to the suggestion that metabolic pathway choice drives memory CD8" T cell dif-
ferentiation [17,52,75]. However, the degree to which memory formation is controlled
by metabolism and how metabolic flux integrates with transcriptional control of effector
function and differentiation is currently unknown. Critically, the differential metabolic

states of in vivo differentiated memory CD8" T cell subsets have not been determined
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either in terms of the requirement for SRC or the role of oxidative phosphorylation in
generation of protective cells. A number of transcription factors have been implicated in
the regulation of T cell metabolism following activation such as c-myc, mTOR, FOXO1,
and the Hypoxia-Inducible Factor (HIF) [17,75]. The HIF family of transcription factors
(HIFs) are the central sensors of oxygen tension and adaptation to low oxygen tensions in
all cells, including T cells [33,59,65,79]. Post-translational regulation by the von Hippel
Lindau tumor suppressor protein (VHL), an E3 ubiquitin ligase, drives degradation of HIFu
subunits in normal oxygen tensions [59,65,79]. HIF drives oxygen conservation through
the upregulation of glycolytic metabolism and direct suppression of oxygen consumption by
mitochondria [65]. Suppression of oxygen consuming mitochondrial respiration is the result
of increased expression of nearly all glycolytic enzymes in particular lactate dehydrogenase
a (LDHA), which potentiates increased glycolytic throughput, while simultaneously sup-
pressing mitochondrial respiration by preventing the shunting of pyruvate into the citric
acid cycle through inhibition of pyruvate dehydrogenase by pyruvate dehydrogenase kinase 1
(PDK1) [46,79]. Thus, HIF-dependent enhancement of glycolytic metabolism and suppres-
sion of cellular respiration presents a unique model by which to interrogate the relationship
between metabolic pathway choice and CD8" T cell differentiation.

To determine the necessity of enhanced SRC and oxidative phosphorylation in
memory CD8' T cell formation, we altered the source of cellular energy production during
CDS8™ T cell differentiation in vivo. This was accomplished through conditional deletion
of VHL in mature T cells by expression of the Cre recombinase driven by the distal Lck
promoter, resulting in constitutive stabilization of HIF transcription factors [33]. Previously,
we demonstrated that deletion of VHL and constitutive HIF activity drives a differentiation
program resistant to T cell exhaustion following chronic viral infection [26]. Constitutive
HIF activity additionally altered the cellular metabolism of CD8" T cells in wvitro and

pharmacological inhibition of glycolytic metabolism following in wvitro activation and culture
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suggested that effector function and co-stimulatory and inhibitory receptor expression may
be impacted by maintaining heightened glycolytic metabolism [26]. Therefore, we reasoned
that modulation of glycolysis and oxidative phosphorylation by HIF provides a powerful
in vivo model for assessing the role of cellular metabolism on CD8' T cell differentiation
and function without eliminating critical mitochondrial transporters or enzymes. Using
this model, we tested the impact of constitutive glycolytic metabolism on CD8" T cell
differentiation to the memory state during the response to acute infection and found that
generation of increased SRC and reliance on oxidative phosphorylation are not essential
for the generation of long-lived CD8T T cells. VHL-deficient CD8" T cells formed fully
functional long-lived memory cells that maintain reliance on glycolytic metabolism and
respond with improved kinetics to secondary challenge compared to primary challenge
despite altered cellular metabolism. Furthermore, ex vivo measurement of metabolism of
wildtype memory cell subsets showed that Tcy exhibited greater SRC than Tgy, mirroring
the transcriptional heterogeneity found in memory CD8' T cell subsets, suggesting a link

between metabolic pathway usage and memory T cell subset heterogeneity.

2.3 Results

Deletion of VHL does not impair formation or survival of memory CD8%

T cells

We previously demonstrated that in vitro activation of VHL-deficient CD8" T cells
results in elevated glycolytic metabolism while suppressing oxidative phosphorylation in
comparison to wildtype CD8' T cells [26]. Thus, we asked whether the enhanced glycolytic
metabolism that characterizes these cells impairs formation of memory CD8' T cells in
vivo. VHL-deficient P14 CD8" T cells (VHL-KO) or wildtype P14 CD8" T cells (WT)

were adoptively transferred into naive host mice that were infected one day later with
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Lymphocytic Choriomeningitis Virus (LCMV) Armstrong, resulting in a rapidly cleared
acute viral infection (Figure 2.1A). Counterintuitively, deletion of VHL and constitutive
HIF activity did not impair the survival of VHL-KO cells in secondary lymphoid tissues, or
alter expression of CD127 at memory time points (>60 days post infection, Figure 2.1B).
Long-lived VHL-KO cells expressed similar levels of key transcription factors relative to
WT memory CD8* T cells, albeit with subtle differences: lower levels of T-bet, and TCF1
expression, and higher levels of FOXO1 (Figure 2.1C). Thus, long-lived memory CD8"
T cells were formed and maintained at similar numbers compared to WT regardless of
constitutive HIF activity (Figure 2.1).

A 2x10° PFU LCMV
Armstrong i.p.

post LCMV infection

or
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Figure 2.1: VHL-deficient CD8%" T cells form long-lived memory CD8* T
cells. (A) Schematic of experimental design; 1 x 10* WT or VHL-KO cells were adoptively
transferred i.v. into naive hosts with differential expression of congenic CD45 alleles
followed by infection one day later with LCMV Armstrong. (B) Representative KLRG1 and
CD127 surface phenotype of memory WT and VHL-KO cells (n = 3-5 per 5 independent
experiments) and absolute numbers from spleen of host mice (cumulative from 4 independent
experiments, n = 26). (C) Representative flow cytometric quantitation of transcription
factors; total donor WT (open black histogram) or VHL-KO (filled grey histogram) cells
from spleen (n = 3-5 per 5 independent experiments). (B) Numbers represent percentage
of cells in respective gates. Data in (B) show mean + SEM with Student’s ¢ test, ns not
significant.

Memory VHL-KO CD8™T T cells maintain reliance on glycolytic metabolism

Given that memory cell formation has been closely correlated with reliance on ox-

idative phosphorylation [69,94], we investigated the possibility that long-lived VHL-KO
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cells bypassed HIF-mediated suppression of oxidative phosphorylation and generated SRC
for differentiation and survival. We measured ex vivo glycolytic and oxidative metabolism
of resting long-lived VHL-KO and W'T cells via extracellular flux analysis of extracellular
acidification rate (ECAR) and oxygen consumption rate (OCR) respectively, 60+ days
following infection (Figure 2.2). Long-lived VHL-KO cells continued to exhibit significantly
higher basal and maximal glycolytic rates (>5-fold) and lower basal and maximal oxidative
phosphorylation rates compared to their WT counterparts (Figures 2.2A and 2.2B). Sup-
pression of cellular respiration in VHL-KO cells responding to infection is consistent with
our analysis of in vitro activated cells, and is an expected result of HIF-driven induction of
PDKI1, a canonical target gene. This is indicative of sustained HIF-transcriptional activity
and continued suppression of oxidative phosphorylation in VHL-KO cells. This resulted in
a complete lack of SRC and a dramatic skewing towards glycolytic metabolism (Figures
2.2C and 2.2D). Importantly, enhanced glycolytic metabolism, suppression of oxidative
phosphorylation, and lack of SRC did not prevent differentiation to a memory phenotype or

survival of VHL-KO cells in secondary lymphoid tissues (Figures 2.1 and 2.2).

VHL-KO memory CD8T T cells function as bona fide memory CD8" T

cells

A principal characteristic of immunological memory is the capacity to respond with
faster kinetics to a pathogen upon rechallenge. To measure the capacity of long-lived
VHL-KO cells to respond to secondary infection, VHL-KO or WT memory CD8" T cells
were harvested from spleen and lymph nodes, and re-transferred into naive hosts that were
then infected with LCMV Armstrong (Figures 2.2E and 2.2F). Both WT and VHL-KO
secondary effector cells respond robustly to infection and clear pathogen efficiently (data
not shown). VHL-KO secondary effector cells accumulate at lower numbers in the spleen

than WT (Figure 2.2E). However, secondary VHL-KO effector cells showed significantly
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Figure 2.2: Memory VHL-KO CD8* T cells rely on glycolytic metabolism and
are functional secondary effectors.(A-D) Experimental design as in Figure 2.1A; (n
= 3-5), WT or VHL-KO donor cells were sorted from pooled spleens and lymph nodes
and assayed directly ex vivo with the Seahorse Extracellular Flux XF-96 analyzer under
basal conditions and following addition of indicated metabolic inhibitors. Data from 3
independent experiments with rate measurements normalized to 1.25x10° cells/sample.
(A) Extracellular Acidification Rate (ECAR) and (B) Oxygen Consumption Rate (OCR)
of WT and VHL-KO cells at day >60 following acute viral infection measured over time
after addition of metabolic inhibitors (left). Basal and maximal (A) ECAR or (B) OCR
(right). (C) SRC of WT and VHL-KO cells calculated from (B). (D) Ratio of basal ECAR
to basal OCR of WT and VHL-KO cells relative to ratio of WT cells from measurements
in (B). Long-lived WT or VHL-KO donor cells were harvested from secondary lymphoid
tissues, sort purified, and 1 x 10* were re-transferred into congenically distinct naive host
mice followed by infection with LCMV Armstrong one day later. Representative absolute
numbers (E) of donor WT or VHL-KO cells on day 5 of secondary challenge (n = 4-5 per
2 experiments) and comparative fold expansion (F) of VHL-KO effector cells following
primary (day 6) versus secondary (day 5) LCMV Armstrong challenge from spleen. Data
in (A-E) show mean + SEM with Student’s ¢ test, ns p > 0.15, * p < 0.05, *** p < 0.001.

higher fold expansion than primary VHL-KO effector cells, a hallmark of memory responses
(Figure 2.2F), further supporting the finding that these long-lived VHL-KO cells are bona

fide memory CD8™ T cells in spite of their altered cellular metabolism (Figures 2.1 and 2.2).

VHL-KO memory-precursor cells sustain elevated glycolytic metabolism

and suppress oxidative phosphorylation

While ez vivo measurement of resting metabolic rates of VHL-KO and WT cells

demonstrated significantly altered metabolic programming in VHL-KO cells that suggests
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Figure 2.3: Sustained HIF activity drives glycolysis and suppresses oxidative
phosphorylation during the effector response.(A-F) ECAR and OCR of KLRG1"
CD44" WT and VHL-KO cells on (A,C) day 6 and (B,D) day 9 of infection (left).
Summarized metabolic measures of basal and maximal ECAR or OCR of WT and VHL-
KO cells (right). (E) Spare respiratory capacity (SRC) of WT and VHL-KO cells on day 9
of infection. (F) Ratio of basal ECAR to basal OCR of WT and VHL-KO cells relative to
ratio of WT cells at 6 and 9 days following infection. Data in (A-F) are mean £ SEM with
two-tailed Student’s ¢ test. ns p < 0.05, * p < 0.05, ** p < 0.01.

SRC and reliance on oxidative phosphorylation are dispensable for survival of memory CD8"
T cells. We next examined whether HIF-driven glycolytic metabolism was maintained during
expansion and contraction phases of the immune response when CD8" T cell fate is specified.
Therefore, we measured ex vivo glycolytic and oxidative metabolism of VHL-KO and WT
cells responding to acute viral infection. Effector cells were sort purified from infected hosts
during the expansion phase (day 6 of infection, Figures 2.3A, 2.3C and 2.3F) and contraction
phase (day 9 of infection, Figures 2.3B, 2.3D-2.3F) of LCMV infection, and metabolic
activity was measured by extracellular flux analysis (Figure 2.3). Ez vivo measurement
of glycolytic rates reveal that VHL-KO cells are capable of sustaining significantly higher
maximal glycolytic rates during expansion (nearly 2-fold) and contraction (>10-fold) in

comparison to WT cells; however, basal glycolytic rates are significantly higher only during
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the contraction phase (>5-fold) when WT cells significantly reduce glycolytic activity as
the need for effector function wanes (Figures 2.3A and 2.3B). These data correlate well
with recent reports that demonstrate the importance of glycolytic metabolism in CD8%
T cell effector function [16,45,91,98] and may support the sustained effector capacity of
VHL-KO CD8* T cells following chronic viral infection [26]. Conversely, the rate of oxidative
phosphorylation in VHL-KO cells is substantially lower at basal levels during expansion and
contraction. It is also lower throughout the response to infection following treatment with
the ionophore FCCP, an agent that uncouples mitochondria and induces maximal oxygen
consumption (Figures 2.3C and 2.3D).

During contraction, when WT cells exhibit increased SRC relative to naive and
effector CD8' T cells (proposed as a key feature of memory formation [94]), VHL-KO
cells surprisingly fail to generate significant SRC (Figure 2.3E). Furthermore, examining
the ratio of glycolytic metabolism to cellular respiration reveals that VHL-KO cells skew
towards increased reliance towards glycolytic metabolism during expansion (nearly 4-fold)
and contraction (5-fold) phases of the effector response. VHL-KO cells are thus resistant to
suppression of proliferation following inhibition of mitochondrial ATP synthase activity with
oligomycin treatment in vitro (Figure 2.51A). Additionally, analysis of relevant metabolites
of in vitro cultured WT and VHL-KO cells supports ex vivo measurements of extracellular
flux as VHL-KO cells exhibited significantly higher levels of lactate (nearly 2-fold), indicative
of high glycolytic activity, as well as a significant buildup of citrate (2-fold), representative of
reduced TCA cycle flux (Figure 2.51B). These results demonstrate that elevated HIF activity
drives a dramatic skewing towards glycolytic metabolism that is sustained throughout the
CDS8™ T cell effector response to acute infection, which the prevailing model would should

argue suppress memory formation (Figure 2.3).
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Figure 2.4: Constitutive HIF activity enhances CD8" memory cell forma-
tion.(A) Representative surface phenotype of donor WT (top) or VHL-KO (bottom)
cells at indicated time points following acute viral infection from spleen (n = 3-5 per 3
independent experiments). Numbers represent percentage of cells in respective gates. (B)
Representative intracellular staining of Granzyme B (GzmB) expression of donor WT
(open black histogram) or VHL-KO (filled grey histogram) cells from spleen at indicated
time points (n = 3-5 per 3 independent experiments) (C) Percent of indicated donor cells
incorporating BrdU on day 6 of LCMV infection. (D) Efficiency of memory cell generation:
To normalize VHL-KO and WT responses to their absolute number of memory-precursor
WT or VHL-KO cells on day 11 of infection were divided by their respective peak number
of responding donor WT or VHL-KO cells from day 9 of infection. (C,D) Representative
data, n = 3-4 from 2 independent experiments. Data show mean + SEM with Student’s ¢
test, * p < 0.05, *** p < 0.001.

Sustained HIF activity accelerates memory-precursor cell emergence

To examine the contraction phase, when memory precursors can be first followed, we
examined differentiation of VHL-KO and WT effector CD8" T cell subsets (Figure 2.4A). We
previously reported that VHL-KO CD8™ T cells become activated and clear both chronic and
acute infections with heightened effector function [26]. Notably, we observe that VHL-KO
CD8™ T cells show impaired formation of terminally-differentiated effector cells (Figure 2.4A
and [26]). Instead, VHL-KO cells form a population of KLRG1°CD127" memory-precursor
cells at a higher frequency than WT cells, which is seen by day 9 of infection (Figure 2.4A).
This coincides with increased expression of Granzyme B (GzmB) throughout the response

to acute viral infection (Figure 2.4B). The accelerated appearance of memory-precursors
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by VHL-KO cells also occurs when VHL-KO and WT cells are transferred into the same
host, thus confirming constitutive HIF activity alters CD8" T cell differentiation in a cell
intrinsic manner and that this is also partially independent of alterations in inflammation or
antigen load (Figure 2.52). Microarray analysis reveals that while VHL-KO cells express
genes associated with effector function [26], they also exhibit enriched expression of genes
associated with memory differentiation (Figure 2.S3A). This expression pattern is distinct
from that seen in WT KLRG1M effector cells, suggesting VHL-KO cells undergo altered
differentiation towards the memory fate, rather than a failure to upregulate KLRG1 itself
(Figure 2.S3B and [26]).

Analysis of the number of memory-precursor cells following contraction reveals
that while VHL-KO cells proliferate at a slightly reduced rate compared to WT cells,
the proportion of cells which form memory-precursors compared to the peak number of
donor effector cells is 5-fold greater for VHL-KO than WT cells (Figures 2.4C and 2.4D).
Surprisingly, despite a lack of SRC, VHL-KO cells both maintain increased effector molecule
expression and demonstrate enhanced memory differentiation (Figures 2.3 and 2.4). The
enhancement in memory differentiation by VHL-KO cells demonstrates that a metabolic
shift towards reliance on oxidative phosphorylation is not a requirement for differentiation

of memory CD8" T cells (Figures 2.2-2.4).

Sustained glycolytic metabolism yields sufficient ATP for memory forma-

tion

While secondary metabolites may be essential for specific cellular functions or
fate decisions, adenosine triphosphate (ATP) produced by both glycolysis and oxidative
phosphorylation may be central to survival during contraction and throughout the memory
phase [22]. We examined whether enhanced glycolytic metabolism and suppressed oxidative

phosphorylation of VHL-KO cells negatively impacts ATP production during contraction.
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Figure 2.5: Glycolytic metabolism does not impair ATP production and com-
pensates for suppressed oxidative phosphorylation. (A,C) Cellular ATP extracted
from WT and VHL-KO donor cells (per 10* cells) sorted from spleen and lymph nodes
of individual host mice (A) post peak of CD8 response and (C) >60 days following
infection. Data are relative to average WT cell ATP levels. Cumulative data (n = 6
mice) from two independent experiments. (B,D) Representative flow cytometric analysis
of total donor WT cells (open black histogram) or VHL-KO (filled grey histogram) for
analysis of mitochondrial mass and free fatty acid levels at indicated time point following
infection, splenocytes (B, n = 3-4 mice per 2 independent experiments D, n = 3-5 mice per
3 independent experiments). Data in (A,C) show mean + SEM with two-tailed Student’s ¢
test, ns p < 0.8.

VHL-KO or WT memory-precursor cells (KLRG1°CD127") from individual mice were sort
purified during the contraction phase, cellular ATP was extracted, and ATP levels were then
measured by luciferase assay (Figure 2.5A). Surprisingly, the dramatic skewing of VHL-KO
cell metabolism towards glycolysis during the effector response did not alter the levels of
ATP in VHL-KO memory-precursor cells when compared to WT memory-precursor cells.
This suggests that a primary threshold for CD8% T cells to differentiate into a memory
population is sufficient production of ATP, rather than the usage of specific metabolic
pathways (Figure 2.5A). Further, we find that VHL-KO cells do not generate additional ATP

through a compensatory increase in mitochondrial abundance or through increased fatty acid
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stores. Flow cytometric analysis of cells by Mitotracker and Bodipy, stains of mitochondrial
content and free fatty acids respectively [69,94], showed a reduction in mitochondrial content
during the effector response, but similar free fatty acid levels in VHL-KO cells relative to
WT cells (Figure 2.5B). In addition, VHL-KO and WT resting memory cells have similar
amounts of ATP (Figure 2.5C), and also maintain similar mitochondrial content and fatty
acid stores, suggesting that any compensatory energy production is generated through the

glycolytic pathway (Figure 2.5D).

CD8T memory cells exhibit heterogeneous transcription factor expression

and metabolic activity

Our data suggest that generation of SRC and reliance on oxidative phosphorylation
is not essential for survival or differentiation of memory CD8T T cells. However, differential
metabolic pathway usage could still play a role in specification of memory subset heterogeneity
[44]; thus, we examined memory populations in more detail following contraction (Figure
2.6). Here, we find fewer VHL-KO cells in secondary lymphoid tissues re-expressed L-selectin
(CD62L), a marker of Tcy. These cells remain CD62LY°, a characteristic of Tgyr, and
form approximately 4-fold fewer Ty compared to WT cells (Figure 2.6A). Similarly, the
VHL-KO memory population show a higher proportion of CD27'°CD43 cells (1.5-fold),
which correlates with an effector-like memory phenotype [68] (Figure 2.6B). A comparison
of key transcription factor expression for WT memory subsets by flow cytometry shows that
TgMm display significantly lower levels of T-bet, TCF1, Eomes and FOXO1 than Ty (Figure
2.6C). Interestingly, VHL-KO memory cells express transcription factors at levels similar
to WT Ty (Figure 2.6C), with the exception of FOXO1, which is higher than WT Ty
and Tgy. An elevation in FOXO1 (an essential mediator of Toy [62]) by VHL-KO memory
cells makes the resemblance to Ty by other criteria even more striking.

Given that WT Tcom and Try express key transcription factors at distinct levels,
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Figure 2.6: Glycolytic metabolism correlates with differentiation of effector-
memory CD8 T cells. (A-B) Representative flow cytometric analysis of splenic WT or
VHL-KO cells at memory time points (A) for effector memory and central memory CD8 T
cell subsets (n = 3-5 per 4 independent experiments) with summarized frequency of central
memory cells. (B) CD27 and CD43 expression and summarized frequency of CD27'°CD43!°
memory cells (n = 3 per 2 independent experiments). (C) Representative expression of
transcription factors and cytokine receptors of WT central memory (T, dashed line) and
effector memory cells (T, black line, left histograms) and with total VHL-KO memory
cell (grey filled) expression overlaid for comparison (right histograms). Representative
staining of n = 3-5 per 4 independent experiments. Geometric mean fluorescence intensity
(gMFI) of transcription factor expression for WT Toy and Ty compared to total VHL-KO
memory cells. (D) Representative OCR of WT T¢y (dotted line) and Tgy (solid line)
measured as in Figure 2.2 (left) with basal and maximal OCR (right) of 2 independent
experiments. (E) SRC of WT Tcym and Ty from (D). Data show mean = SEM: (A-B)
Student’s ¢ test, ns p > 0.05, *** p < 0.0005; (C) one-way ANOVA followed by Tukeys
Multiple Comparison Test, ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.

we hypothesized that metabolic pathways may be differentially utilized as well. Thus, we
sort purified WT Tcy and Tgy (CD44MCD62LM and CD44MCD62LY, respectively) from
mice previously infected with LCMV at least 60 days prior and measured ECAR and OCR

via extracellular flux analysis (Figure 2.6D). Interestingly, WT Tgy maintain substantially
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lower levels of SRC and a reduced basal rate of cellular respiration compared to WT T
these levels are similar to those seen in VHL-KO memory cells cells (Figures 2.1A-2.1B
and 2.6D-2.6E). In contrast, WT Tcy exhibit a slightly higher basal rate of oxidative
phosphorylation, but develop higher SRC (Figures 2.6D and 2.6E). These data likely support
previous studies regarding SRC of WT cells where no discrimination between Ty and Trm
was used; thus the predominance of Toy in WT memory cell populations may have biased

the metabolic measurements observed [94].

2.4 Discussion

Recent studies have demonstrated that skewing of metabolic pathways in CD8" T
cells correlates with formation of memory CD8" T cells and pharmacological inhibition of
critical metabolic sensors can perturb CD8' T cell differentiation [2,76,94]. Furthermore,
deletion of molecules critical for various metabolic processes can have both deleterious or
beneficial effects on effector and memory cell generation and survival [18,22,67,69,82,83,88,90].
These data support a role for cellular metabolism in CD8' T cell differentiation and function;
however, the critical question of whether metabolic pathway choice is the driving force
behind memory cell differentiation is not yet resolved. By enhancing glycolytic metabolism
throughout the effector response to acute infection, we demonstrate that the generation
of SRC and a shift towards reliance on oxidative phosphorylation are not essential for the
generation of functional long-lived memory CD8" T cells. Most importantly, our study finds
that constitutive glycolytic metabolism does not hinder differentiation of memory CD8* T
cells, but may promote differentiation of Tgy cells, skewing the memory pool and impacting
functional immunity.

Through manipulation of metabolite transporters [22,94] or enzymes [5,69,76,83],

several studies have demonstrated that inhibition of FAO and oxidative phosphorylation yield
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defects in CD8' memory cell differentiation or survival. Knockdown of carnitine palmitoyl
transferase 1 (CPT1a) or deletion of aquaporin 9 (AQP9) starve memory cells of sufficient
fatty acids, and deletion of AMPK prevents induction of oxidative phosphorylation in CD8%
T cells, supporting a model in which provision of cellular energy through mitochondrial
respiration is critical for memory survival and function [22,83,94]. These findings support
early reports where memory cell formation was enhanced by promoting mitochondrial fatty
acid oxidation and suppressing glycolytic metabolism [2,76]. While the strong correlation
between memory differentiation and the reliance of memory CD8' T cells on increased
mitochondrial biogenesis and fatty acid fueled oxidative phosphorylation lead to the inference
that memory differentiation is driven by mitochondrial respiration.

An alternative explanation of these observations is that: promoting or reducing
total energy production in CD8" T cells can improve or inhibit differentiation of memory
irrespective of metabolic pathway. We demonstrate that elevated glycolytic metabolism, as
a result of VHL deletion, results in production of similar levels of ATP in VHL-KO cells
relative to W'T cells, thereby allowing survival of contracting effector cells and potentiates
differentiation of memory cells. These results argue that it is “the fuel, not the refinery”
which is paramount in memory cell differentiation, and that generation of sufficient ATP
by CD8" T cells, regardless of the source, may allow for differentiation of memory cells.
This suggests that fate determination in CD8" T cells can accommodate a range of cellular
adaptations as long as basic conditions are met, such as basal energy levels. Further study
of the impact of alterations in cellular energy stores on fate determination will be necessary
to clearly define how cellular metabolism affects T cell differentiation.

Moreover, while it is clear that cellular metabolism is essential for numerous processes
within T cells, our data and those of others do not demonstrate that specific metabolic path-
ways can inherently drive specific differentiation programs. In light of this, our interpretation

of our findings and that of the current literature suggest that T cells are highly flexible
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in their reliance on metabolic pathways for differentiation. Function, on the other hand,
may be uniquely dependent on environmental conditions, nutrients, and metabolic pathways
utilized, in a context specific fashion. Additionally, our data fit well with the inherent mi-
gratory differences of Ty and Try subsets as Tey primarily reside in secondary lymphoid
tissues with minimal migration, while Tgy likely encounter a wide range of environmental
conditions, and therefore, nutrient levels which may drive a necessity for metabolic flexibility.
Further work carefully dissecting metabolic requirements for differentiating and sustaining
all memory subsets (Tcym, Tem, and Tgry) and enabling the distinct functional roles of each
will be necessary to determine whether manipulating cellular metabolism may sustain or
prevent particular cellular fates following T cell activation.

In further support of this model, our examination of metabolic activity by memory
CDS8™ T cell subsets confirms that SRC and oxidative phosphorylation are elevated in Tcom
similar to the total CD8% memory pool as previously described [52,69,94]. However, we
also find Tgy exhibit lower levels of SRC which may reflect the differential functional roles
and localization of Tcy and Try. These data allow for a context-specific role for specific
pathways or metabolites in particular memory CD8™ T cell subsets and suggest a cell-intrinsic
role for metabolic pathway choice in promoting heterogeneity in the memory pool. While the
apparent metabolic flexibility demonstrated by memory CD8" T cells following acute viral
infection suggests a direct role for metabolic regulation of CD8" T cell fate, the significant
differences in transcription factor expression between Ty and Tgy cells emphasize the need
to dissect whether specific metabolic pathways drive differential transcriptional programs
or simply correlate with subset diversity. These data parallel studies in CD4% T cells
where particular Ty subsets, that express distinct master transcription factors, exhibit
differential reliance on metabolic pathways for differentiation and function [23,25,56,61,89];
however, in many cases the contribution of differential metabolic regulation towards Ty

subset differentiation has yet to be absolutely defined. Our studies and those of others,
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highlight the difficulty and importance of discerning direct impacts of manipulating cellular
metabolism in vivo through modulation of critical cellular sensors such as HIF [26,28,89],
mTOR [48,82,90], and AMPK [5,76,83]. Our work does not negate a role for cellular
metabolism in specifying T cell fate, but demonstrates that CD8" T cell differentiation
makes use of specific pathways in a much more nuanced fashion than previously appreciated.

In light of the relationship between metabolism and memory cell subsets, modulation
of metabolic pathways holds promise as a means to increase the efficacy of T-cell mediated
clinical therapies, including vaccination and adoptive cell transfers. Alteration of cellular
metabolism by T cells is clearly essential for the functional adjustments and environmental
adaptations that occur during the response to infection. Our studies suggest that CD8*
T cells can make use of glycolysis and oxidative phosphorylation for the specification of
memory fate and raise the total energy supply in a context-dependent fashion. Importantly,
emphasis on specific metabolic characteristics (e.g., SRC) may drive diversification of the
CD8" T cell memory pool. It remains to be determined whether the metabolic differences
between Tcn and Ty are primary or secondary to the unique transcriptional and migratory
circumstances of each subset, highlighting important outstanding questions relating to the

generation of a population of protective CDS8T memory cells.

2.5 Materials and Methods

Mice and experimental design

Mice were bred and housed in specific pathogen-free conditions in accordance with
the Institutional Animal Care and Use Guidelines of the University of California San Diego.
Vhi/# mice have been described [33]. Deletion of LoxP-flanked VHL in T cells was achieved

18/8

by crossing Vh mice to mice hemizygous for dLck Cre [103]. P14 mice, which express a

transgenic TCR that recognizes an immunodominant epitope of the LCMV glycoprotein
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expressed by LCMV Armstrong were bred to VhI?/fl dLck lines to generate mice with WT or
VHL-KO P14 CD8" T cells. All mice were backcrossed over ten generations to the C57BL/6

background.

Infection and cell transfer

Vo2TVE8.1.27 CD8* cells were injected intravenously with 1x10% per host for all
adoptive transfer experiments except for post peak ATP analysis where 1x10° Vo2 VB8.1.27"
CD8™ cells were transferred and mice were infected with LCMV Armstrong (2x10° plaque-

forming units, injected intraperitoneally).

Flow cytometry and sorting

Cells were immunostained and analyzed on a BD Fortessa or Fortessa X-20 or sort
purified on a BD FACSAria [Tu. All antibodies from EBiosciences unless indicated. The
following biotin-conjugated antibodies were used for depletion of unwanted cells prior to
sorting: anti-B220 (RA3-6B2), anti-CD4 (GK1.5), anti-Ter119 (TER-119), anti-MHCII
(M5/114.15.2), anti-NK1.1 (PK136). Fluorophore-conjugated antibodies used for flow
cytometry analysis are as follows: anti-CD8a (53-6.7), anti-KLRG1 (2F1), anti-CD127
(ATR34), anti-Vo2 (B20.1), anti-V@8.1.2 (KJ16-133), anti-CD44 (IMT7), anti-CD62L (MEL-
14), anti-CD27 (LG.7F9), anti-CD43 (1B11), anti-T-bet (4B10), anti-TCF1 (Cell Signaling
Technology, C63D9), anti-Eomes (Danl1Mag), and anti-Foxol (Cell Signaling Technology,
C29H4). Mitotracker Deep Red FM (ThermoFisher, M22426) was used for mitochondrial
staining at 25 nM according to manufacturers instructions. For staining of neutral lipids
Bodipy 493/503 (ThermoFisher, D-2191) was used at 500 ng/mL according to manufacturers

instructions.
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Metabolism assays

Indicated numbers of sort purified cells were plated in buffer free, glucose free media
(Seahorse Biosciences or Sigma-Aldrich) with glutamine (2 mM) and + glucose (11mM)
for OCR and ECAR measurements which were made under basal conditions and following
addition of oligomycin (1 uM), FCCP (1 uM), Rotenone (1 uM) and Antimycin A (1 uM),
2-Deoxyglucose (100 mM) at indicated time points and recorded on a Seahorse XF-96. All
compounds from Sigma-Aldrich. Basal ECAR and maximal ECAR calculated from average
of three measurements following addition of glucose and oligomycin respectively. Basal
OCR and maximal OCR calculated from average of three measurements before addition
of oligomycin and following addition of FCCP respectively. Cellular ATP was measured
with the ATP Determination Kit (ThermoFisher, A22066) according to manufacturer’s

instructions.

Statistical analysis

Two-group comparisons were assessed with an unpaired two-tailed Student’s ¢ test
and multi-group comparisons were assessed by one-way analysis of variance followed by

Tukey’s Multiple Comparison test.

2.6 Supplemental Information

Metabolomics

Metabolomic experiments were performed by Metabolon Inc. using GC/MS and
LC/MS/MS platforms for determination of intracellular metabolites. Samples were nor-
malized for protein concentration measured by the Bradford assay and rescaled to set the

median to 1. The minimum value was substituted for missing metabolite values.
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Figure 2.S1: VHL-KO cell proliferation following activation is resistant to in-
hibition of oxidative phosphorylation. (A) Analysis of proliferation 48 hrs following
in vitro activation with anti-CD3 and anti-CD28 of enriched polyclonal WT and VHL-KO
CD8" T cells from spleen by dilution of Cell Trace Violet. (B) Relevant intracellular
metabolites of in vitro activated and expanded VHL-KO and WT CD8* T cells analyzed by
metabolomics performed by Metabolon. Fold change (FC) is comparison of VHL KO over
WT (p £ 0.05 for all FC indicated). Critical metabolic enzymes regulating pyruvate usage
following glycolysis listed (HIF regulated in red with FC from gene expression analysis).
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Figure 2.52: Accelerated differentiation of VHL-KO cells is primarily cell in-
trinsic. Kinetic analysis of VHL-KO and WT donor P14 CD8+ T cells from PBL following
mixed transfer (1:1) of 10* cells into congenically distinct hosts and subsequent infection
with LCMV by flow cytometry for expression of KLRG1 and CD127.
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Figure 2.S3: Gene-expression analysis of WT and VHL-KO KLRG1'" cells at
day 7 following infection.Volcano plots of the comparison of WT versus VHL-KO cells.
Showing clusters of genes identified from [4]. Numbers in bottom left and right corners
indicate number of genes in that region. (A) We previously identified temporally regulated
gene expression patterns of pathogen-reactive CD8T T cells that were parsed into 10
unbiased groups [4]. Showing cluster VII (highlighted in green, left) and VIII (highlighted
in light green, right) -specific genes overlaid on comparison of total WT and VHL-KO
gene-expression. (B) Fold changes versus p value for the cluster of genes expressed 1.5-fold
higher in WT KLRG1" effector cells compared to WT KLRG1 cells shows a loss of
expression of KLRG1'° associated genes by VHL-KO cells.
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Chapter 3

HIF-1o and HIF-2a deficiency
limits glycolytic metabolism and
skews differentiation of CD8T T

cells following acute viral infection

3.1 Introduction

The previous chapters in this dissertation have defined the impact constitutive HIF
signaling has on CD8" T cell responses to chronic viral infection and determined whether
restricting CD8' T cells to glycolytic metabolism inhibits the differentiation of protective
memory CD8" T cells. In Chapter 1, we demonstrated that HIF signaling enhances effector
function and can provide resistance to immune exhaustion in CD8' T cells following chronic
viral infection [26]. In addition, we demonstrated that a potential mechanism by which
HIF signaling drives resistance to exhaustion and improved effector function maybe through

enhancing glycolytic metabolism in CD8' T cells [26, Chapter 1]. Additionally, constitutive

65



66

HIF signaling accelerated differentiation of memory precursor CD8" T cells following acute
viral infection resulting in a protective memory population predominantly composed of
effector memory CD8" T cells (Chapter 2). These data expanded our understanding of T
cell biology by defining novel roles for HIF signaling in regulating CD8% T cell immunity,
and present further questions regarding the necessity of HIF signaling in CD8" T cell
differentiation and function.

In order to further define the molecular pathways driving the dramatic alterations in
CDS8™ T cell responses following VHL deletion we sought to evaluate the contribution of
HIFa subunits to CD8' T cell immunity. Therefore, we generated mice with mature T cells
deficient for Hifla and Epasl by expression of Cre recombinase driven by the distal Lck
promoter [30,84,103]. These mice were then crossed to P14 mice which express a transgenic
TCR specific to an immunodominant epitope of the LCMV glycoprotein. Examining mice
deficient in HIF-1a and HIF-2a without deletion of VHL allowed us eliminate potential
VHL-dependent, HIF-1a- and HIF-2a-independent effects on CD8' T cell responses and
restrict our analysis directly to HIF-mediated effects. Analysis of donor cells following
adoptive transfer of wildtype (WT) or HIF-1o- and HIF-2o-deficient (HIF1HIF2 KO) P14
CD8' T cells surprisingly demonstrated that HIFo-deficiency results in a reduction in
glycolytic metabolism as well as accelerated accumulation of KLRG1'°CD127" memory
precursor cells over time following acute LCMV infection. However, no other significant
alterations in effector molecule or transcription factor expression by HIF1HIF2 KO cells in

comparison to W'T cells was observed.
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3.2 Results

HIF-1oHIF-2a-deficient CD8*% T cells expand and differentiate similarly

to WT CD8* T cells following acute viral infection.

Recent work has demonstrated that effector function in T cells is reliant on glycolytic
metabolism and that blockade of glycolysis can reduce cytokine production [16]. Previous
studies by we and others have also demonstrated that HIF signaling regulates differentiation,
effector function, and glycolytic metabolism in CD8" T cells [26,28, Chapter 1]. Thus,
we asked whether HIF-1o and HIF-2a deletion would result in increased differentiation of
terminally differentiated effector cells and reduced effector function in antigen-specific CD8%
T cells. To determine whether HIF-1a- and HIF-2a-deficiency would alter differentiation and
negatively impact effector responses to acute viral infection we adoptively transferred W'T or
HIF1HIF2 KO P14 CD8" T cells into naive host mice that were infected one day later with
Lymphocytic Choriomeningitis Virus (LCMV) Armstrong and examined the responding
donor cells isolated from spleen by flow cytometry prior to (day 6 post infection) and after
the peak (day 9 post infection) of the cellular response (Figure 3.1). Surprisingly, analysis
of expression of KLRG1 and CD127 of responding donor cells did not demonstrate any
significant differences in differentiation of effector HIF1HIF2 KO cells in comparison to W'T
(Figure 3.1A and 3.1C). Moreover, there was no difference in the expansion of HIF1HIF2
KO cells as the absolute number of donor cells was similar to WT cells (Figure 3.1B). Given
that previous studies have demonstrated the expression of Granzyme B (GzmB) to be HIF-
signaling dependent, we anticipated that HIF1HIF2 KO cells would exhibit lower expression
of GzmB in comparison to WT cells [26,28]. However, in line with the unperturbed expansion
and differentiation of HIF1HIF2 KO cells, GzmB expression was identical in HIF1HIF2 KO
donor cells in comparison to WT donor cells (Figure 3.1D). The similarity in differentiation

of HIF1HIF2 KO cells to WT cells was reflected in the expression by donor cells of critical
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CD8™ T cell transcription factors which was predominantly similar (T-bet, TCF1, Foxol)
in comparison to WT cells, except in the case of Eomes where HIF1HIF2 KO cells appear

to maintain slightly higher Eomes expression relative to WT cells (Figure 3.1D).

A B C
HIF1HIF2 KO KLRG1"CD127°
5 10 _ o5
Sos o o H
: * o % 0 o e
ps g o4 g § o2
13 1% v
&t €
& K Ke
D
—HIE1HIF2 KO
WT
GzmB » T-bet » Eomes » TCF1 » Foxo1
E G
WT HIF1HIF2 KO KLRGW"CD127‘ KLRG1°CD127"
T [ 50 ” 100- . ‘7. .
g4y o L e 9 N L4 ‘g
£a0 8 e § 3 E
5 g g 5
il §a : 54 oo ked £
10} s ° 5 ." ° M go ry
-_— U v 1
coi2r <& & @QO <& & &« &
H FE &€ FE K @“ «9
—HIF1HIF2 KO
WT
x
3
=
5
=®
GzmB T-bet Eomes TCF1 Foxo1

Figure 3.1: HIF-1a- and HIF-2a-deficient CD81 T cells do not exhibit defects
in effector function following acute viral infection.(A-F) Flow cytometry analysis
of spleens isolated from wildtype host mice that received adoptive transfer of 1 x 10*
WT or HIF1HIF2 KO P14 CD8™ T cells 6 days (A-D) or 9 days (E-H) following acute
viral infection. (A and E) Representative flow cytometry analysis of KLRG1 and CD127
expression of WT and HIF1HIF2 KO P14 CD8" T cells 6 days following infection (A) or
9 days following infection (E). (B and F) Cell number of responding donor cells (C and
G) frequency and cell number of indicated KLRG1 versus CD127 effector cell subset 6
days post infection (C) or 9 days post infection (G). (D and H) Representative histograms
showing expression of indicated molecules by WT (filled grey) or HIF1HIF2 KO (open
black) P14 CD8" T cells 6 days (D) or 9 days (H) following infection. (A-H) Cumulative
data from 2 independent experiments, n = 5-6 mice. (B-C and F-G) Data show mean +
SEM: Student’s ¢ test, ns p > 0.05, ** p <0.01.

Interestingly, while HIF1HIF2 KO cells exhibited no significant differences in expan-
sion, differentiation, effector molecule, and transcription factor expression prior to the peak
of the cellular response, analysis of HIF1HIF2 KO and WT cells from splenocytes isolated 9

days following infection, as the effector CD8" T cell pool begins to contract, revealed a subtle

difference in differentiation beginning to emerge (Figure 3.1E and 3.1G). While there is not
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a significant difference in number of donor cells or differentiating subsets of effector CD8*
T cells (KLRG1MCD127" terminally-differentiated effector (TE) and KLRG1'°CD127"
memory precursor (MP) cells) between HIF1HIF2 KO and WT donor cells, a significant
reduction in the frequency of TE HIF1HIEF2 KO donor cells in comparison to WT donor cells
is seen following the peak of the response (Figure 3.1F and 3.1G). Moreover, this results in
a significant increase in frequency of MP HIF1HIF2 KO cells in comparison to WT cells.
While the frequency of TE and MP cells is beginning to shift in HIF1HIF2 KO cells in
comparison to WT cells, the expression of GzmB and key transcription factors remain nearly

identical to the expression in WT cells (Figure 3.1H).

HIF-1a- and HIF-2a-deficiency accelerates accumulation of memory pre-

cursor CD8* T cells.

Surprisingly, HIF-1o and HIF-2a deficiency did not appear to significantly impact
the effector CD8" T cell response at early time points following acute infection (Figure 3.1).
However, following the peak of the cellular response to the infection a significant skewing in
the proportion of TE and MP cells was seen in HIF1HIF2 KO cells raising the possibility
that more significant differences may be seen at later time points following infection. In order
to determine whether the differences in frequency of TE and MP cells seen at the beginning
of the contraction phase by HIF1HIF2 KO cells may increase over time we performed a
kinetic analysis of KLRG1 and CD127 expression of HIF1HIF2 KO and WT donor cells
isolated from peripheral blood following adoptive transfer of HIF1THIF2 KO or WT cells at
indicated time points following acute infection (Figure 3.2A and 3.2B). Analysis of donor
cells as a percentage of host CD8" T cells showed no difference between HIF1HIF2 KO
and WT cells found in peripheral blood up to 4 weeks following infection (Figure 3.2A).
However, following the peak of the cellular response HIF1HIF2 KO cells exhibit accelerated

accumulation of MP cells in comparison to WT cells when MP cells were analyzed as a
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proportion of donor cells (Figure 3.2B).
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Figure 3.2: Deficiency in HIF« signaling accelerates accumulation of memory
precursor cells.(A and B) Kinetics of donor WT and HIF1HIF2 KO P14 CD8* T cells
from peripheral blood lymphocytes analyzed by flow cytometry. (A) Donor cells as a percent
of CD8*% T cells in PBL at indicated time points. (B) Frequency of KLRG1'°CD127hi
memory precursor cells of donor cells in PBL at indicated time points. (C) Representative
flow cytometry analysis of KLRG1 and CD127 expression of donor WT (top) and HIF 1HIF2
KO (bottom) P14 CD8T T cells from host spleens isolated 27 days following acute viral
infection. (D) Summarized cell number of donor WT and HIF1HIF2 KO P14 CD8" T cells.
(E) Frequency of donor cells and cell numbers of indicated KLRG1 and CD127 expressing
subsets. (F) Frequency and cell number of CD44"CD62L" donor cells. (G) Representative
histograms of expression of indicated molecules by WT (filled grey) and HIF1HIF2 KO
(open black) P14 CD8" T cells.

In order to determine whether the increased proportion of HIFIHIF2 KO MP
cells in blood equated to increased differentiation of MP cells in secondary lymphoid
tissues we harvested spleens at day 27 post infection from mice that received adoptively
transferred HIF1HIF2 KO or WT cells as in Figure 3.1. Intriguingly, HIF1HIF2KO cells
trend towards increased differentiation of MP cells in comparison to WT cells, in contrast to
our hypothesis that HIFa-deficiency would drive increased TE cell differentiation (Figure

3.2C-3.2E). Additionally, the accelerated emergence of MP cells by HIF1HIF2 KO cells

coincides with accelerated re-expression of CD62L (a marker of central memory cells) on
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HIF1HIF2 KO cells in comparison to WT cells (Figure 3.2F). Expression of GzmB is similar
between HIF1HIF2 KO and W'T donor cells, while the increased proportion of MP cells in
the donor HIF1HIF2 KO cell population corresponds with the slightly higher levels of Eomes
and TCF1 expression in comparison to WT cells suggesting that the expression of fate
determining transcription factors by HIF1HIF2 KO cells remains similar to WT cells at later
time points (Figure 3.2G). These data suggest that the accelerated differentiation of MP
cells by HIF1HIF2 KO cells is not dependent on known transcriptional regulators of memory
CD8™ T cell differentiation or the result of cell-extrinsic factors (Figure 3.2C-3.2G). Many
cell-intrinsic factors may play a role in the skewing of HIF1HIF2 KO cell differentiation,
including HIF-1o- and HIF-2a-deficiency itself, however further studies will need to be
performed in order to determine the mechanism driving accelerated MP differentiation in

HIF1HIF2 KO donor cells.

HIF-1o and HIF-2a regulate glycolytic metabolism in CD81 T cells.

We have previously demonstrated that constitutive HIF signaling drives enhanced
glycolytic metabolism in CD8" T cells, suggesting that loss of HIF signaling would result in
lower glycolytic metabolism in CD8' T cells [26, Chapter 2]. Thus, in order to determine
the contribution of HIF-1a and HIF-2a-deficiency on glycolytic throughput in CD8 T cells
responding to acute viral infection we performed an adoptive transfer of HIF1HIF2 KO or
WT cells as in Figure 3.1 into host mice followed by acute viral infection. HIF1HIF2 KO and
WT donor cells were then sort purified at day 6 post infection and the rate of extracellular
acidification (ECAR) was measured by extracellular flux analysis directly ex vivo (Figure 3.3).
As expected, HIF1HIF2 KO cells exhibit reduced basal and maximal glycolytic metabolism
(~75% of the ECAR of WT cells) indicating compensatory mechanisms, such as c-myc [98],
are sufficient to induce glycolytic metabolism in HIF1HIF2 KO cells however not to maximal

levels (Figure 3.3A). Despite the reduction in glycolytic metabolism, ATP production is



72

150
WT
HIF1HIF2 KO

*0

100:

ECAR (mpH/min)

50

ATP (pmoles/10* cells)

200

150-

100

OCR (pMoles/min)

50

)

T T T T 1
0 20 40 60 80 100

Time (minutes)

Figure 3.3: Loss of HIF-1a and HIF-2a reduces glycolytic metabolism in CD8™
T cells without perturbing ATP production. (A) Measurement of extracellular
acidification rate by extracellular flux analysis of in vitro activated wildtype, HIF1a KO,
and HIF2a KO CD8' T cells over time and following addition of indicated metabolic
inhibitors (left). Summarized basal and maximal glycolytic rates (right). (B) Measurement
of glycolytic metabolism as in (A) from WT or HIF1HIF2 KO P14 CD8™ sorted day
6 following acute viral infection. (C) ATP levels of WT and HIF1HIF2 KO memory
precursor CD8™ T cells post peak of cellular response to acute viral infection. (D) Oxygen
consumption rate of in vitro activated WT and HIF1HIF2 KO CD8* T cells over time and
following addition of indicated metabolic inhibitors. Data in (A and D) are representative
of two independent experiments, n = 2-3 replicates per genotype, with mean + SEM.
(B) Data are representative of 2 independent experiments. (C) Cumulative data from 2
independent experiments, n = 6 mice per genotype, with mean + SEM.

unperturbed in HIF1HIF2 KO cells in comparison to WT cells when ATP levels are measured
from cells sort purified during the contraction phase of the effector response (Figure 3.3B).
This is likely due to a compensatory increase in maximal respiratory capacity by HIF1HIF2
KO cells in comparison to WT cells when oxygen consumption rate, a proxy for the rate of
cellular respiration, is measured 60 hours after in vitro activation (Figure 3.3C).
Additional analysis of the rate of oxidative phosphorylation being performed by
HIF1HIF2 KO cells following acute infection in comparison to WT cells will need to be
performed in order to make direct conclusions regarding the metabolic state of HIF1HIF2

KO effector cells, however these data suggest that a possible mechanism allowing accelerated
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MP differentiation in HIF1HIF2 KO cells is a shift in cellular metabolism towards oxidative
phosphorylation (Figure 3.3). These data would also support previous findings in which
inhibition of glycolytic metabolism improved the differentiation of memory CD8T T cell

populations [2, 76].

3.3 Discussion

In an effort to carefully dissect the molecular pathways regulated by HIF-1a and
HIF-2a during CD8" responses to acute viral infection we evaluated the differentiation and
expression of effector molecules by HIF1HIF2 KO cells following infection. Surprisingly, in
spite of HIF-1a- and HIF-2o-deficiency and reduced glycolytic metabolism, which has been
linked to effector molecule expression, HIF1THIF2 KO cells expressed GzmB at identical levels
to WT cells throughout the response to infection. This suggests that the enhanced GzmB
expression seen in VHL KO CD8™ T cells from previous studies [26, Chapter1l, Chapter 2] was
regulated by an indirect mechanism that was not sufficiently perturbed by deletion of HIF-1a
and HIF-2a. A potential explanation that would fit this hypothesis is that the relatively
small reduction in glycolytic metabolism (~25%) is insufficient drive a reduction in GzmB
expression. Alternatively, it’s possible that inflammatory signals following acute LCMV
infection are so high, they drive a high basal expression of GzmB that compensates for the
loss of HIF-1a and HIF-2a. Similarly, the inflammatory milieu may explain why an expected
increase in TE cell differentiation was not observed in contrast to the the failure to form
TE cells by VHL KO cells (Chapter 2). The high proportion of WT cells that differentiate
into TE following LCMV Armstrong infection, may make it unlikely to discern an increase
in TE differentiation in HIF1HIF2 KO cells. Future experiments will be performed with
different acute infections that drive lower levels of TE cell differentiation in order to assess

whether the inflammatory milieu compensates for HIF-1a- and HIF-2a-deficiency. These
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results emphasize the complexity in regulation of CD8" T cell differentiation and function.

In addition to utilizing infection models that drive differing levels of inflammation,
it is also possible that HIF-1a and HIF-2a signaling is less relevant in systemic responses
analyzed from secondary lymphoid tissues and thus, deletion of both HIF-1a and HIF-2a
does not perturb systemic CD8" T cell responses as dramatically as constitutive stabilization
of HIFa subunits following VHL deletion [26, Chapter 1, Chapter 2]. Localized infection
models, in particular in tissues that are hypoxic at steady state, may be the optimal models
for demonstrating a dramatic phenotype following HIF-1o. and HIF-2a loss in CD8T T cells.

Interestingly, despite the lack of obvious alterations in effector function or differentia-
tion during the early phase of the effector response, tracking the differentiation of HIF1HIF2
KO cells up to 4 weeks following infection revealed that HIF-1a- and HIF-2o-deficiency results
in an accelerated accumulation of MP cells in peripheral blood and spleen. Unfortunately,
due to issues with rejection of our adoptively transferred cells we have been unable to repeat
these experiments as of yet, however we hope to validate these findings and attempt to
dissect whether this effect is the direct result of inhibition of glycolytic metabolism or a novel
role for HIF-1a and HIF-2a in CD8' T cells. It is important to note, numerous factors such
as the number of cell divisions as well as the rate of apoptosis of TE versus MP HIF1HIF2
KO cells maybe influencing the perceived accelerated differentiation of MP HIF1HIF2 KO
cells [17,41,43]. Thus, care must be taken in future experiments to clearly demonstrate
accelerated differentiation and survival of HIF1HIF2 KO MP cells. Moreover, we must
determine whether these putative MP cells result in production of a protective memory
CD8™ T cell pool. Secondary challenge of putative memory HIF1HIF2 KO CD8* T cells will
need to be performed and analyzed in comparison to WT memory CD8" cells. If HIF1HIF2
KO cells do exhibit accelerated memory CD8" T cell differentiation it will be intriguing to
see if modulation of their metabolism, will affect the fate of HIF1HIF2 KO cells.

While HIF-1o- and HIF-2a-deficiency did not reveal dramatic short term defects in
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CD8™ effector T cell differentiation and function, these results suggests that the impact of
HIF signaling on CD8" T cell immunity may be much more context-specific than the dramatic
phenotypes driven by VHIL-deletion suggested. Additional study of HIF-1a and HIF-2a
deletion in CD8T T cells responding to different infectious models may yield important
insight into tissue- and inflammation-dependent regulation of HIF activity which could

provide novel avenues for manipulation of CD8" T cell immunity.

3.4 Materials and Methods

Mice and experimental design.

Mice were bred and housed in specific pathogenfree conditions in accordance with the
Institutional Animal Care and Use Guidelines of the University of California San Diego. The
following mice have been described: Hifla// mice [84] and Epast¥/f mice [30]. Deletion of
those loxP-flanked genes in T cells was achieved by crossing of mice with loxP-flanked alleles
to distal Lck promoter-driven Cre recombinase mice [103] to obtain mice with homozygous
loxP-flanked alleles without Cre or hemizygous for Cre. P14 mice, which recognize an
immunodominant epitope of the LCMV glycoprotein common to LCMV Armstrong [80]

were bred to the appropriate lines with loxP-flanked alleles.

Flow cytometry and sorting

Cells were immunostained and analyzed on a BD Fortessa. All antibodies from
EBiosciences unless indicated. Fluorophore-conjugated antibodies used for flow cytometry
analysis are as follows: anti-CD8u (53-6.7), anti-KLRG1 (2F1), anti-CD127 (A7R34), anti-
Va2 (B20.1), anti-VB8.1.2 (KJ16-133), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-T-bet
(4B10), anti-TCF1 (Cell Signaling Technology, C63D9), anti-Eomes (DanllMag), and

anti-Foxol (Cell Signaling Technology, C29H4).
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Metabolism assays

Indicated numbers of sort purified cells were plated in buffer free, glucose free media
(Seahorse Biosciences or Sigma-Aldrich) with glutamine (2 mM) and + glucose (11mM)
for OCR and ECAR measurements which were made under basal conditions and following
addition of oligomycin (1 uM), FCCP (1 uM), Rotenone (1 uM) and Antimycin A (1 uM),
2-Deoxyglucose (100 mM) at indicated time points and recorded on a Seahorse XF-96. All
compounds from Sigma-Aldrich. Basal ECAR and maximal ECAR calculated from average
of three measurements following addition of glucose and oligomycin respectively. Basal
OCR and maximal OCR calculated from average of three measurements before addition
of oligomycin and following addition of FCCP respectively. Cellular ATP was measured
with the ATP Determination Kit (ThermoFisher, A22066) according to manufacturers

instructions.

Infection and cell transfer.

Mice were infected with LCMV Armstrong strain (2 10° plaque-forming units,
injected intraperitoneally). For adoptive transfer, 1 10* Va2*V(8.1.2+CD8* congenically
distinct P14 cells were injected intravenously into B6 recipient mice, which were then infected

with LCMV Armstrong 1 day later.

Statistical analysis.

Two-group comparisons were assessed with an unpaired Student’s t test. P values of
less than 0.05 were considered significant. No data-point-exclusion criteria were used, and

the normality and variance of the distribution of the data was not assessed.



Perspectives

Recent studies have highlighted the importance of tissue specific lymphocyte popula-
tions [17,41]. Our understanding of T cell differentiation and effector function have primarily
focusing on T cells responding to systemic infections in secondary lymphoid organs. The
work in this dissertation began in an effort to define when and how microenvironmental
conditions, such as oxygen tension, impact T cell immunity. During the course of our
studies we were able to define a role for HIF in regulating CD8" T cell immunity and
metabolism. Importantly, however is the observation that while HIF is best known for
it’s ability to regulate cellular responses to oxygen tension the many oxygen-independent
regulatory mechanisms controlling HIF in T cells suggest that T cells have in some respects
co-opted this evolutionarily conserved sensor of oxygen-levels to drive unique metabolic and
effector programs.

By modulating the HIF pathway in CD8" T cells via genetic models we were
able to dissect how oxygen-sensing impacted CD8" T cell function in both chronic and
acute viral infection. By deleting the primary negative regulator of HIF subunits, VHL,
specifically in CD8T T cells we generated antigen-specific CD8' T cells which maintained
constitutively stabilized HIFa subunits driving an evolutionarily conserved hypoxia-response
program. Intriguingly, constitutive HIF signaling following persistent viral infection resulted
in enhanced effector function and resistance to immune exhaustion in CD8* T cells (Chapter

1). The enhanced effector response resulted in dramatic immunopathology and increased
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host mortality suggesting that low oxygen-tension may be a signal for increasing effector
capacity as inflammatory environments and wounds often exhibit dramatically lower oxygen
levels [21,100]. However, it is unclear whether the impact of HIF signaling seen in our
systemic chronic infection experiments relate to localized infection and whether the in situ
availability of oxygen modulates T cell function. Additionally, whether hypoxic signaling
ultimately impacts clearance of infection or pathology is unknown [21,100]. These data
suggest that determining whether localized hypoxia can impact T cell responses will be
critical in understanding the signals that drive T cell fate decisions in vivo.

Constitutive HIF signaling in CD8" T cells drives an evolutionarily conserved program
designed to limit oxygen consumption, which relies on shifting cellular metabolism away from
oxygen-intensive oxidative phosphorylation towards a reliance on glycolytic metabolism. The
dramatic skewing of CD8™ T cells towards glycolytic metabolism, produced by VHL deletion,
provided a powerful model to dissect whether metabolic pathway choice impacts CD8' T cell
differentiation. Contrary to previous studies, we found that constitutive reliance on glycolytic
metabolism by CD8" T cells does not impair the formation of protective long-lived memory
CD8™ T cells (Chapter 2). Intriguingly, following acute viral infection VHL-KO CD8" T
cells exhibited accelerated differentiation to memory precursor cells and ultimately formed
predominantly effector memory CD8™' T cells in comparison to wildtype. As discussed in
Chapter 2, these data revise the current model of metabolic pathway choice by demonstrating
that the generation of SRC and reliance on FAO can correlate with memory formation,
but are not causative. These results support an alternative model in which differentiation
of memory can occur irrespective of metabolic pathway and that provision of sufficient
cellular energy (ATP) is all that is necessary for the differentiation of long-lived memory cells.
Importantly, this does not rule out a role for specific metabolites or pathways to impact
T cell function or heterogeneity of memory subsets as our measurement of metabolism of

central and effector memory CD8' T cell subsets demonstrated metabolic heterogeneity
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within these wildtype memory cell subsets. Interestingly, the metabolic heterogeneity seen
between effector and central memory CD8™ T cells, suggests that cellular metabolism may
be a readout of the environment that these respective memory populations predominantly
reside or traffic through in the host. Determining whether specific metabolites or metabolic
pathway choice can drive differentiation of particular memory CD8™ T cell subsets warrants
further study and study of Tgry populations continues, assessing whether unique tissue-
dependent metabolic requirements drive Tyt would provide additional insight into the level
of metabolic flexiblity that is allowable for memory formation and maintenance.

More detailed analyses of metabolic pathways will be necessary to elucidate the
metabolic requirements of T cell function and fate decisions. Careful examination of cellular
metabolomics in conjunction with genetic models impacting cellular metabolism, in addition
to the HIF pathway, could identify important metabolites for the maintenance of T cell
function or fate, thereby adding direct evidence for the necessity of metabolic transitions in
T cell biology and explain the functional consequences of shifts in metabolic pathway usage.
Moreover, as the field carefully dissects the metabolic requirements of individual memory
cell subsets it is likely that roles for specific metabolites, beyond energy provision, will be
revealed that impact cell fate decisions and effector function. Discovery of these molecules
may provide unique strategies by which to improve vaccinations and immunotherapy.

Our study of HIF-1o and HIF-2u knockout CD8T T cells following acute viral
infection has surprisingly shown that loss of HIF signaling following systemic infection
does not dramatically alter expansion, differentiation, or expression of effector molecules
in antigen-specific CD8" T cells early following acute viral infection. This is despite a
significant reduction in glycolytic metabolism in CD8" T cells-deficient for HIF-1a and
HIF-2a. As discussed in Chapter 3 glycolytic metabolism has been linked to effector function
in T cells [16] and in light of our published findings that HIF signaling can drive enhanced

effector function it was surprising to see expression of GzmB in CD8" T cells was unaffected
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by HIF-1o and HIF-2a deletion. While unexpected these data do not rule out a physiological
role for oxygen-dependent HIF signaling, or HIF signaling in general, in regulating CD8"
T cell responses. It is possible that these results primarily reflect the role of HIF in acute
systemic infections is minimal due to lower levels of HIF stabilization than compared to our
VHL-deficient models and that further examination of localized infection models may reveal
tissue-specific roles for HIF signaling (i.e. hypoxic tissues such as skin). Additionally, it is
becoming evident that the regulation of HIF's occurs on multiple levels. While oxygen plays
an important role, depending on the context, oxygen availability may be irrelevant to HIF
function. Thus, experiments to assess novel regulatory factors of HIF stability and, more
importantly, activity will need to be performed. Expanding the model of HIF regulation in
T cells will provide a clearer understanding of the scenarios in which HIFs play a role in
T cell function and provide mechanistic insight into how T cells translate signals into cell
fate decisions. These data highlight the importance of in situ signals in regulating CD8* T
cell responses following infection and point to a necessity for studying T cell responses in
additional contexts beyond secondary lymphoid tissues and systemic infections.
Interestingly, when we examined HIF-1a and HIF-2a knockout CD8" T cells at
later time points following infection we observed accelerated differentiation towards memory
precursor cells. Surprisingly, there continued to be no striking differences in expression of
memory associated transcription factors in these HIF1HIF2 KO CD8' T cells suggesting
that a potential mechanism to explain the accelerated differentiation of memory precursor
cells would be a reduction in glycolytic metabolism by HIFa-deletion. These results, which
require further studies to validate (discussed in Chapter 3), would support prior studies
in which inhibition of glycolytic metabolism promoted differentiation of memory CD8" T
cells [2,76]. Careful examination of the functional capacity and characteristics of HIF1HIF2
KO memory CD8" T cells will be necessary to draw significant conclusions about the

impact HIFo-deficiency has on memory CD8' T cell differentiation. Given that Tgy reside
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primarily in tissues, examination of HIF1HIF2 KO and VHL KO CD8" Tgy populations
in hypoxic tissues such as skin or gut in comparison to well oxygenated tissues following
infection may provide unique insights into the impact microenvironmental conditions have
on memory T cell differentiation.

Tremendous progress has been made in recent years to define the molecular mecha-
nisms regulating CD8" T cell differentiation. This dissertation has focused on studying the
Hypoxia-Inducible Factors, transcription factors known to regulate immunity and cellular
metabolism in order to better understand CD8' T cell biology. Through the course of this
work we have defined a unique role for Hypoxia-Inducible Factors in CD8T T cell differentia-
tion and function, as well as modified the prevailing model for cellular metabolism’s impact
on memory CD8' T cell differentiation. Hopefully, these findings provide a new perspective
by which to examine CD8' T cell differentiation and function and present novel avenues to

pursue in future studies of CD8" T cell biology.
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