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Summary

Extensive metabolic changes accompany T cell activation including a switch to glycolytic energy
production and increased biosynthesis. Recent studies suggest that subsequent return to reliance on
oxidative phosphorylation and increasing spare respiratory capacity are essential for the
differentiation of memory CD8* T cells. In contrast, we found that constitutive glycolytic
metabolism and suppression of oxidative phosphorylation in CD8* T cells, achieved by
conditional deletion of hypoxia inducible factor regulator V7, accelerated CD8* memory cell
differentiation during viral infection. Despite sustained glycolysis, CD8* memory cells emerged
that upregulated key memory-associated cytokine receptors and transcription factors, and showed
a heightened response to secondary challenge. In addition, increased glycolysis not only permitted
memory formation, but it also favored the formation of long-lived effector-memory CD8* T cells.
These data redefine the role of cellular metabolism in memory cell differentiation, showing that
reliance on glycolytic metabolism does not hinder formation of a protective memory population.

eTOC

Whether alterations in cellular metabolism correlate with or drive CD8" T cell differentiation is
unclear. Phan and colleagues demonstrate that memory T cell differentiation does not require
generation of SRC or a switch to reliance on OXPHOS. Furthermore, glycolytic metabolism not
only supports memory differentiation, but may promote Tem cells.
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Introduction

Memory CD8* T cells can provide enduring protection against intracellular pathogens and
tumors (Kaech and Wherry, 2007). 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 (Tcm) cells, that reside in secondary lymphoid tissues
and have high proliferative potential upon secondary infection; effector memory (Tem) cells,
that patrol peripheral tissues and provide rapid effector responses; and tissue resident
memory (Trm) 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 (Chang et al., 2014; Jameson and Masopust, 2009; Kaech and Wherry, 2007;
Mueller et al., 2013).

Rapamycin-mediated inhibition of mechanistic target of rapamycin (mTOR) signaling
(Araki et al., 2009) or metformin-induced activation of adenosine monophosphate-activated
protein kinase (AMPK) signaling (Pearce et al., 2009) can enhance the production of
memory CD8* T cells, suggesting that CD8* T cell differentiation can be manipulated by
altering cellular metabolism (O’Sullivan et al., 2014; Pearce et al., 2013; Rao et al., 2010;
Sukumar et al., 2013; van der Windt et al., 2012). 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 (O’Sullivan et al., 2014; van der Windt et al., 2012; van der Windt et al., 2013).
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 differentiation (Chang et al., 2014; Maclver et al., 2013; Pearce
et al., 2013). However, the degree to which metabolism controls memory formation and how
metabolic flux integrates with transcriptional control of effector function and differentiation
is currently unknown. The differential metabolic states of /n vivo differentiated memory
CD8™ T cell subsets have not been determined 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) (Chang et al., 2014; Pearce et al., 2013). The HIF family of transcription
factors (HIFs) serves as the central sensor of oxygen tension and adaptation to low oxygen
tensions in all cells, including T cells (Haase et al., 2001; McNamee et al., 2013; Nizet and
Johnson, 2009; Phan and Goldrath, 2015). Post-translational regulation by the von Hippel
Lindau tumor suppressor protein (VHL), an E3 ubiquitin ligase, drives degradation of HIFa
subunits in normal oxygen tensions (McNamee et al., 2013; Nizet and Johnson, 2009; Phan
and Goldrath, 2015). HIF drives oxygen conservation through the upregulation of glycolytic
metabolism and direct suppression of oxygen consumption by mitochondria (Nizet and
Johnson, 2009). Suppression of oxygen consuming mitochondrial respiration is the result of
HIF-dependent increased expression of nearly all glycolytic enzymes. In particular, HIF
drives expression of lactate dehydrogenase a (LDHA), which potentiates increased
glycolytic throughput, and simultaneously suppresses mitochondrial respiration by
preventing the shunting of pyruvate into the citric acid cycle through inhibition of pyruvate
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dehydrogenase by also increasing expression of pyruvate dehydrogenase kinase 1 (PDK1)
(Kim et al., 2006; Phan and Goldrath, 2015). Thus, HIF-dependent enhancement of
glycolytic metabolism and suppression 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 CD8* T
cell differentiation /n vivo. This was accomplished through conditional deletion of V/A/in
mature T cells by expression of the Cre recombinase driven by the distal Lck promoter
(dLck-cre), resulting in constitutive stabilization of HIF transcription factors (Haase et al.,
2001). Previously, we demonstrated that deletion of V/A/leading to constitutive HIF activity
drives a differentiation program resistant to T cell exhaustion following chronic viral
infection (Doedens et al., 2013). Constitutive HIF activity additionally alters the cellular
metabolism of CD8" T cells /n vitro and pharmacological inhibition of glycolytic
metabolism following /n7 vitro activation and culture suggests that heightened glycolytic
metabolism impacts effector function and co-stimulatory and inhibitory receptor expression
(Doedens et al., 2013). Therefore, we reasoned that modulation of glycolysis and oxidative
phosphorylation by HIF provides a powerful /n vivo model for assessing the role of cellular
metabolism on CD8* memory 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 were not essential for the generation of long-lived CD8* T cells.
Vhi-deficient CD8* T cells formed fully functional long-lived memory cells that maintained
reliance on glycolytic metabolism. These cells responded with improved kinetics to
secondary challenge compared to primary challenge despite their altered cellular
metabolism. Furthermore, ex vivo measurement of metabolism of wildtype memory cell
subsets showed that Tcm cells exhibited greater SRC than Tem cells, mirroring the
transcriptional heterogeneity found in memory CD8* T cell subsets, suggesting a link
between metabolic pathway usage and memory T cell subset heterogeneity.

Deletion of Vhl does not impair formation or survival of memory CD8* T cells

We previously demonstrated that /7 vitro activation of VA/-deficient CD8" T cells results in
elevated glycolytic metabolism while suppressing oxidative phosphorylation in comparison
to wildtype CD8" T cells (Doedens et al., 2013). Thus, we asked whether the enhanced
glycolytic metabolism that characterizes these cells impaired formation of memory CD8* T
cells in vivo. Vhl-deficient CD8* T cells (VAR dL ck-cre) or wildtype CD8* T cells (WT)
expressing a gp33-specific transgenic T cell receptor (P14) were adoptively transferred into
naive host mice that were infected one day later with the Lymphocytic Choriomeningitis
Virus (LCMV) Armstrong strain, resulting in a rapidly cleared acute viral infection (Figure
S1A). Deletion of VA/and constitutive HIF activity did not impair the generation or survival
of VA gL ck-cre memory cells in secondary lymphoid tissues, or alter expression of
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CD127 at memory time points (>60 days post infection, Figure 1A). Long-lived
VAR gf ck-cre cells expressed similar protein levels of key transcription factors relative to
WT memory CD8* T cells as measured by geometric mean fluorescence intensity (gMFI),
albeit with subtle differences: lower gMFI of T-bet and TCF1 protein, and higher gMFI of
FOXO1 protein (Figure 1B). Thus, long-lived memory CD8" T cells were formed and
maintained at similar numbers compared to WT regardless of constitutive HIF activity
(Figure 1).

Memory VhiIfldLck-cre CD8* T cells maintain reliance on glycolytic metabolism

Given that memory cell formation has been closely correlated with reliance on oxidative
phosphorylation (O’Sullivan et al., 2014; van der Windt et al., 2012), we investigated the
possibility that long-lived VAffl gL ck-cre 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 VA#f/fl gl ck-creand WT
cells via extracellular flux analysis of extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR), 60+ days following infection (Figure 2). Long-lived VAf/f gL ck-
cre cells continued to exhibit substantially higher basal and maximal glycolytic rates (>5-
fold) and lower basal and maximal oxidative phosphorylation rates compared to their WT
counterparts (Figures 2A and 2B). Suppression of cellular respiration in VAR dL ck-cre
responding to infection was consistent with our analysis of 7 vitro activated cells, and an
expected result of HIF-driven induction of PDK1, a canonical HIF target gene (Kim et al.,
2006). This was indicative of sustained HIF-transcriptional activity and continued
suppression of oxidative phosphorylation in VATl gL ck-cre cells that resulted in a complete
lack of SRC and a dramatic skewing towards glycolytic metabolism (Figures 2C and 2D). To
confirm an inability to produce SRC by VAf/f gL ck-cre memory CD8* T cells, we activated
and cultured WT and VAT gL ck-cre cells in vitroin conditions previously shown to
generate SRC in WT cells (O’Sullivan et al., 2014; van der Windt et al., 2012) and
performed extracellular flux analysis (Figure S1B). Validating our ex vivo extracellular flux
analysis, we observed that VATl gL ck-cre cells cultured with either 1L-2 or IL-15 failed to
generate SRC (Figure 2C and S1B).

To further assess the continued reliance on glycolytic metabolism by memory VAR gL ck-
cre cells, we sort-purified WT and VAF/f gL ck-cre memory P14 CD8* T cells following
acute LCMV infection and assessed the proliferation following restimulation in the presence
of oligomycin and 2-deoxyglucose, metabolic inhibitors of mitochondrial respiration and
glycolysis respectively (Figure S1C). In agreement with the ex vivo extracellular flux
analysis, VM gL ck-cre memory cells proliferated even in the presence of oligomycin,
while WT cells failed to divide in the presence of oligomycin. Proliferation of both WT and
VAR gi ck-cre memory cells was inhibited by 2-deoxyglucose demonstrating that
glycolytic metabolism was necessary for the function of both WT and V#f/fl gl ck-cre
memory CD8* T cells (Figure S1C). Enhanced glycolytic metabolism, suppression of
oxidative phosphorylation, and lack of SRC did not prevent differentiation to a memory
phenotype or survival of VAf/fl gl ck-cre cells in secondary lymphoid tissues (Figures 1 and
2). Moreover, these data demonstrated that VAfV/fl gl ck-cre memory CD8* T cells
differentiated and survived despite reliance on glycolytic metabolism and suppression of
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oxidative phosphorylation. Thus, we next evaluated the functional capacity of VAf/fl gL ck-
crememory CD8" T cells in a secondary response (Figures 1 and 2).

Vhifldck-cre memory CD8* 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 VAf/fdL ck-
cre cells to respond to secondary infection, VAT dl ck-cre 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. Both WT and VA gL ck-cre secondary effector cells
responded robustly to infection (Figures 2E-2F). VATl gL ck-cre secondary effector cells
accumulated at lower numbers in the spleen than WT cells (Figure 2E). However, secondary
vaffl gL ck-cre effector cells showed significantly higher fold expansion than primary
VAR gi ck-cre effector cells, a hallmark of memory responses (Figure 2F). Additionally,
secondary challenge of mice with WT or VATl gl ck-cre memory CD8* T cells with
Listeria monocytogenes expressing the LCMV peptide gp33 and subsequent culture of
bacteria isolated from the spleen two days following secondary challenge demonstrated the
ability of VAR gL ck-cre memory cells to rapidly clear secondary infection, further
supporting the conclusion that long-lived VATl gL ck-cre cells are ‘bona fide’ memory
CD8™ T cells in spite of their sustained glycolytic metabolism. (Figures 1 and 2).

VhIfldLck-cre memory-precursor cells sustain elevated glycolytic metabolism and
suppress oxidative phosphorylation

Ex vivo measurement of resting metabolic rates of VA gL ck-creand WT cells
demonstrated substantially altered metabolic programming in VAT dL ck-cre cells that
suggested that SRC and reliance on oxidative phosphorylation were 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
VM g1 ck-creand WT cells responding to acute viral infection. Effector cells were sort-
purified from LCMV infected hosts during the expansion phase (day 6 of infection, Figures
3A, 3C and 3F) and contraction phase (day 9 of infection, Figures 3B, 3D-3F) of LCMV
infection, and metabolic activity was measured by extracellular flux analysis (Figure 3). £x
vivo measurement of glycolytic rates revealed that VAf/fl gL ck-cre cells sustained
significantly higher maximal glycolytic rates during expansion (nearly 2-fold) and
contraction (>10-fold) in comparison to WT cells. However, basal glycolytic rates were
significantly higher only during the contraction phase (>5-fold) when WT cells reduce
glycolytic activity as the need for effector function wanes (Figures 3A and 3B). These data
correlated well with recent reports that demonstrate the importance of glycolytic metabolism
in CD8™ T cell effector function (Chang et al., 2013; Kidani et al., 2013; Sukumar et al.,
2013; Wang et al., 2011) and may support the sustained effector capacity of VAf/fl gL ck-cre
CDS8™* T cells following chronic viral infection (Doedens et al., 2013). Conversely, the rate of
oxidative phosphorylation in VATl gl ck-cre cells was substantially lower at basal levels
during expansion and contraction; it was also lower throughout the response to infection
following treatment with the ionophore FCCP, an agent that uncouples mitochondria and
induces maximal oxygen consumption (Figures 3C and 3D).
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During contraction, when WT cells exhibited increased SRC relative to naive and effector
CDS8™ T cells (proposed as a key feature of memory formation (van der Windt et al., 2012)),
vhff gL ck-cre cells failed to generate substantial SRC (Figure 3E). Furthermore,
examining the ratio of glycolytic metabolism to cellular respiration revealed that
VAR gi ck-cre cells skewed towards increased reliance towards glycolytic metabolism
during expansion (nearly 4-fold) and contraction (5-fold) phases of the effector response.
Identically to memory VAR gL ck-cre cells, naive VARMM i ck-cre cells were resistant to
suppression of proliferation following inhibition of mitochondrial ATP synthase activity
with oligomycin treatment /n vitro (Figure S1C and S1D). Moreover, proliferation of naive
WT and VAffl gL ck-cre cells was abolished by culture with 2-deoxyglucose further
emphasizing the importance of glycolytic metabolism in the function of VAR dL ck-cre
cells (Figure S1C and S1D). Additionally, analysis of relevant metabolites of /n vitro
cultured WT and VATl gL ck-cre cells supported ex vivo measurements of extracellular flux
as VAl gL ck-cre cells exhibited significantly higher concentrations of lactate (nearly 2-
fold), indicative of high glycolytic activity, as well as a significant buildup of the TCA cycle
metabolite citrate (2-fold), representative of reduced TCA cycle flux (Figure S1E). These
results demonstrated that elevated HIF activity drove a skewing towards glycolytic
metabolism that was sustained throughout the CD8* T cell effector response to acute
infection, which the prevailing model would argue should suppress memory formation
(Figure 3).

Sustained HIF activity accelerates memory-precursor cell emergence

To examine the contraction phase, when memory precursors can be first followed, we
examined differentiation of VAf/fl gL ck-creand WT effector CD8* T cell subsets (Figure
4A). We previously reported that VAR gl ck-cre CD8* T cells become activated and clear
both chronic and acute infections with heightened effector function (Doedens et al., 2013).
We observed that VAffl gl ck-cre CD8* T cells showed significantly impaired formation of
terminally-differentiated effector cells (Figure 4A and (Doedens et al., 2013)). Instead,
vaff gL ck-cre cells formed a population of KLRG1°CD127" memory-precursor cells at a
higher frequency than WT cells, which is seen by day 9 of infection (Figure 4A). This
coincided with increased expression of Granzyme B (GzmB) throughout the response to
acute viral infection (Figure 4B). The accelerated appearance of memory-precursors by
VM g1 ck-cre cells also occurred when VAT gl ck-creand WT cells were transferred into
the same host, thus confirming constitutive HIF activity alters CD8* T cell differentiation in
a cell intrinsic manner and that is partially independent of alterations in inflammation or
antigen load (Figure S2A).

Previously, it has been reported that VHL deficiency can lead to suppression of mMTOR
kinase complex 1 (MTORCL) signaling in renal cell carcinoma. Furthermore, inhibition of
mTOR signaling by rapamycin treatment has been shown to improve generation of memory
CD8* T cells. Thus, a potential mechanism by which conditional V/A/-deletion in CD8* T
cells may drive memory differentiation, despite altered cellular metabolism, could be the
suppression of mTOR signaling (Araki et al., 2009; Kucejova et al., 2011). Therefore, we
assessed the impact of constitutive HIF activation on MTORC1 signaling in effector CD8*" T
cells during the expansion phase of the response to infection (Figure S2B). Flow cytometric
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analysis of phosphorylated ribosomal S6 protein (pS6) in WT and VAffl g ck-cre cells
showed a slight reduction in MTORCL1 signaling in VAR/T gL ck-cre cells; however, this
reflected a substantial increase in signaling when compared to naive host CD8* T cells that
were not responding to the infection (Figure S2B). Furthermore, the reduction in pS6
staining was lost at memory time points as restimulation of memory WT and VAf/fl gL ck-
cre cells with peptide drove equivalent increases in pS6 signal in antigen-specific memory
cells (Figure S2C). These data do not rule out a role for MTORCL inhibition in the
accelerated differentiation of memory precursor cells by VAf/f gL ck-cre cells. However, the
magnitude of the reduction does not reflect the substantial skewing of VATl gL ck-cre
effector cell differentiation, suggesting that additional factors contributed to the altered
effector differentiation of VAT dL ck-cre cells (Figures 4A, S2B and S2C). Furthermore,
deficiency of HIF1a and HIF2a along with VHL in P14 CD8* T cells rescued much of the
defect in terminal effector differentiation, reduced GzmB expression, and normalized
proliferation during the expansion phase following acute viral infection (Figure S2D-S2F).
These data demonstrated that many of the effects of VHL-deficiency on effector
differentiation and function were dependent on HIF1la and HIF2a, similar to effects we
demonstrate in the context of chronic viral infection (Doedens et al., 2013).

Microarray analysis revealed that while VAL ck-cre cells express genes associated with
effector function (Doedens et al., 2013), they also exhibited enriched expression of genes
associated with memory differentiation (Figure S3A). This expression pattern is distinct
from that seen in WT KLRG1N effector cells, suggesting VATl gL ck-cre cells undergo
altered differentiation towards the memory fate, rather than a failure to upregulate KLRG1
itself (Figure S3B and (Doedens et al., 2013)).

Analysis of the number of memory-precursor cells following contraction revealed that while
VAR gf ck-cre cells proliferated 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 was 5-fold greater for VAf/fl gl ck-cre than WT cells (Figures 4C and 4D).
Despite a lack of SRC, VAF/M gL ck-cre cells both maintained increased effector molecule
expression and demonstrated enhanced memory differentiation (Figures 3 and 4). The
enhancement in memory differentiation by VAL ck-cre cells demonstrates that a
metabolic shift towards reliance on oxidative phosphorylation is not a requirement for
differentiation of memory CD8* T cells (Figures 2-4).

Sustained glycolytic metabolism yields sufficient ATP for memory formation

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 (Cui et al., 2015). We examined whether enhanced glycolytic metabolism and
suppressed oxidative phosphorylation of VAT dL ck-cre cells negatively impacts ATP
production during contraction. VAf/fl gl ck-cre or WT memory-precursor cells
(KLRG1'°CD127) from individual mice were sort purified during the contraction phase,
cellular ATP was extracted, and ATP concentration was then measured by luciferase assay
(Figure 5A). The skewing of VATl gl ck-cre cell metabolism towards glycolysis during the
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effector response did not alter the amount of ATP in VAT g1 ck-cre memory-precursor cells
when compared to WT memory-precursor cells. This suggested that a primary threshold for
CD8™ T cells to differentiate into a memory population was sufficient production of ATP,
rather than the usage of specific metabolic pathways (Figure 5A). Further, we found that
VAT gi ck-cre cells did not generate additional ATP through a compensatory increase in
mitochondrial abundance or through increased fatty acid stores. Flow cytometric analysis of
cells by Mitotracker and Bodipy, stains of mitochondrial content and free fatty acids
respectively (O’Sullivan et al., 2014; van der Windt et al., 2012), showed a reduction in
mitochondrial content during the effector response, but similar free fatty acid levels in
vaff gL ck-cre cells relative to WT cells (Figure 5B). In addition, VAf'flaL ck-creand WT
resting memory cells had similar amounts of ATP (Figure 5C), and also maintained similar
mitochondrial content and fatty acid stores, suggesting that any compensatory energy
production is generated through the glycolytic pathway (Figure 5D).

CD8* memory cells exhibit heterogeneous transcription factor expression and metabolic

activity

Our data suggested that generation of SRC and reliance on oxidative phosphorylation were
not essential for survival or differentiation of memory CD8* T cells. However, differential
metabolic pathway usage could still play a role in specification of memory subset
heterogeneity (Kawalekar et al., 2016); thus, we examined memory populations in more
detail following contraction (Figure 6). Here, we found that fewer VAf/flgL ck-cre cells in
secondary lymphoid tissues re-expressed L-selectin (CD62L), a marker of Tcm cells. These
cells remained CD62L'°, a characteristic of Tem cells, and formed approximately 4-fold
fewer Tcm cells compared to WT cells (Figure 6A). Similarly, the VAR L ck-cre memory
population showed a higher proportion of CD27'°CD43!° cells (1.5-fold), which correlated
with an effector-like memory phenotype (Olson et al., 2013) (Figure 6B). A comparison of
key transcription factor expression for WT memory subsets by flow cytometry showed that
Tem cells displayed significantly lower protein levels of T-BET, TCF1, EOMES and FOXO1
than Tcm cells (Figure 6C). Interestingly, VAffl gL ck-cre memory cells expressed
transcription factors at levels similar to WT Tem cells (Figure 6C), with the exception of
FOXO1, which is higher than WT Tcm and Tem cells. An elevation in FOXO1, an essential
mediator of Tcm cells (Kim et al., 2013; Michelini et al., 2013; Rao et al., 2012; Tejera et
al., 2013) by VAff gl ck-cre memory cells makes the resemblance to Tem cells by other
criteria even more striking. It is unclear why VAM/fl gl ck-cre memory cells maintained a
Tem cell phenotype given their elevated FOXO1 expression. However, it is possible that
differential post-translational regulation of FOXO1, such as sequestration to the cytoplasm,
occurs in VAT gL ck-cre cells and could explain the maintenance of an elevated proportion
of Tem cells.

Given that WT Tcm and Tem cells expressed key transcription factors at distinct levels, we
hypothesized that metabolic pathways may be differentially utilized as well. Thus, we sort-
purified WT Tcm and Tem cells (CD44NMCD62LM and CD44MCD62L!0, respectively) from
mice previously infected with LCMV at least 60 days prior and measured ECAR and OCR
via extracellular flux analysis (Figure 6D). WT Tem cells maintained significantly lower
SRC and a reduced basal rate of cellular respiration compared to WT Tcm cells; these levels
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are similar to those seen in VAR gL ck-cre memory cells (Figures 1A-1B and 6D-6E). In
contrast, WT Tcm cells exhibited a slightly higher basal rate of oxidative phosphorylation,
but developed higher SRC (Figures 6D and 6E). These data supported previous studies
regarding SRC of WT cells where no discrimination between Tcm and Tem cells was used:;
thus the predominance of Tcm cells in WT memory cell populations may have biased the
metabolic measurements observed (van der Windt et al., 2012). Moreover, these data showed
that VAR gL ck-cre memory cells exhibited a distinct transcription factor expression profile
in comparison to WT Tcm and Tem, but maintained a metabolic phenotype most similar to
WT Tem, emphasizing that WT memory CD8* T cell phenotype and function are likely
governed by both transcription factors as well as metabolic pathway usage (Figure 6).

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 (Araki et al., 2009; Pearce et al.,
2009; van der Windt et al., 2012). Furthermore, deletion of molecules critical for various
metabolic processes can have both deleterious or beneficial effects on effector and memory
cell generation and survival (Chaoul et al., 2015; Cui et al., 2015; O’Sullivan et al., 2014;
Okoye et al., 2015; Rao et al., 2010; Rolf et al., 2013; Sena et al., 2013; Shrestha et al.,
2014). 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 demonstrated that the
generation of SRC and a shift towards reliance on oxidative phosphorylation were not
essential for the generation of functional long-lived memory CD8* T cells. Our study finds
that constitutive HIF-dependent glycolytic metabolism did not hinder differentiation of
memory CD8* T cells, but may have promoted differentiation of Tem cells, skewing the
memory pool and impacting functional immunity.

Through manipulation of metabolite transporters (Cui et al., 2015; van der Windt et al.,
2012) or enzymes (Blagih et al., 2015; O’Sullivan et al., 2014; Pearce et al., 2009; Rolf et
al., 2013), several studies demonstrate that inhibition of FAO and oxidative phosphorylation
yield defects in CD8* memory T 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 (Cui et al., 2015; Rolf
etal., 2013; van der Windt et al., 2012). These findings support early reports where memory
cell formation was enhanced by promoting mitochondrial fatty acid oxidation and
suppressing glycolytic metabolism (Araki et al., 2009; Pearce et al., 2009) and 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.
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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 demonstrated that elevated glycolytic metabolism, as a result of
VHL deficiency, resulted in production of similar concentrations of ATP in VA gL ck-cre
cells relative to WT cells, thereby allowing survival of contracting effector cells and
potentiating differentiation of memory cells. These results argue that it is “the fuel, not the
refinery” which is paramount in memory cell differentiation. Generation of sufficient ATP
by CD8* T cells, regardless of the source, may provide for the basal conditions that then
allow for additional cell intrinsic factors (i.e. transcription factors) to drive 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
pathways 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 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 migratory differences of Tcm and Tem subsets as Tcm cells primarily reside in
secondary lymphoid tissues with minimal migration, while Tem cells 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 (Tcm, Tem, and Trm) 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 CD8* T
cell subsets confirms that SRC and oxidative phosphorylation were elevated in Tcm cells
similar to the total CD8* memory T cell pool as previously described (Maclver et al., 2013;
O’Sullivan et al., 2014; van der Windt et al., 2012). However, we also found that Tem cells
exhibited lower levels of SRC which may reflect the different functional roles and
localization of Tcm and Tem cells. These data allow for a context-specific role for specific
pathways or metabolites in particular memory CD8* T cell subsets and suggest a plausible
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 Tcm and Tem
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 T helper (Th) subsets, that express distinct master
transcription factors, exhibit differential reliance on metabolic pathways for differentiation
and function (Dang et al., 2011; De Rosa et al., 2015; Mascanfroni et al., 2015; Michalek et
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al., 2011; Shi et al., 2011); however, in many cases the contribution of differential metabolic
regulation towards Th subset differentiation has yet to be absolutely defined. Our studies and
those of others highlight the difficulty and importance of discerning direct impacts of
manipulating cellular metabolism /n vivo through modulation of critical cellular sensors
such as HIF (Doedens et al., 2013; Finlay et al., 2012; Shi et al., 2011), mTOR (Araki et al.,
2009; Lee et al., 2010; Rao et al., 2010; Shrestha et al., 2014), and AMPK (Blagih et al.,
2015; Pearce et al., 2009; Rolf et al., 2013). For example, in our model conditional deletion
of WA/ constitutively stabilizes HIF, results in the upregulation of numerous transcriptional
targets, some that promote glycolytic metabolism, and some that may promote memory
CD8* T cell differentiation independent of cellular metabolism (Kim et al., 2006; Phan and
Goldrath, 2015). These results further emphasize the need for future studies dissecting
whether transcriptional or metabolic requirements are paramount in specifying T cell fate.
Additionally, while our study suggests a previously unappreciated metabolic flexibility in
differentiating CD8* T cells, an aspect of our model that remains unexplored is the temporal
impact of metabolic adaptations. Conditional deletion of V/A/by dLck-cre results in mature
naive VAMf gL ck-cre cells that begin with a reliance on glycolytic metabolism, without any
dramatic alterations in activation state or phenotype, which presents an intriguing question
as to whether VAl deficient CD8* T cells are uniquely “trained” prior to activation in
comparison to WT cells (Doedens et al., 2013). Further work examining when metabolic
adaptations can be tolerated by differentiating T cells will be necessary to clarify the impact
of cellular metabolism on effector and memory cell differentiation. 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 suggested 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. 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 Tcm
and Tem 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 CD8* memory T cells.

Experimental Procedures

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.
VAR mice have been described (Haase et al., 2001). Deletion of LoxP-flanked V#/in T
cells was achieved by crossing VA mice to mice hemizygous for dlck-cre (Zhang et al.,
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2005). P14 mice, which express a transgenic TCR that recognizes an immunodominant
epitope of the LCMV glycoprotein expressed by LCMV Armstrong were bred to Vf/M
dl ck-cre lines to generate mice with WT or VAfflgL ck-cre P14 CD8* T cells. All mice
were backcrossed over ten generations to the C57BL/6 background.

Infection and cell transfer

Va2*Vp8.1.2+ CD8" cells were injected intravenously with 1x104 per host for all adoptive
transfer experiments except for post peak ATP analysis where 1x106 Va2* Vp8.1.2* CD8*
cells were transferred and mice were infected with LCMV Armstrong (2x10° plaque-
forming units, injected intraperitoneally). For secondary rechallenge experiments infections
with Lm-gp33 (naive mice 2x10* colony-forming units, mice with memory P14 cells 2x10°
colony-forming units) were performed intravenously.

Determination of colony forming units

On day 2 following infection, spleen was isolated, weighed, and placed in 0.2% IGEPAL
solution (Sigma-Aldrich) and homogenized. Serial dilutions were plated onto BHI plates and
incubated for 24 hrs at 37° C. Bacterial colonies were counted and colony forming units
were normalized per gram spleen plated.

Flow cytometry and sorting

Cells were immunostained and analyzed on a BD Fortessa or Fortessa X-20 or sort purified
on a BD FACSAria Ilu. 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 (A7R34), anti-Va2
(B20.1), anti-V8.1.2 (KJ16-133), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-CD27
(LG.7F9), anti-CD43 (1B11), anti-T-bet (4B10), anti-TCF1 (Cell Signaling Technology,
C63D9), anti-Eomes (Dan11Mag), anti-Foxol (Cell Signaling Technology, C29H4), anti-
phosphorylated S6 (cupk43k), and anti-S6 ribosomal protein (Cell Signaling Technology,
54D2). Mitotracker Deep Red FM (ThermoFisher, M22426) was used for mitochondrial
staining at 25 nM according to manufacturer’s instructions. For staining of neutral lipids
Bodipy 493/503 (ThermoFisher, D-2191) was used at 500 ng/mL according to
manufacturer’s instructions.

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 (1uM) 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
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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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Increased SRC and a reliance on OXPHOS are not essential for

. Glycolytic metabolism does not hinder differentiation of memory
CD8* T cells.
. Provision of ATP is paramount to metabolic pathway usage in effector

. Glycolytic metabolism may preferentially promote differentiation of
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memory CD8* T cells.
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Figure 1. VHL-deficient CD8* T cells form long-lived memory CD8* T cells
(A) Representative KLRG1 and CD127 surface phenotype of memory WT and V#f/fl gl ck-

crecells (n = 3-5 per 5 independent experiments) and absolute numbers from spleen of host
mice (cumulative from 4 independent experiments, n = 26). (B) Representative flow
cytometric quantitation of transcription factors; total donor WT (open black histogram) or
viFM g1 ck-cre (filled grey histogram) cells from spleen. gMFI of total donor WT or
VAT gL ck-cre memory CD8* T cells (n = 3-5 per 5 independent experiments). (A)
Numbers represent percentage of cells in respective gates. Data in (A-B) show mean = SEM
with Student’s ¢test, ns p > 0.05, * p < 0.05, ** p < 0.01.
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Spleen - 2 days
post challenge

Hekk

Figure 2. Memory VhifflgL ck-cre CD8* T cells rely on glycolytic metabolism and are functional

secondary effectors

(A-D) Experimental design as in Figure S1A, (n = 3-5), WT or VAfVfl gL ck-cre 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 VAf/fl gl ck-cre 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 VAf'f gL ck-

crecells calculated from (B). (D) Ratio of basal ECAR to basal OCR of WT and

VAR gl ck-cre cells relative to ratio of WT cells from measurements in (B). Long-lived WT
or VM gl ck-cre donor cells were harvested from secondary lymphoid tissues, sort
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purified, and 1 x 104 were retransferred into congenically distinct naive host mice followed
by infection with LCMV Armstrong one day later. Representative absolute numbers (E) of
donor WT or VAFM gL ck-cre cells on day 5 of secondary challenge (n = 4-5 per 2
experiments) and comparative fold expansion (F) of VAR gL ck-cre effector cells following
primary (day 6) versus secondary (day 5) LCMV Armstrong challenge from spleen. (G)
Colony forming units (CFU) per gram of spleen 2 days following challenge with Lm-gp33
of naive B6 mice and mice with memory WT or VAT gL ck-cre cells. Data in (A-G) show
mean + SEM: (A-F) Student’s #test, ns p > 0.15, * p < 0.05, *** p < 0.001; (G) one-way
ANOVA followed by Tukey’s Multiple Comparison Test, ns p > 0.05, *** p < 0.001. See
also Figure S1.
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Figure 3. Sustained HIF activity drives glycolysis and suppresses oxidative phosphorylation
during the effector response

(A-F) ECAR and OCR of KLRG1!° cD44" WT and VAf'fl gL ck-cre 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 VAffl gL ck-cre cells (right). (E) Spare respiratory capacity
(SRC) of WT and VAffl gL ck-cre cells on day 9 of infection. (F) Ratio of basal ECAR to
basal OCR of WT and VAF/f gL ck-cre cells at indicated day post infection relative to basal
ECAR to basal OCR ratio of WT cells at 6 following infection. Data in (A—F) are mean +
SEM with two-tailed Student’s ftest. ns p > 0.05, * p < 0.05, ** p < 0.01. See also Figure
S1.
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Figure 4. Constitutive HIF activity enhances CD8* memory cell formation
(A) Representative surface phenotype of donor WT (top) or VAF/T gL ck-cre (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. Bar graphs
summarize percentage of terminal effectors and memory precursors of indicated donor cells.
(B) Representative intracellular staining of Granzyme B (GzmB) expression of donor WT
(open black histogram) or VAffl gL ck-cre (filled grey histogram) cells from spleen at
indicated time points. Bar graph shows geometric mean fluorescence intensity (gMFI) of
indicated donor populations (n = 3-5 per 3 independent experiments) (C) Percent of
indicated donor cells incorporating BrdU on day 6 of LCMYV infection. (D) Efficiency of
memory cell generation: To normalize VAff gl ck-cre and WT responses to their absolute
number of memory-precursor WT or VATl gl ck-cre cells on day 11 of infection were
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divided by their respective peak number of responding donor WT or VAR gL ck-cre cells
from day 9 of infection. (C,D) Representative data, n = 3—4 from 2 independent
experiments. Data in (A—D) show mean + SEM with Student’s #test, * p < 0.05, ** p < 0.01,
*** p < 0.001. See also Figure S2 and S3.
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Figure 5. Glycolytic metabolism does not impair ATP production and compensates for
suppressed oxidative phosphorylation

(A,C) Cellular ATP extracted from WT and VAf/fl gL ck-cre donor cells (per 104 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 (open black histogram) or VATl dL ck-cre (filled grey
histogram) cells for analysis of mitochondrial mass and free fatty acid levels at indicated
time point following infection. Bar graphs show Mitotracker and Bodipy gMFI of indicated
donor populations. (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,
nsp>0.5 *p<0.05 **p<0.01, *** p <0.001.
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Figure 6. Glycolytic metabolism correlates with differentiation of effector-memory CD8" T cells
(A-B) Representative flow cytometric analysis of splenic WT or VAf/fl gl ck-cre 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 (Tcm, dashed line) and effector memory cells
(Tem, black line, left histograms) and with total VAf/f gL ck-cre memory cell (grey filled)
expression overlaid for comparison (right histograms). Representative staining of n = 3-5
per 4 independent experiments. gMFI of transcription factor expression for WT Tcm and
Tem compared to total VA gL ck-cre memory cells. (D) OCR of WT Tcm (dotted line)
and Tem (solid line) measured as in Figure 2 (left) with basal and maximal OCR (right) of 3
independent experiments. (E) SRC of WT Tcm and Tem from (D). Data show mean + SEM:
(A-B, D-E) Student’s ttest, ns p > 0.05, *** p < 0.0005; (C) one-way ANOVA followed by
Tukey’s Multiple Comparison Test, ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.
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