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Abstract

Tumor infiltrating CD8+ T cells (CD8+ TIL) play pivotal role in fighting cancers. Their
accumulation within tumors has been associated with better tumor control in mouse
models of cancers and favorable clinical outcomes in human patients. However, it has
been well-understood that these cells undergo progressive loss of function and often fail
to eradicate tumor cells. While significant progress has been made in understanding and
targeting the mechanisms underlying CD8+ TIL dysfunction, the molecular details of the
dysfunction remain to be fully elucidated. It has been widely appreciated that elevated
glycolysis and oxidative phosphorylation (OXPHOS) are essential to support the
generation and function of effector T cells. Here, we demonstrate the perturbation of
energy metabolism as a biochemical basis of CD8+ TIL dysfunction. We found that both
glycolytic metabolism and OXPOHS were attenuated in melanoma CD8+ TIL. Glycolysis
was repressed by impaired activity of enolase 1, a key glycolytic enzyme responsible for
the synthesis of phosphoenolpyruvate that is essential for the effector function of T
cells. While this enzyme is highly expressed in CD8+ TIL, its activity was post-
translationally regulated by mechanism that involved immune checkpoint signals from
PD-1, CTLA-4, and TIM-3. The details of this mechanism remain to be elucidated, and we
have developed a robust reporter of enolase activity to aid future investigation in this
area. We also found impaired enolase activity in the CD8+ TIL that infiltrated human
melanoma tumors and different types of murine tumor models. In addition to glycolysis,

impaired enolase activity also limited the OXPHOS capability of CD8+ TIL. This was at



least partly mediated by inability of glycolysis to produce sufficient pyruvate to feed into
the mitochondrial metabolism. However, CD8+ TIL also had low mitochondrial mass and
membrane potential that may be a major contributor to the OXPHOS deficiency of these
cells. Importantly, we demonstrated that bypassing the enolase inactivity through
provision of metabolites produced downstream of it significantly improved the glycolytic
metabolism, OXPOHS, and effector function of CD8+ TIL. Furthermore, we showed that
a combination of immune checkpoint blockade therapy that slowed tumor growth in
mouse model generated CD8+ TIL with stronger enolase active that was essential for
their function. Our studies demonstrated that metabolic dysfunction mediated by
impaired enolase activity is a major contributor to the functional impairment of CD8+

TIL, and that reactivating this enzyme may reinvigorate antitumor immunity.
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Chapter One: General Introduction

The importance of antitumor immunity

The immune system plays a pivotal role in preventing cancer both by eradicating newly
arising tumors (immunosurveillance) and by keeping tumor masses in a dormant
(equilibrium) state. The increased susceptibility of immunodeficient patients(1, 2) and
IFNy deficient or Rag2-/- mice (3, 4) to cancer have provided the strongest evidence for
cancer immunosurveillance. The ability of the immune system to keep tumorsin a
dormant state was demonstrated by the fact that the depletion of CD4+ T cells, CD8+ T
cells, or IFNy led to outgrowth of tumors in carcinogen treated mice that were originally
keeping the tumors in check(5). Nevertheless, tumors escape the immune system by
creating immunosuppressive environments and/or by developing resistance to the

immune response(6).

Although tumor escape can be a sign of a failure in immune system-mediated control, it
is not “game over” for antitumor immunity. This is highlighted by the positive
correlation between the accumulation of CD8+ TIL in the escaped tumors and favorable
clinical outcomes. This correlation has been demonstrated in many types of cancers
including melanoma(7, 8), ovarian cancer(9, 10), colorectal cancer(11, 12), and breast

cancer(13). Therefore, mechanisms that can enhance CD8+ T cell-mediated immune



responses to tumors have been intensively investigated. Vaccine-based induction of
endogenous CD8+ T cells response and CD8+ T cell adoptive therapy are two important
examples of such works(6, 13). These studies have resulted in significant improvement
in anti-tumor immunity and in extended the lives of some cancer patients. However, the
success of both approaches is limited to only small fraction of cancer patients (6, 13).
Therefore, identifying mechanisms by which TIL anti-tumor activity can be improved is

still of great interest to the field of tumor immunology.

Dysfunctional state of TIL

Cancer patients and tumor-bearing mice can mount an immune response to their
tumors. Activation of T cell responses to cancer begins with the acquisition and
processing of tumor-derived proteins by antigen presenting cells (APC)(14). The APC
then migrate to the tumor draining lymph nodes where they present the tumor antigens
to T cells and activate them(14). Some of the responding cells can infiltrate the tumors,
but they commonly fail to eradicate the tumor cells or to stop the progression of
disease. Their failure has been largely attributed to progressive loss of function or
exhaustion(6), which is characterized by expression of high levels of inhibitory
molecules such as PD-1, CTLA-4, TIM-3 and LAG-3 and by reduced proliferation and
effector cytokine production capability(15, 16). The tumor microenvironment (TME) is

thought to be the major mediator of TIL dysfunctional(6, 13). Ahmadzadeh et al



provided a strong direct evidence that linked TME to exhaustion of human TIL by
comparing TIL with CD8+ T cells from the blood and normal tissues of cancer
patients(16). They found a marked increase in phenotypic (especially PD-1 and CTLA-4)
and functional markers of T cell exhaustion in TIL compared to tumor specific CD8+ T

cells in the blood(16).

Several cell-intrinsic and cell-extrinsic immunosuppressive mechanisms have been
implicated the inhibition of antitumor immunity in the TME. Among the chief cell-
extrinsic mechanisms are suppressive factors like IL-10, TGFp, indoleamine 2,3-
dioxygenase (IDO), arginase, and more(17, 18); inhibitory cells such as regulatory T cells
(Treg) and myeloid derived suppressor cells (MDSC)(17, 18); non-physiologic
environment characterized by increased acidity and hypoxia(19, 20); and metabolic
restriction via deprivation of critical nutrients(21, 22). The cell-intrinsic mechanism of TIL
regulation includes sustained, elevated expression of inhibitory checkpoint molecules
mentioned above(15, 16), loss of nutrient uptake potential(21, 22) and alteration of

mitochondrial biogenesis and function(23, 24).

Finding Approaches by which TIL exhaustion can be prevented or reversed is currently
an area of active investigation. Blocking the immune checkpoint molecules is one of
such strategies that resulted in significant improvement in anti-cancer immunity and

earned FDA approvals for the treatment of several cancer types. PD-1 blockade has



been shown to reverse T cell exhaustion although its effectiveness decreases as the
level of PD-1 expressed by the T cells increases, which reflects the higher dysfunctional
state found in cells expressing the highest levels of PD1 (25). Anti-PD1 and anti-CTLA-4
combinatorial therapy has also been shown to reverse the exhaustion of HCV-specific
CD8+ T cells in vitro(26). These antibodies (in combination and singly) have resulted in
durable response in some patients in clinical trials for cancer therapy(6, 13, 27, 28).
While this is very encouraging, the proportion of the patients that respond to these
therapies is generally low(29-31), and the molecular details of how the blockade

reverses the dysfunctional state TIL is still not well understood.

The link between immunity and cellular metabolism

The functional status of the immune cells is tightly linked to their metabolic state. Much
like normal cells, quiescent T cells acquire low amount of nutrients from their
environment and metabolize them in order to produce ATP that is needed to support
their homeostatic cellular activities(32, 33). The activation of T cells accelerates several
complex cellular processes including biomolecular synthesis, migration, and
proliferation, which are biosynthetically and bioenergetically costly activities(34, 35). To
meet the metabolic demands created by these activities, activated T cells strongly
induce the rate at which they take up and metabolize glucose(36). While this strikingly
high capacity to consume glucose was first observed over half a century ago in both

immune and tumor cells by Otto Warburg (37), the strong link between cellular



metabolism and immunology has only recently obtained a wide appreciation. Failing to
induce glucose metabolism impairs T cells growth, activation, and function even in the
presence of other nutrients(38—43), indicating the critical role of glucose in these cells, as

discussed in more detail below.

Activation of T cells via strong T cell receptor (TCR) signal or a combination of TCR and
costimulatory (specifically CD28) signals is required for optimal induction and
maintenance of glycolytic metabolism(40, 44). Studies have elucidated the mechanism
by which T cells coordinate their immunological and metabolic activities. TCR- and
CD28-mediated signals rapidly upregulate the expression of the transcription factor c-
Myc, which drives the transcription of multiple genes involved in glucose metabolism
and the initial induction of glycolytic metabolism(35, 36, 45). TCR and CD28 can also
activate phosphatidylinositol 3-kinase (PI3K), which facilitates the activation of Akt by
serine/threonine kinase phosphoinositol-dependent protein kinase 1 (PDK1) and enable
Akt to activate its downstream target mTORC1(33, 36, 46). Akt has been reported to
promote glycolytic induction by supporting the translocation of glucose transporters to
the cell surface(40), inducing the expression of the glycolytic enzyme lactate
dehydrogenase alpha (LDHa)(47), and mediating the rapid increase in glycolysis
observed in during the reactivation of effector memory T cells(48). mTORC1 has also be
shown to promote glucose uptake and glycolysis in a PI3K-and Akt-independent manner

in effector CD8+ T cells (49, 50). Once it is induced, glycolytic metabolism is sustained in



activated CD8+ T cells by TCR- and IL-2-mediated PDK1-mTORC1-HIF1a signaling
pathway(47, 49-51). Taken together, studies have demonstrated that the signaling
pathway downstream of TCR and cytokine signals drive the induction and the
maintenance glycolytic metabolism, which is critical for the immunological activities of

CD8+ T cells as will be discussed later this chapter.

Whether CD8+ TIL can activate the signaling pathway described above and induce and
maintain glycolytic metabolism is currently unknown. It is established that the tumor-
associated dendritic cells (TADC) that are expected to prime the CD8+ T cells in the
tumor draining lymph nodes are poor antigen presenting cells and express low level of
CD28 ligands (CD80/86)(52—54). In addition, CD8+ T cells express a high level of
inhibitory receptor CTLA-4(16), which has high affinity for CD80/86 and thus may
outcompete CD28 for the ligands. The ligation of CTLA-4 can inhibit both TCR and CD28
signaling(55, 56), and hence can profoundly impair metabolic induction and
maintenance. PD-1, which is expressed at high levels on TIL, has likewise been reported
to inhibit both TCR and CD28 signaling(57). Most of the TADC in the tumor and tumor
draining lymph nodes express PD-1 ligands (PD-L1) at high levels(58). PD-L1/PD-L2 are
also expressed by many types of tumors including melanoma(59), which can continually
interact with TIL. Furthermore, CD8+ TIL may have limited access to glucose and IL-2 as
they have to compete with tumor cells for glucose(21) and with Treg for IL-2(60, 61).

Considering the presence of all these elements that can impede the pro-glycolytic



signaling in CD8+ TIL, these cells may not be able to maintain glycolytic metabolism in

the TME.

Glucose metabolism

Glucose is a well-documented essential nutrient for the growth, survival, and function of
both murine and human T cells(38—42). Consequently, upon activation T cells sharply
upregulate the expression of Glut1, the major glucose transport in lymphocytes, and
take up high amount of glucose(36, 40). The induction Glutl expression and its
maintenance on the cell surface requires external signals from either TCR or cytokines
such as IL-2, IL-4, or IL-7 (38, 39). In resting T cells, IL-7 has also been reported to drive
the expression of Hexokinase 2, a metabolic enzyme that catalyzes the phosphorylation
of glucose, which is important for its retention inside the cell(62). Once they take up
glucose, T cells generally consume it during glycolysis to produce 2 molecules of
pyruvate, 2 ATP, and 2 nicotinamide adenine dinucleotide (NADH) molecules per
glucose molecule(63). Pyruvate has two major metabolic fates; it either is converted
into lactate by lactate dehydrogenase (LDH) in the cytoplasm or enters the mitochondria
where it further metabolized in the tricarboxylic acid (TCA) cycle(64) (Fig. i). The
fermentation of glucose to lactate in T cells is referred to as aerobic glycolysis, which is
analogous to the Warburg effect in the cancer cells(65). The term ‘aerobic’ in aerobic

glycolysis does not mean that oxygen is involved in this metabolic process, but used only



to emphasize the fact that the process occurs in the presence of plenty of oxygen that
can support OXPHOS(65) as opposed to anaerobic glycolysis that occurs under hypoxia
that limits OXPHOS(66). During the conversion of pyruvate to lactate, NADH produced
by GAPDH activity in glycolysis is oxidized to NAD+, which in turn promotes glycolysis by
serving as an essential cofactor for GAPDH(63, 67) (Fig. i). Therefore, one of the major
advantages of the reduction of pyruvate to lactate during aerobic glycolysis is thought to

be supporting the high glycolytic rate of effector T cells via rapid NAD+ recycling(67—70).
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Figure i. Activation of T cells induces cellular metabolism to support growth, proliferation, and
effector function.

Naive T cells generally take up low amounts of nutrients and consume

them during mitochondrial metabolism to meet their relatively low metabolic demands.
Activation of these cells via TCR and co-stimulatory signals upregulates the expression of a
transcription factor cMyc, which strongly induces (represented by weight of arrows) glucose
uptake and glycolysis. Priming of T cells also activates the PI3K-Akt-mTOR-HIF1a signaling
pathway that in combination with IL-2 sustains the elevated glycolytic activity. Effector T cells
convert most of the glucose-derived pyruvate into lactate, and in the process regenerate NAD+
that serves as a cofactor for GAPDH and supports the heightened glycolytic activity in these
cells. Effector T cells also have higher OXPHOS capability (glutamine and glucose oxidation)
relative to naive T cells although the induction of OXPHOS upon of activation of T cells is not as



high as the increase observed in glycolysis. Both of these metabolic programs are important for
the generation and function of effector T cells.

While effector T cells convert the majority of their glycolysis-derived pyruvate into
lactate, quiescent T cells use most of these metabolites to fuel the mitochondrial TCA
cycle(36, 71) (Fig. i). Hence, as T cells become activated, they undergo a phenomenon
known as metabolic reprograming or switching, which is to say they go from
predominantly depending on mitochondrial metabolism to mainly relying on glycolytic
metabolism(35, 48, 69). It worth noting here that the term metabolic switch does not
mean completely abandoning mitochondrial metabolism and engaging glycolytic
metabolism. In fact, it is now widely recognized that T cell activation also induces
mitochondrial metabolism, although the proportional increase in mitochondrial
metabolism is lower than the increase observed in glycolytic metabolism(72—74). The
consumption of pyruvate in the mitochondrial TCA cycle results in the production of
multiple TCA intermediary metabolites and additional high energy molecules (NADH and
flavin adenine dinucleotide (FADH3)), which donate electrons to the mitochondrial
electron transport chain (ETC)(69, 75). The flow of electron through the ETC pumps
protons out of the mitochondrial matrix into the intermembrane space establishing an
electrochemical gradient with an accumulation of negative charge on inside and positive
charge and protons on the outside of the inner mitochondrial membrane(38). The

mitochondria under such polarized state are considered functional as they have the
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membrane potential (AWm) necessary to drive protons back into their matrix through

ATP synthase, a process that results in the production of ATP (76).

Role of glycolytic metabolism in T cell

There is a tight link between the functional state of effector T cells and their glycolytic
activity that reaches beyond the capacity to produce ATP to meet the bioenergetic
demands of these cells. In fact glycolysis is an inefficient way of producing ATP
compared to OXPHOS, which can produce up to 18 time more ATP per glucose
molecule(63). Effector T cells can compensate for the ATP inefficiency of glycolytic
metabolism by increasing the amount glucose they take up and the rate of glycolytic flux
(40, 77, 78). In addition to being an ATP source, glucose is the major source of
metabolites required for generation of cellular building blocks(66, 70). It is generally
thought that actively dividing cells such as activated T cells trade the ATP production
efficiency of OXPHOS for the biosynthetic efficiency of glycolysis(36, 66, 70). Hence, one
of the advantages of relying on glycolytic metabolism is that it allows effector T cells to
produce metabolic intermediates that are important for anabolic processes such as the
synthesis of amino acids, fatty acids, and nucleotides that are necessary for
proliferation(36, 66, 70). Specific examples of glycolytic-mediated anabolic processes
includes the utilization of Glucose-6-Phosphate for nucleotide synthesis(63, 79),

glyceraldehyde-3-phosphate and dihydroxyacetone phosphate for lipid synthesis, 3-PG
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for serine and nucleotide production(65, 80, 81), and pyruvate for alanine
generation(65) (Fig. ii). These metabolites are also substrates for the downstream
reactions in glucose metabolism(70). Therefore, glycolysis-biased metabolic induction
enables effector T cells to increase the production of these metabolites in order to

simultaneously support their biosynthetic and metabolic demands(35, 64, 66).
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Figure ii. Glycolytic metabolism is an important source of biosynthetic precursors.

This schematic shows that several glycolytic intermediates can be used for the synthesis of
cellular building blocks such as nucleotides, lipids, and amino acids. Some of the molecules can
also be converted back to upstream metabolites that are biosynthetic precursors, as in the case
of 2-phosphoglycerate and 3-phosphoglycerate interconversion. PPP, Pentose phosphate
pathway

Another essential role of elevated glycolytic metabolism in activated T cells is supporting

their effector functions. Activating T cells under conditions that inhibit glycolysis, or in



12

the absence of glucose, severely impairs cytokine production by murine(78, 82) and
human(42) T cells, indicating the critical role of this metabolic program for effector
function of T cells. Furthermore, promoting the glycolytic metabolism in vivo via HIF1a

stabilization has recently been shown to enhance effector function of CD8+ T cells(83).

Studies have started to elucidate the mechanism by which the glycolytic activity of
effector T cells enhances their immunological activities. Chang et al. showed that the
engagement of this metabolic program prevents the glycolytic enzyme GAPDH from
binding to the 3’-UTR of IFNy and IL-2 mRNA and inhibiting translation of these
transcripts in activated CD4+ T cells(84). The authors concluded that GAPDH takes on its
secondary role (regulating cytokine mRNA translation) when it is not involved in
glycolysis. Multiple studies have previously reported the negative regulation of cytokine
mMRNA translation by GAPDH (85, 86). Hence, it is possible that glycolytic metabolism
promotes effector cytokine production by effector CD8+ T cells, as in the CD4+ T cells,
by preventing GAPDH-mediated inhibition. The glycolytic metabolism has also been
reported to promote effector function (IFNy production) of T cells via epigenetic
modulation(67). This was linked to the ability of glycolytic metabolism to increase the
cytoplasmic pool of acetyl-coenzyme A (Acetyl-CoA), which served as substrates for
histone acetylation and promoted IFNy expression(67). Another mechanism by which
glycolytic metabolism influences T cell effector function is through production of

metabolites that can promote TCR downstream signaling(22). A recent study has shown
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that the glycolytic intermediate phosphoenolpyruvate (PEP) promotes the effector

function of T cells by regulation of TCR-induced Ca%*-NFAT1 signaling(22).

Glycolytic metabolism is important not only for the induction of effector function, but
also for its maintenance in activated T cells including under immunologically and
metabolically challenging conditions such as in chronic viral infection. This has recently
been demonstrated by using a mouse model in which glycolytic metabolism was
constitutively activated via stabilization of HIF1a, a key component of the signaling
pathway known to promoted maintenance of glycolysis, through a conditional deletion
of Von Hippel-Lindau (Vhl) in T cells (83, 87). Upon adoptive transfer, the CD8+ T cells in
this mouse model were effective at controlling persistent viral infection, slowing
melanoma tumors, and extending the survival of tumor-bearing mice, demonstrating
that augmenting glycolytic metabolism can make T cells resistant to the
immunosuppressive activity of these chronic diseases. Another recent study has shown
that elevated glycolytic metabolism can maintain effector activity in CD8+ T cells by
making these cells more refractory to metabolic inhibition(88) and by giving them an
alternative way of meeting their energy demands under conditions that suppress
OXPHOS, such as hypoxia(89). In contrast to the long held thought that enforcing
glycolysis may promote effector function at the expense of memory formation,
constitutive glycolysis did not prevent the development of functional memory T cells

(87, 90). Interestingly, the quick responsiveness of the effector memory CD8+ T cells
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has been linked to their capacity to rapidly induce glycolytic metabolic upon antigen
exposure(48). Taken together, there are various mechanisms by which an optimally
induced glycolytic metabolism can support the generation and maintenance of

functional effector T cells.

Metabolism of TIL

Studies have begun to identify a link between T cell exhaustion and metabolic
alteration. In vitro coculture studies of T cells and tumor cells have shown that the
tumor cells limit T cells” access to glucose(84). Effector T cells possess metabolic
plasticity, which allows them to utilize other nutrients and metabolic programs when
glucose is not available(82, 87). A great example of such metabolic flexibility of T cells is
their ability to increase glutaminolysis, the consumption of glutamine, to fuel the TCA
cycle that drives OXPHOS, when they are deprived of glucose(82). However, TIL may not
be able to engage glutaminolysis as they express high level of PD-1, which has been
shown to repress glutamine metabolism in in vitro effector T cells(74). Furthermore,
immune checkpoint molecules such as PD-1 and CTLA-4 that are highly expressed on
CD8+ TIL have been shown to inhibit both the glycolytic and oxidative metabolism in T
cells during in vitro studies(74). Immune checkpoint signals have also recently been
shown to establish metabolic dysfunction even prior to T cell exhaustion in the chronic

viral infection model(91), indicating that metabolic dysfunction may be a mediator of T
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cells exhaustion. Collectively, these observations suggest that CD8+ TIL may have

metabolic alterations that underlie their dysfunction.

Immunopathological consequence of altered glucose metabolism in T cell

Alteration of the glycolytic metabolism in the T cells can have profound immunological
consequences. lts hyperactivation leads to immunopathology(72, 92) while its
inactivation results in lack of effector function(78, 84). The potential for glycolytic
metabolism to empower the immune system to the level it can lead to
immunopathology was demonstrated in Glutl transgenic mice where constitutive
expression of Glutl in T cells resulted in the development of lymphadenopathy and
other inflammatory disorders(43). Constitutive glycolysis in CD8+ T cells has also been
shown to result in lethal lung tissue damage following chronic LCMV infection(83).
Elevated glycolytic activity in CD4+ T cells has also been reported to promote lupusin a
mouse model and in human patients (72, 92). Other the other hand, inhibiting the
metabolic activities of these cells was sufficient to significantly reduce the disease
phenotype in a mouse model(72). Failing to engage glycolytic metabolism can be
immunosuppressive as shown by the deficits in effector function of the T cells that are
activated in the absence of glucose(78, 82) or in the presence of glycolysis inhibitor(84).

Moreover, attenuated glycolytic activity has been associated with T cell anergy(93) and
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exhaustion(91). Hence, it is critical to understand whether the CD8+ TIL have alteration

in glucose metabolism that could contribute to their exhaustion.

THESIS RATIONALE

It is now widely recognized that the tumor infiltrating CD8+ T cells (CD8+ TIL) play a
significant role in fighting against transformed cells. As such, the accumulation of these
cells in tumors positively correlates with favorable clinical outcome for most cancer
patients. However, these T cells usually lose functional activity and fail to eradicate
tumors or prevent disease progression. Interventions such as the inhibition of immune
checkpoint molecules that aim to prevent or reverse the dysfunction of these cells have
significantly improved cancer immunotherapy. While this has brought great excitement
and been proven to work in different cancer types, only small proportion of patients
respond to the treatment. Furthermore, the therapy is very expensive. Hence, finding

more approaches that can improve the function of CD8+ TIL is still of great interest.

Recent studies have demonstrated that the functional and activation state of T cells is
strongly tied to their metabolic activity. Glucose metabolism has been shown to be
especially critical for the activation, growth, and function T cells. T cell activation
accelerates the metabolism of this critical nutrient by strongly inducing a metabolic

program known as glycolysis, which converts it to essential biosynthetic precursors. The
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elevated glycolytic activity of these cells allows them to meet the increase in the
bioenergetic and biosynthetic demands, which are created by the robust growth,
proliferation, and function that ensues immunological activation. Consistent with this,
enforcing glycolytic metabolism in T cells has been shown to drive the development of
immunopathology including localized tissue damage, lymphadenopathy and other
inflammatory disorder in mouse model. It has also been shown to promote autoimmune
disease like lupus and to promote tumor control in mouse model and human patients.
Inhibition of glycolytic metabolism, on the other hand, strongly suppresses the effector
activity of CD8+ T cells. It has also been associated with T cell anergy and been shown to
mediate T cell exhaustion in chronic viral infection. We hypothesized that the limited

function in TIL could be dictated by their inability to utilize glycolysis.

My work aimed at investigating the regulation of glucose metabolism as a molecular and
biochemical basis of the dysfunction of CD8+ TIL. CD8+ TIL have many characteristics
that may suggest lack of strong glycolytic activity including diminished effector activities
that are known to rely on this metabolic program. These cells also express high level of
inhibitory receptors that have been reported to disrupt glycolytic metabolism and they
also reside in an environment that has limited availability of glucose and cytokines that
are important to maintain glycolysis. Therefore, we tested whether CD8+ TIL have a
glycolytic deficiency that is consistent with a reduction in metabolic support of effector

activity. We also investigated cell-intrinsic and cell-extrinsic mechanisms of regulation of
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glycolytic metabolism in CD8+ TIL including potential regulation by immune checkpoint
signals. Furthermore, we investigated whether mitochondrial metabolism is disrupted in

CD8+ TIL.

This study has produced several key findings that contribute to our understanding of the
basis of the dysfunction of CD8+ TIL and opens up a new avenue for developing
interventions that can improve the metabolic and functional activities of these cells.
First, these cells have attenuated metabolic activity that may not be sufficient to
support their effector function. Second, the lack of strong glycolytic activity is mediated
by post-translational regulation of the activity of a key glycolytic enzyme, enolase. Third,
we demonstrated that interventions which can improve enolase activity in CD8+ TIL may
have strong translational relevance by showing that the CD8+ TIL that are recruited by
immune checkpoint blockade therapy have stronger enolase activity, and further that

human melanoma TIL exhibit diminished enolase activity.



19

Chapter Two: Materials and Methods

Tumor cell line, mice, and tumor injection

Ovalbumin-expressing B16 melanoma cell line (B16cOVA) was previously generated in
our laboratory(94) and was maintained in RMPI1640 (ThermoFisher) supplemented with
5% FBS (Gemini Bio) in the presence of selection agent (blastocidin, Invitrogen). Tumors
were generated by subcutaneously injection of 4 x 10° B16cOVA cells, MC38 cells (a kind
gift from Dr. Victor Engelhard, University of Virginia), or LLC cells (also a kind gift from
Dr. Victor Engelhard) into shoulders or flanks of male C57BL/6 mice purchased from
National Cancer Institute or ACC1 knockout mice that were obtained by crossing ACC1/f
mice (a kind gift from Dr. Kyle Hoehn, University of Virginia) with Granzyme-Cre mice in
our laboratory. 1x10%4T1 cells were injected into mammary fat pad of female BALB/c
mice purchased from Charles River Laboratories (tumors were generated with help of
Kristen Balogh in Dr. Janet Cross Laboratory, University of Virginia). Tumors were
allowed to develop for 2-3 weeks before harvesting for analysis. Tumor size was
monitored ever one to two days by measuring two perpendicular diameters with
calipers, and tumor area was expressed as the product of the two perpendicular
diameters of tumors. Mice were sacrificed when tumors reached 16 mm in any one
dimension. All mice were treated in accordance to procedures established by the

University of Virginia Animal Care and Use Committee protocol #3292.

Human Samples
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Metastatic melanoma samples were collected with informed consent under protocol
UVA-IRB# 10598. Excised tumors were processed by the UVA Biorepository and Tissue
Procurement Facility (BTRF) Core using a protocol of an initial non-enzymatic
disaggregation followed by sequential incubations in a mixture of
DNAse/collagenase/hyaluronidase (95)). Non-digested and digested fractions were
stored in the liquid nitrogen. Anonymous male and female healthy donor PBMC were
generated from Buffy Coats purchased from Research Blood Components. PBMC were
isolated from the Buffy coat by density gradient centrifugation using Ficoll-Hypaque
plus (VWR). PBMC were cultured with 10 IU/ml IL-2 alone or in combination with anti-
CD3 (1 pg/ml plate bound) and anti-CD28 (1 ug/ml in solution), as indicated in the Figure
legends. The activity of enolase in the lysates of the human Teff and TIL was assessed
after FACS sorting the in vitro stimulated healthy donor PBMC and the ex vivo human
melanoma TIL (non-digested tumor fractions) for live, CD8+ or CD4+ T cells that are
CD3+CD45R0+ and CD137+ or CD137-. All sorts were performed under BSL-2 conditions

using Becton Dickinson Influx cell sorter by the UVA Flow Cytometry Core.

Checkpoint blockade treatment

Tumor-bearing mice received no treatment, i.p. injection of 300 pg of control I1gG
(Equitech-Bio, Inc.) or a combination of 100 ug i.p. of each of anti-PD1 (RMP1-14), anti-
TIM3 (RMP3-23) (both from Dr Hideo Yagita, Juntendo University), and anti-CTLA4
(9H10, BioXcell) with or without 2 pg/ml FTY-720 (SMLO700, Sigma)on days 8, 11, and 14

post-tumor injection. The FTY-720 treatment was continuously provided through the
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drinking water starting on day 8 post-tumor injection. Tumor-bearing mice were treated

with 250 pg of each of antibodies in the monotherapy studies.

Adoptive T cell transfer

OT-I T cells were in vitro stimulated with plate-bound anti-CD3 and soluble anti-CD28
(both at 5 pg/ml) and transferred (2 million cells/mouse i.v.) into day 5 B16cOVA tumor-
bearing mice. Tumor size was measured every three days by caliper. Mice were

euthanized when tumor size reached 2000mm?3.

T cell preparation, staining, and flow cytometric analysis

Splenocytes were isolated from the spleens of naive mice or mice that were immunized
with combination of 500 pg Ovalbumin (Sigma), 75 pg poly I:C (Invitrogen), and 100 pg
anti-CD40 (clone FGK45, provided by Dr. Stephen Schoenberger, La Jolla Institute) by
mechanical homogenization followed by either density gradient separation with
Lympholyte-M (Cedarlane) or RBC lysis (Affymetrix). For mouse TIL isolation, intact
tumors were excised from mice and subjected to mechanical homogenization and
density gradient separation as above. Samples were then stained with Live/Dead Aqua
(Invitrogen), OVAzs7-dextramer (Immudex) and fluorescent conjugate antibody specific
to surface proteins (CD8, CD44). Following surface staining, samples were
fixed/permeabilized with 4% paraformaldehyde/0.1% Tween 20 in 1x PBS or
Cytofix/Cytoperm (BD) when stained with antibodies specific to intracellular proteins

such as phosphorylated 3-Phosphoinositide-dependent protein kinase 1 (p-PDK1,
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Ser244, Santa Cruz), p-mTORC1 (Ser2448, cell Signaling Technology),p-S6 (Ser235/236,
Cell Signaling Technology), p4E-BP1 (Thr37/46, cell signaling), HIF1a (IC1935P, R&D
system), PKM2 (D78A4, cell Signaling Technology), Glutl (EPR3915, Abcam), enolase 1
(EPR10863(B), Abcam), IFN, (XMG1.2, ThermoFisher), TNFa (MP6-XT22, Biolegend),
CPT1a (ab171449, Abcam), and secondary goat anti-rabbit FITC (ab6009, Abcam). Foxp3
fixation/permeabilization buffer and nuclear staining protocol (ThermoFisher) was used

to stain for HIF1a (241812, E&D systems) and Ki67 (SolA15, ThermoFisher).

T Cells were in vitro stimulated with 1 or 5 pug/ml anti-CD3 (specified in figure legends)
or 10 pg/ml OVA,s7 peptide-pulsed CD45-missmatched splenocytes for 4 hours prior to
cytokine staining or for 1hr prior to pS6 and p4E-BP1 staining. For PEP or pyruvate
functional rescue experiments, cells were treated with DMSO, 1 pug/ml PEP (Sigma), or
1mM pyruvate (ThermoFisher) for 10 minutes on ice in glucose-free XF minimal media
(Agilent). 0.005% saponin (Sigma) was added to partially permeabilized cells to allow
PEP entry into the cells as previously described(96). Cells were then washed with 1x PBS
and incubated at 37°C in CO,-free incubator in the XF minimal media for 10 minutes to
let the cells rest prior to proceeding to 4hr stimulation and cytokine staining. In the
experiment involving analysis of cytokine production after acute inhibition of enolase
activity, cells were in vitro stimulated with 1 ug/ml anti-CD3 and 10 IU/ml IL-2 for 24
hours in the presence of vehicle control (water) or 2mM sodium fluoride (NaF).
Brefeldin A (BFA) was added only for the last 4 hours of the cell culture to enhance

cytokine staining. For assessment of cytokine production after pyruvate treatment and
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OXPHOS inhibition, FACS-sorted CD8+ TIL were cultured overnight in the media
containing 2 mM pyruvate, and then stimulated with 1 pg/ml anti-CD3 for 4 hours in the

presence of DMOS vehicle or 1 uM oligomycin (04876, Sigma).

Flow cytometric analysis of the stained cells was conducted by using FACS Canto Il (BD
Scientific) or Cytoflex (Beckman Coulter) cytometers. Data were analyzed using FlowJo
software (Versions 7 to 10, TreeStar). To identify the T cells population of interest, we
gated on live cells, lymphocytes, singlets, and CD8+ cells followed by CD44-low and
dextramer-negative for naive T cells; CD44-high and dextramer-positive for Teff and TIL
unless differently stated in the Figure legend, as in the case of some in vitro
restimulation experiments where total CD44hi Teff and TIL were taken due to the
impact of TCR stimulation on dextramer staining. For T cell sorting, single cell
suspensions of spleens or tumors were initially enriched for CD8+ T cells by MACS
magnetic bead separation (Miltenyi Biotec), then stained with OVA,s7-dextramer and
antibody against surface antigens as above and placed in 4,6-diamidino-2-phenylindole
(DAPI, Sigma) containing media sorted by using Influx cell sorter (Becton Dickenson)

applying stringent gating criterion to achieve >99% purity.

Glucose uptake

Splenocytes and TIL samples were prepared as described above and subjected to
live/dead staining in 1x PBS at 4 °C for 20 minutes followed by OVA257-dextramer

staining in 5% FBS at 4 °C for 30min. Cells were then incubated at 37°C and 5% CO; for
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1hr in glucose-free DMEM media (ThermoFisher) containing antibodies specific to
surface proteins for cell identification. Cells were then washed with the glucose-free
DMEM media, further incubated under the above culture condition for 15minutesin
DMEM media with or without 100 uM 2-NBDG (ThermoFisher), and then washed in 1x

PBS and immediately analyzed by flow cytometry while keeping samples on ice(97).

Analysis of enolase activity in in vitro and ex vivo T cell samples

Cell lysates were prepared according to the enolase activity kit protocol (Sigma) from
FACS-sorted CD8+ T cells and CD8+ TIL directly ex vivo. Alternatively, T cells were
cultured in vitro for 4 days with either IL-2 alone (10 IU/ml) or with 5 pug/ml plate-bound
anti-CD3, 2 ug/ml soluble anti-CD28, and 10 IU/ml IL-2. The lysates were then stored at -
80 °C until fluorometric direct enolase activity (PEP formation) assay was conducted
according to the manufacturer’s instructions. Fluorescent intensity was read at Aex =
535/Aem = 587 nm for 45-60 minutes at 3minutes interval by using Spectramax M5 plate
reader (Molecular Devices) set to kinetic reading. In the experiments involving the
inhibition of enolase activity, CD8+ T cells from the spleens of the mice immunized with
500 pg Ovalbumin, 75 pg poly I:C, and 100 ug anti-CD40 (FGK45) were restimulated with
1 ug/ml plate-bound anti-CD3, 2 ug/ml soluble anti-CD28, and 10 IU/ml IL-2 in the
presence of 2 mM NaF or vehicle control (water). Alternative, the lysates prepared from
in vitro CD8+ Teff generated as above without the inhibition of enolase activity were
treated with 2 uM NaF or vehicle control for 5 minutes prior to reading enolase activity.

For assays involving MgS04 treatment, Teff or TIL samples were cells were either
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cultured in IL-2 (10 IU/ml or stimulated with 5 pug/ml plate-bound anti-CD3, 2 pug/ml
soluble anti-CD28, and 10 IU/ml IL-2 in the presence or absence of 5 mM MgS04 for

three days.

Enolase reporter, MitoTracker Green (MTG), and tetramethylrhodamine, ethyl
ester (TMRE) staining

Splenocytes and TIL samples were subjected to Live/Dead staining in 1x PBS at 4°C for
20 minutes followed by OVA;s7-dextramer staining in 50 plL of 5% FBS at room
temperature for 10 min. Antibody specific to surface proteins were diluted (at 2x of the
final concentration) in 50 uL 5% FBS and directly added to the cells being stained with
OVA;s7-dextramer, and samples were further incubated for 20 minutes at 4°C. Cells
were washed three times with 1xPBS, and then incubate at 37°C for 20 minutes in T cell
media containing enolase reporter at the concentration indicated in the figure legends.
For MTG and TMRE staining, murine and human T cell samples were stained with Aqua
Live/Dead dye and antibodies specific to surface proteins as above, and then incubated
at 37°C for 20 minutes with 50 nM MTG (M-7514, ThermoFisher) or 100 nM TMRE
(ab113852, Abcam) diluted in T cells media. All samples were washed with 1xPBS twice
and immediately analyzed by flow cytometry while keeping them on ice in 0.2% FBS in

1xPBS.

Metabolic assay
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Naive and effector CD8+ T cells and CD8+ TIL were FACS sorted as described above,
washed with 1xPBS, and seeded (2 x 10° cells/well) in XFp cell culture miniplate in XF
minimal media (Agilent) supplemented with 10 mM glucose (Sigma), 2 mM glutamine
(Invitrogen), and 2 mM or no sodium pyruvate (ThermoFisher). ECAR and OCR were
measured by extracellular flux analysis using XFp (Agilent) in the response to 1 uM
oligomycin, 1 uM fluoro-carbonyl cyanide phenylhydrazone (FCCP), and 0.5 uM
rotenone/antimycin (all from Sigma except antimycin, MP Biochemical). Radiotracer
assays were conducted to measure glycolytic flux based on 3H-H,0 released from [3-3H]-
glucose, glucose and glutamine oxidation based on 1*CO2 liberation from D-[**C (U)]
glucose or from L[**C(U)]-glutamic acid in the TCA cycle, and incorporation of carbon
derived from these nutrients into fatty acid via quantification of *C-lipid as previously
described(98). Intracellular ATP levels of FACS-sorted naive CD8+ T cells, Teff, and CD8+
TIL was determined by using luciferase-based ATP Bioluminescence Assay Kit HS Il (Cat#
11699709001, Roche). Cell lysates were prepared and processed for ATP measurement
according to the assay kit protocol. The ATP-dependent light emitted during the

luciferase reaction was measured by luminometer (Zylux Femtomaster FB15, Zylux).

Metabolomics

FACS-sorted naive, effector and tumor-infiltrating CD8+ T cells were washed in RPMI
plus 10% FBS, resuspended in pre-chilled 80% methanol/water on dry ice and
transferred to -80 °C freezer for 15 minutes to disrupted cells membrane and quench

enzymatic activities. Samples were then vortexed while being kept cold and spun down
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at 16,000rcf in table top centrifuge to extract the metabolites. Supernatants were
harvested and dried by SpeedVac. Samples were then processed and subjected to LC-

MS analysis in the Locasale lab at Duke University as previously described(99)

Development of Enolase reporter

In a dram vial, ENOblock (S7443, Selleckchem; 5.0 mg, 0.0079mmol, 1 equivalent) was
dissolved in 100uL of anhydrous DMF. In a separate vial, 5-TAMRA NHS ester (8.4 mg,
0.0158mg, 2.2 equivalents) was dissolved in 100uL and transferred to the reaction
vial. Disopropylethyamine (1.1 equivalent) was added to the reaction, and the reaction
was stirred at room temperature overnight. Reaction was concentrated on roto-
evaporator and purified by reverse-phase HPLC. Purity of product was determined by
HPLC on Shimadzu Prominence series HPLC instrument with UV detection at 254

nm. Mobile phases A and B were composed of H,O and CH3CN, respectively. Using a
constant flow rate of 1.0mL/min, mobile phase was as follows 0-5 min, 30% B, 5-17.5
minutes 30-55% B, 17.5-20 min, 100% B and was determined to be >95% pure.
Conjugations and HPLC analysis were performed by the Hsu lab, Department of

Chemistry, University of Virginia.

Enolase 1 post-translational modification analysis

FACS-sorted melanoma CD8+ TIL and in vitro generated d2 CD8 Teff were washed with
PBS, pelleted by centrifugation, and frozen down at -80 °C. Cell pellets thawed and lysed

by treating with lysis buffer (50 mM Tris HCI, pH 7.4, with 150 mM NaCl, 1 mM EDTA,
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and 1% TRITON X-100) for 1 hour at 4 degrees while rocking. The resulting lysates were
pre-cleared by treating them with 20 uL protein A magnetic beads (73778, Cell Signaling
Technology) per 500 uL of lysate while rocking at room temperature for 20 minutes. The
lysate was separated from the beads on a magnetic rack and treated with 4 uL of
Enolase 1 antibody (ab155102, Abcam:) per 200 puL of 1 mg/mL lysate overnight at 4
degrees with rocking. The lysate antibody mix was treated with 20 uL of pre-washed
magnetic beads and rocked for 20 minutes at room temperature. The lysate was
separated from the antibody bound beads and washed 5 times (500 L lysis buffer and
mix by inversion). The antibody bead complex was washed with urea pre-wash buffer
(50 mM Tris pH 8.5, 1 mM EGTA, 75 mM KCI) then eluted using 100 uL of urea elution
buffer (8 M Urea, 20 mM Tris pH 7.5, and 100 mM NacCl). The antibody bead complex
with the urea buffer was incubated with rocking for 30 minutes and the eluate was
separated using the magnetic rack. This was repeated 3 times. The resulting eluate was
prepared for mass spectrometry using the filter-aided sample preparation (FASP)
protocol as described by others(100) and mass spectrometry was conducted as
previously described(100, 101). The resulting mass spectrometry files were searched
using byonic search software(102) and the resulting peptide matches were included if
the ppm error was between -5 and 5 and the cleavage of peptide was specific. The
modified spectra count was normalized to the unmodified spectra count using and the

figures were generated using a custom R programming script. The domain annotations
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were taken from pfam and blast alignments(103). Procedures were performed in the

Hsu lab, University of Virginia.

RNA extraction, cDNA synthesis, and real-time qPCR

Total RNA was extracted from FACS-sorted naive CD8+ T cells, effector CD8+ T cells, and

CD8+ TIL with RNeasy plus Kit (QIAGEN), and then reverse transcribed into cDNA using

iScript cDNA Synthesis Kit (Bio- Rad). SYBR Green-based real-time qPCR analysis was

performed using CFX96 Detection System (Bio-Rad). All samples were run in biological

triplicates and normalized to ribosomal protein S18 (Rps18). Fold change in gene

expression level was determined by AACt method comparing the expression level of

each sample to that of naive CD8+ T cells. The sequences of the primers are as follows:

Gene | Forward primers Reverse primers
RPS18 | 5'-ATGCGGC GGCGTTATTCC-3' 5'-GCTATCAATCGTTCAATCCTGTCC-
S 3
Glut1 5’-CAGTTCGGCTATAACACTGGTG-3, 5’-GCCCCCGACAGAGAAGATG-3’
mGlut | TAAACCAGCTGGGCATCGTTGTTG AATGATGGTTAAGCCAAGGAGCCC
3
Hk2 5’-TGATCGCCTGCTTATTCACGG-3’ 5’-AACCGCCTAGAAATCTCCAGA-3’
Pfkm | 5'-GGAAAGGAAGACAGAGTGGGAGGC- | 5'-

3 CAGATCGACCTCAACAGTGGGATTC-

3!
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Pfkp 5'-GGTACAGATTCAGCCCTGCACC-3' 5'-GTCGGCACCGCAAGTCAAGG-3'

GAPD | GTCGGTGTGAACGGATTTG 5'-TAGACTCCACGACATACTCAGCA-
H 3
Pgm3 | 5'- 5'-GTCCTGCTCCTCCGCACTGG-3'

CCCAGCATCTCGATCATATCATGTTTCG-

3!

Enol 5'-GGAAAGGAAGACAGAGTGGGAGGC- | 5'-

3 CAGATCGACCTCAACAGTGGGATTC-

3|

Ldha 5’-CATTGTCAAGTACAGTCCACACT-3’ 5'-TTCCAATTA- CTCGGTTTTTGGGA-

3’

Ldhb 5'-GGACAAGTGGGTATGGCATGTG-3' 5'-CCGTCACCACCACAATCTTAGA-3'

MCT4 | 5'-TCACGGGTTTCTCCTACGC-3’ 5’-GCCAAAGC- GGTTCACACAC-3’

Statistical Analysis

All data are presented as mean + SEM. Statistical significances were determined by
unpaired student's t-test when comparing two groups and by one-way ANOVA or two-
way ANOVA, followed by Tukey’s Multiple Comparison Test when comparing more than

two groups. GraphPad Prism versions 7 to 8 was used to perform the statistics.
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Chapter Three: Impaired enolase 1 glycolytic activity restrains
effector functions of tumor infiltrating CD8+ T cells

Lelisa F. Gemta, Peter J. Siska, Marin E. Nelson, Xia Gao, Xiaojing Liu, Jason W. Locasale,
Hideo Yagita, Craig L. Slingluff Jr, Kyle L. Hoehn, Jeffrey C. Rathmell, & Timothy N.J.

Bullock.

Modified from publication in Science Immunology (2019).

ABSTRACT

In the context of solid tumors, there is a positive correlation between the accumulation
of cytotoxic CD8+ tumor infiltrating lymphocytes (TIL) and favorable clinical outcomes.
However, CD8+ TIL often exhibit a state of functional exhaustion limiting their activity,
and the underlying molecular basis of this dysfunction is not fully understood. Here, we
show that TILs found in human and murine CD8* melanomas are metabolically
compromised with deficits in both glycolytic and oxidative metabolism. While several
studies have shown that tumors can outcompete T cells for glucose, thus limiting T cell
metabolic activity, we report that a down-regulation of the activity of enolase 1, a
critical enzyme in the glycolytic pathway, represses glycolytic activity in CD8+ TIL.

Provision of pyruvate, a downstream product of enolase 1, bypasses this inactivity and promotes
both glycolysis and oxidative phosphorylation resulting in improved effector function of CD8+

TIL. We found high expression of both enolase 1 mRNA and protein in CD8+ TIL,
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indicating that the enzymatic activity of enolase 1 is regulated post-translationally.
These studies provide a critical insight into the biochemical basis of CD8+ TIL

dysfunction.

INTRODUCTION

Although the prognostic value of CD8+ tumor infiltrating lymphocytes (CD8+ TIL) in
cancer has been reported in various types of cancers(10, 104, 105), the progressive loss
of proliferative and effector function (exhaustion) of these cells(15, 16) is a major factor
in diminishing anti-tumor immunity. The tumor microenvironment (TME) can promote
TIL exhaustion via multiple cellular and molecular mechanisms, among which the
expression of checkpoint inhibitory molecules, such as PD-L1, have proven clinically
tractable. Blocking the inhibitory signals that TIL receive promotes the activation,
expansion, and effector activity of TIL(106, 107). Several studies have defined nodes of
transcriptional and enzymatic activity that are regulated by checkpoint molecules (108—
110), but the underlying biochemical mechanism by which these inhibitors mediate the
exhaustion of TIL is still poorly understood. Previous studies showed that the inhibitory

checkpoint signals(21) and the TME(20, 96, 111) alter metabolic activity of TIL.

There is a strong link between activation-induced proliferation and effector function of T
cells and their metabolic activity(64, 78, 84). In CD8+ T cells, glucose metabolism is

induced initially by TCR signaling upregulating c-Myc expression(112, 113) and is
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sustained by mTORC1-HIFla pathway with support from cytokines in a PDK1 dependent
manner(50, 114). These signals promote glucose uptake and utilization(40, 44, 77, 115).
T cell activation induces both glycolytic metabolism and mitochondrial oxidative
phosphorylation (OXPHOS), with a more substantial increase occurring in glycolysis(84,
88). Glycolytic metabolism is essential for rapidly dividing cells such as activated T cells,
which are thought to trade the ATP production efficiency of OXPHOS for the faster
biosynthetic precursor- and ATP-production rate of glycolysis in order to rapidly produce
macromolecules and energy(36, 66, 70). Notably, T cells that are activated in the
absence of glucose(78) or under conditions that prevent them from engaging
glycolysis(84) have deficits in their effector function, indicating that glycolytic
metabolism contributes to more than the production of essential building blocks.
Moreover, T cells with impaired functional activity, such as anergic T cells(93) and
exhausted T cells in chronic viral infection(116), are known to have attenuated glycolytic

and/or oxidative metabolism. Thus, limited metabolism constrains T cell function.

Recent studies have begun to discern that TIL dysfunction is associated with disrupted
glucose metabolism. Competition between tumor cells and CD8+ TIL for the limited
amount of glucose in the TME results in attenuated glycolytic metabolism and effector
function in CD8+ TIL (21, 96). Further, CD8+ TIL have also been reported to undergo
progressive loss of mitochondrial biogenesis and function, in both murine and human

settings (23, 111), limiting ATP production. Notably, enhancing the capacity of in vitro
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activated T cells to produce the glycolytic intermediate, and pyruvate precursor,
phosphoenolpyruvate (PEP) increases their anti-tumor activity after adoptive transfer
into tumor-bearing mice(96). These studies imply that glucose deprivation prevents T
cells from generating the critical glycolytic intermediates that are necessary for T cell
function. However, in ex vivo studies, dysfunctional TIL retained their low metabolic and
functional activities in the presence of supra-physiological level of glucose (21),
suggesting the existence of T cell-intrinsic restraint on glycolysis that remains to be

elucidated.

To identify the intrinsic regulator in CD8+ TIL glucose metabolism, here we examined
the metabolic activity of CD8+ TIL, quiescent CD8+ T cells, and proliferative effector
CD8+ T cells (Teff). We found that CD8+ TIL exhibit a post-translational regulation of the
critical glycolytic enzyme, enolase 1 (also known as alpha enolase), leading to a deficit in
PEP and its downstream metabolite pyruvate. Bypassing enolase 1 by providing of these
metabolites partially restored multiple facets of the CD8+ TIL metabolism and effector
function. We documented that a combination therapy consisting of CTLA-4, PD-1 and
TIM-3 blocking antibodies increased the presence of enolase-active CD8+ TIL in the
tumors. We propose that checkpoint blockade can promote the recruitment of CD8+ TIL

with higher metabolic activity and thus effector function.
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RESULTS

Glucose metabolism by CD8+ TIL is distinct from that of either quiescent or effector
CD8+ T cells

CD8+ TIL that infiltrate B16cOVA melanoma tumors exhibit phenotypic and functional
markers of exhaustion (Fig. 1) in agreement with our previous report of the progressive
loss of functional effector CD8+ T cells from the melanoma microenvironment(117).
Given the importance of increased cellular metabolism for the proliferation and effector
functions of T cells(64, 78, 84, 118), we hypothesized that CD8+ TIL are metabolically
inactive. To test this, we compared the ex vivo metabolic activity of antigen-experienced
CD8+ TIL (day 12-15 after tumor implantation) and OVA-specific acute effector CD8+ T
cells (Teff, 5 days after vaccination with combination of ovalbumin, aCD40, poly I:C), the
latter of which are proliferative and have multiple effector activities. We used naive
CD8+ T cells and late (d12) OVA-specific effector CD8+ T cells, whose initial exposure to
cognate antigen was synchronized to the time of tumor inoculation, as controls for
metabolic quiescence and to control for potential age-related downregulation of
metabolic activity. A real-time metabolic assay via extracellular flux (Seahorse) analysis
of FACS-sorted CD8+ T cell populations (sorted based on CD44 expression and MHC-
dextramer as described in more detail in the Methods) identified that CD8+ TIL had
significantly lower ECAR (extracellular acidification rate), a measure of glycolytic
metabolism, than acute Teff (Fig. 2A). ECAR measures media acidification as a result of

the production of protons from the conversion of pyruvate (the end product of
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glycolysis) to lactate. These assays were performed in the presence of the physiological
concentration of glucose (10 mM) reported in mouse blood and spleen(96) to eliminate
glucose availability as a potential limitation on glycolysis. To confirm the attenuated
glycolytic metabolism observed in CD8+ TIL, we took advantage of radiotracer assays in
which the consumption of radioactive glucose ([3-3H]-glucose) in glycolysis leads to the
liberation of tritiated water (3H-H20)(98). CD8+ TIL produced 5-6-fold less *H-H,0 than
acute Teff (Fig. 2B), confirming the low glycolytic activity of CD8+ TIL. However, CD8+ TIL
were glycolytically more active than naive CD8+ T cells (Fig. 2B) (which were

metabolically quiescent (64)) and late Teff (Fig, 2C).

We next investigated if CD8+ TIL have low glycolytic metabolism as a result of
preferential reliance on OXPHOS. OXPHOS was determined by quantifying the amount
of oxygen consumption from the media (oxygen consumption rate; OCR). We found that
CD8+ TIL had a lower OCR than acute Teff (Fig. 2D) both under basal conditions and in
response to an un-coupler of mitochondrial OXPHOS (FCCP) that allows the
determination of maximum OCR. As with ECAR, the OCR of CD8+ TIL was higher than
that of the naive CD8+ T cells and late Teff (Fig. 2E). In agreement with the real-time
metabolic analysis, an ATP-dependent luciferase assay showed that CD8+ TIL had
significantly higher intracellular ATP levels than naive CD8+ T cells, but conversely

significantly lower levels than acute Teff (Fig. 2F).
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Flow cytometric analysis indicating differential expression of PD-1, CTLA-4, and TIM-3 (A), IFNy
(B), and proliferation (Ki67 expression) (C) by OVAxs;-specific CD8+CD44hi T cells responding to
vaccination (combination of OVA protein, poly I:C, and anti-CD40) or B16cOVA tumors.
Numbers in dot plots show the frequency of expression in representative mice, while bar charts
show data from all biological replicates in the experiment. Bar charts show the frequency of
expression (middle charts) or the Geometric mean fluorescent intensity (GMFI, right charts) of
PD-1 on PD-1* cells, CTLA-4 on CTLA-4+, TIM-3 on TIM-3+, or IFNy on IFNy* cells (B). IFNy staining
was done after cells were in vitro stimulated with peptide-pulsed (10 pg/ml OVA,s;) antigen
presenting cells for 4hr. Data in A are representative of three to four independent experiments
with n=2-3 mice per group. Data in B and C are on samples pooled from n =5 mice per group.
All data show mean + SEM, and were analyzed by unpaired student’s t-test. *p <0.05, **p<0.01,
***p<0.001.
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Figure 2: CD8+ TIL are metabolically less active than acute effector CD8+ T cells, but more
active than quiescent CD8+ T cells.

(A-F) Naive and antigen-specific effector (day 5 and day 12) CD8+ T cells were FACS sorted from
the spleens of C57BI/6 mice immunized with OVA protein, poly I:C, and anti-CD40, while
antigen-experienced CD8+ TIL were FACS sorted from B16cOVA melanoma tumors that
developed subcutaneously in C57BI/6 mice for 12-15 days. (A-C) Ex vivo T cell glycolytic
metabolism as measured by the extracellular acidification rate (ECAR) (A and C) or the amount
tritiated water (3H,0) released from [3-3H]-glucose during glycolysis (B). The basal ECAR was
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measured in unmanipulated cells while the maximum ECAR was quantified after exposing cells
to a mitochondrial ATP synthase inhibitor (1 uM oligomycin) during the extracellular flux assay.
(D-E) Oxidative metabolism (OXPHOS) of the cells in A and C as quantified by oxygen
consumption rate (OCR). Basal OCR from sorted cells in the steady state while maximum OCR
are cells in response to exposure to an un-coupler of mitochondrial OXPHOS (1 uM FCCP). (F)
Intracellular ATP levels in sorted ex vivo naive CD8+ T cells, day 5 (d5) Teff, and d14 CD8+ TIL as
measured by luciferase-based ATP determination kit. Data in A, C, D, and E are representative of
at least three independent experiments where samples were sorted from n = 3-5 mice per group
then pooled in each experiment. Data used to generate graph in B were compiled from two
independents experiments where the indicated sorted T cell samples were pooled fromn=5-9
mice per group. Data in F are representative of three independent experiments with samples
pooled from n=3-5 mice per group in each experiment. Data in A and D show mean * SEM, and
analyzed by unpaired Student’s t-test. Data in B, C, E and F show mean £ SEM, and analyzed by
one-way ANOVA, followed by Tukey’s Multiple Comparison Test. *p <0.05, **p<0.01,
***p<0.001.

CD8+ TIL express glucose transporter Glutl and efficiently take up glucose

A potential cause of low metabolic activity in CD8+ TIL could be low glucose availability
in the tumor microenvironment(21, 96). However, in the described ex vivo extracellular
flux assay system we used pure CD8+ TIL and physiological level of glucose (10 times
the amount reported in tumor microenvironments), arguing against competition being
the sole limiting factor for CD8+ TIL metabolism(21, 96). An alternative possibility is that
CD8+ TIL fail to take up glucose due to compromised expression of transporters.
However, qPCR analysis of the mRNA levels of Glut1 (the major glucose transporter
used by T cells(119)) and Glut3 showed higher expressions of these transcripts in CD8+
TIL than in naive T cells or Teff (Fig. 3A). Flow cytometric analysis of glucose transporter
1 (Glutl) protein also identified that the proportion of CD8+ TIL that expressed Glutl
protein was higher than naive CD8+ T cells (75%), and similar to Teff (99%, Fig. 4A). On a

per cell basis, CD8+ TIL expressed the highest amount of Glutl (GMFI= 1075) compared
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to naive CD8+ T cells and acute Teff (GMFI= 255 and 820, respectively, Fig. 4A). The
expression level of Glutl protein on CD8+ TIL is also higher than late Teff (Fig. 3B).
Consistent with the high level of Glutl expression, we found that CD8+ TIL were more
effective than late Teff and as effective as acute Teff at taking up glucose, as quantified
by the uptake of fluorescent glucose analogue 2-NBDG (97) (Fig. 4B). Furthermore,
adoptive transfer of in vitro activated Glutl over-expressing OT-1 (2e6 cells/mouse,
activated in vitro for 3d with anti-CD3 and anti-CD28) into B16cOVA tumor-bearing mice
did not improve tumor control (Fig. 4C). Collectively, these data argue that glucose

uptake is not the limiting factor that drives CD8+ TIL glycolytic deficiency.

The sustained expression of Glutl and glycolytic machinery in CD8 T cells is promoted by
contributions of signals from PDK1, mTORC1, and HIFla (75, 114, 120) (Fig. 5A). To
determine whether CD8+ TIL had defects in these signaling components that could
affect their glycolytic activity, we performed single cell flow cytometric analysis of
phospho-PDK1 (p-PDK1) and phospho-mTORC1 (p-mTORC1) and HIF1a. Note that PDK1
was detected using an antibody specific for the autophosphorylation site (5S244) and
thus reflects PDK1 expression levels rather than any differences in intrinsic activity. We
found that these signaling components were activated to a similar level in CD8+ TIL and
acute Teff. Expression of p-PDK1, p-mTORC1, and HIF1a were considerably higher in
CD8+ TIL than late Teff, indicating that CD8+ TIL retain the ability to respond to stimuli

that can promote the transport and metabolism of glucose (Fig. 5B-D). Given the
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importance of mMTORC1 activity in glycolysis, we further investigated its activity by
measuring the levels of p-4E-BP1 and pS6, downstream targets of mTORC1. We found
no substantial difference in the activity of mTORC1 between acute Teff and CD8+ TIL
(Fig. 5E). Taken together, these data suggest that the glycolytic deficiency of CD8+ TIL is
driven by a cell-intrinsic mechanism that is downstream of glucose uptake and is

independent of the canonical signaling pathways that promote glycolysis.
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Figure 3: CD8+ TIL express high levels of glucose transporters.

Samples of T cells were prepared as in Figure 1 for all the panels. (A)Real-time quantitative PCR
(gPCR) analysis of Glutl and Glut3 mRNA level of FACS-sorted ex vivo d5 CD8+ Teff and d14
CD8+ TIL. (B) The frequency of Glutl-expressing cells (top left and bottom right) within the OVA-
specific CD8+CD44hi population and the GMFI of Glutl on Glutl* (bottom right) d14 CD8+ Teff
and d14 CD8+ TIL. Data in A are representative of two independent experiments with samples
pooled from n = 3-5 mice per group. Data in B are representative of three independent
experiments with n = 3 mice per group in each experiment. Data show mean + SEM, and
analyzed by unpaired student’s t-test (A) or one-way ANOVA, followed by Tukey’s Multiple
Comparison Test (B). *p <0.05, **p<0.01, ***p<0.001.
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Figure 4: Glucose uptake is not limited in CD8+ TIL.

(A) Flow cytometric analysis of glucose transporter 1 (Glutl) protein expression by ex vivo naive
CD8+ T cell, d5 Teff, and d14 CD8+ TIL generated as in Figure 1. The numbers within
representative dot plots describe the frequency of cells expressing Glut-1 for individual samples.
Bar charts show the overall frequency (middle chart) and intensity of Glut1 expression (GMFI,
right chart), of Glutl+ cells in CD8+CD44lo naive CD8+ T cells and OVA-specific CD8+CD44hi for
d5 Teff and CD8+ TIL. (B) Glucose uptake potential of ex vivo d5 and d14 Teff and d14 CD8+ TIL
as measured by flow cytometry after pulsing cells with the fluorescent glucose analog, 2-NBDG.
The frequency (middle chart) of 2-NBDG" cells and amount of uptake (right chart) within the
OVA-specific CD8+CD44hi cell population are shown. (C) Survival of B16cOVA tumor bearing
mice was assessed after adoptive transfer of in vitro activated non-transgenic or Glutl
transgenic OT-I T cells five days after s.c. tumor injection. Data in A and B are representative of
three to five independent experiments, with at least two mice per group in each experiment.
Data in C are from n =7 mice per group, and the experiment was repeated twice. Data show
mean * SEM: one-way ANOVA, followed by Tukey’s Multiple Comparison Test. *p <0.05,
**p<0.01, ***p<0.001.
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Figure 5: Glycolysis-regulating signaling molecules are expressed and active in CD8+ TIL.

(A) The signaling pathway downstream of TCR and cytokine signals that are known to promote
the glucose uptake and glycolysis. (B-D) Flow cytometric analysis of phosphorylated PDK1 (p-
PDK1, Ser244), p-mTORC1 (Ser2448), and HIF1a expression in naive CD8+ T cells and OVA-
specific d5 Teff, d14 Teff, and d14 CD8+ TIL that were prepared as in Fig. 2. (C) GMFI of pPDK1,
p-mTORC1, and HIF1la in the CD8+CD44lo naive or OVA-specific CD8+CD44hi Teff and TIL
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expressing the protein of interest. (D) The frequency of p-PDK1+, p-mTORC1+, or HIF1a+ cells
within naive CD8+CD44lo and OVA-specific CD8+CD44hi Teff and TIL. (E) Phosphoflow
cytometric analysis of mTORC1 activity via determination of the phosphorylated downstream
targets (S6 and 4E-BP1) after 1hr in vitro stimulation of acute Teff and CD8+ TIL with 5 pg/ml
anti-CD3. The CD8+ TIL in vitro stimulation was also conducted in the presence of 250 uM
rapamycin to inhibit pS6 or 250 uM Torin-1 to inhibit p4E-BP1 for staining negative control. Data
in B-D are representative of three to five independent experiments, with at least two mice per
group in each experiment. Data in E are from samples pooled from n = 5-6 mice per group, and
the experiment was repeated twice. Data show mean + SEM: one-way ANOVA, followed by
Tukey’s Multiple Comparison Test. *p <0.05, **p<0.01, ***p<0.001.

CD8+ TIL possess low levels of phosphoenolpyruvate

To determine whether a defect lying within the glycolytic pathway and downstream of
glucose uptake is responsible for the low metabolic activity of CD8+ TIL, we performed a
metabolomics analysis (an unbiased assessment of the relative cellular metabolite
composition(99)). We identified a significant (~10-fold) reduction in the steady state
level of phosphoenolpyruvate (PEP) in CD8+ TIL compared to acute Teff (Fig. 6A). The
relative abundance of the glycolytic metabolites upstream of PEP was similar (Fig. 6A
and Fig. 7A), implying that the PEP production step of glycolysis is the point at which
glycolysis is disrupted in CD8+ TIL. Furthermore, low levels of pyruvate were found in
CD8+ TIL, arguing that excessive PEP to pyruvate conversion does not account for the
low levels of PEP (Fig. 6A). Therefore, we hypothesized that PEP deficiency in CD8+ TIL is
mediated by reduced expression or activity of enolase 1, the enzyme that is responsible
for PEP production in glycolysis. Surprisingly, gPCR and western blot analysis of enolase
1 in FACS-purified CD8+ T cell populations demonstrated that the mRNA and protein

levels of enolase 1 were similar between acute Teff and CD8+ TIL (Fig 6B). Intracellular
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flow cytometric analysis confirmed that equivalent proportions of Teff and TIL express
enolase 1, and that the level of enolase 1 expression in acute Teff and CD8+ TIL were
similar (Fig 6C). We also found that the mRNA levels of many glycolytic enzymes were
equivalent between acute Teff and CD8+ TIL (Fig. 7, B and D). However, significantly
higher amounts of the mRNAs of glycolytic enzymes were observed in CD8+ TIL than in
age-matched d14 Teff (Fig. 7, C and D), confirming the notion that CD8+ TIL are not
metabolically quiescent as shown in Fig. 2C and E. Together, these data demonstrate
that the glycolytic metabolism of CD8+ TIL is altered at the level of PEP production by
factors other than the availability of the precursor metabolites or the enzymes

responsible for production of PEP.

To understand whether the enolase 1 protein in CD8+ TIL has compromised enzymatic
activity that could result in PEP deficiency, we directly assessed the function of enolase
in lysates prepared from FACS-sorted CD8+ T cell populations. We found a striking
deficit in enolase activity in CD8+ TIL compared to acute Teff (Fig. 6E, left). Furthermore,
enolase activity did not increase in FACS-sorted CD8+ TIL following a strong in vitro T cell
stimulation achieved by cross-linking TCR with anti-CD3 in the presence of anti-CD28. In
contrast, in vitro T cell stimulation resulted in a marked upregulation of the enolase
activity in FACS-sorted acute Teff assessed in parallel (Fig. 6E, right). Taken together,

these data support the hypothesis that CD8+ TIL glycolytic metabolism is restrained by
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enolase activity rather than enolase expression, implying that enolase function is

regulated at the post-translational level in CD8+ TILs.
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Figure 6: Weak enolase activity restrains glucose metabolism in glycolysis in CD8+ TIL.

(A) Metabolomic analysis of the relative metabolite composition of d5 Teff and d14 CD8+ TIL
normalized to that of naive CD8+ T cells. Metabolites were extracted from similar samples to
that described in Figure 1 and subjected to mass spectrometric analysis. PEP,
phosphoenolpyruvate; 3-PG/2-PG, 3-phosphoglycerate and 2-phosphoglycerate. (B) The
expression of enolase 1 transcripts in d5 Teff and d14 CD8+ TIL was measured by qPCR and
protein by western blot (humbers indicate molecular weight). (C-D) Flow cytometric analysis of
enolase 1 protein expression in naive CD8 T cells, d5 Teff, and d14 CD8+ TIL. The frequencies of
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cells that express enolase 1 within naive CD8+CD44lo and OVA-specific CD8+CD44hi Teff or
CD8+ TIL are indicated. GMFI is derived from enolase 1-expressing cells. (E) Fluorescence-based
spectrophotometric analysis of enolase activity (PEP formation) measured in lysates prepared
from FACS-sorted naive CD8+ T cells, acute Teff, and CD8+ TIL either directly ex vivo (left) or
after in vitro stimulation with anti-CD3 and anti-CD28 for 4 days (right). Data are on samples
pooled from n = 5-9 mice per group (A), representative from two independents experiments
with samples pooled from at least six mice per group (B), and are representative of three
independent experiments with at least three mice per group (C-D). Data in E is combined from
multiple independent experiments with T cells pooled from 2-3 mice per group. Data show
mean + SEM, and analyzed by unpaired student’s t-test (A, B and E, right) or one-way ANOVA,
followed by Tukey’s Multiple Comparison Test (D and E, left). *p <0.05, **p<0.01, ***p<0.001
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Figure 7: The abundance of glycolytic enzymes and metabolites suggest that PEP deficiency of
CD8+ TIL is driven by lack of strong enolase activity.

(A) Metabolomic analysis of relative abundance of glycolytic intermediates in FACS sorted ex
vivo d5 Teff and d14 CD8+ TIL normalized to that of naive CD8+ T cells. Samples were processed
as in Fig. 4. D-glc, D-glucose; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; F16BF,
fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate. (B-C) gPCR analysis of the
amounts of glycolytic enzymes transcripts expressed by d5 Teff, 14 Teff and CD8+ TIL. Dash line
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indicates the level of expression in naive CD8+ T cells, which was adjusted to 1 to determine the
fold change in the other cell types. (D) Flow cytometric analysis of PKM2 protein expression
level. Data are on samples pooled from n= 5-9 mice per group (A) or representative of two to
three independent experiments (B-D), and are presented as mean + SEM. Statistical analysis was
done by one-way ANOVA, followed by Tukey’s Multiple Comparison Test. *p <0.05, **p<0.01,
***p<0.001.

Overcoming PEP deficiency rescues CD8+ TIL metabolic and functional activity

During glycolysis, PEP serves as a substrate for synthesis of pyruvate, which can promote
both glycolysis via generation of NAD+ in a metabolic program known as aerobic
glycolysis (the Warburg effect) and also fuels OXPHOS through the mitochondrial
tricarboxylic acid (TCA) cycle(70). Given the low glycolytic and OXPHOS metabolism
despite high glucose uptake that we observed in CD8+ TIL, we speculated that providing
exogenous pyruvate (bypassing glycolysis, or more specifically overcoming the PEP
shortage) should rescue CD8+ TIL aerobic glycolysis and OXPHOS. Indeed, exogenous
pyruvate provided during metabolic flux analysis of FACS-sorted, ex vivo CD8+ TIL
significantly increased the CD8+ TIL basal ECAR, yet had no impact on acute Teff basal
ECAR (Fig. 8, A and B, Basal ECAR). The lack of effect on exogenous pyruvate on acute
Teff presumably occurs because these cells produce sufficient pyruvate. Notably,
provision of pyruvate also substantially increased the maximal ECAR achieved by CD8+
TIL (measurement of ECAR in the presence of oligomycin, which inhibits OXPHOS and
forces cells to be dependent upon glycolysis for ATP production, Fig. 8, A and B, Max.
ECAR). Interestingly, exogenous pyruvate also enhanced both the basal and maximal

OXPHOS in CD8+ TIL as well as acute CD8+ Teff (Fig. 8, A and B, Basal OCR and Max.
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OCR), suggesting that glycolytic or pyruvate deficiency could be limiting the OXPHOS
capability of CD8+ TIL. Importantly, during a 4hr in vitro stimulation, the addition of
pyruvate resulted in a significant increase in the frequency of CD8+ TIL that produced
IFNy and TNFa (Fig. 8C). Similar results were observed when we provided exogenous
PEP to the CD8+ TIL during the short-term in vitro cultures (Fig. 8D), suggesting that PEP
shortage impairs CD8+ TIL function by limiting pyruvate availability. Together, these
data indicate that low enolase activity impairs the metabolic and contributes to the

lowered functional activity observed in CD8+ TIL.

To further interrogate the contribution of enolase activity to CD8+ T cell function, we
investigated cytokine production after treating Teff and CD8+ TIL with sodium fluoride
(NaF), a well-studied enolase inhibitor(121, 122). Consistent with the reported inhibitor
effect of NaF on enolase activity in other cells types, NaF strongly inhibited enolase
activity in Teff when added to cell culture during acute in vitro stimulation (Fig. 9A,
cells). Furthermore, NaF completely inhibited enolase activity (Fig. 9A, lysate) when
added to the lysates of untreated Teff 5 min prior to assay, suggesting that the
reduction in enolase activity as a result of the NaF treatment of cell culture was due to
the direct effect of NaF on enolase. Notably, NaF substantially reduced cytokine
production from Teff after in vitro culture with peptide-pulsed antigen presenting cells
(Fig. 9, B and C), further supporting the importance of enolase activity to the effector

function of T cells. Importantly, NaF also significantly reduced the remaining cytokine
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production from CD8+ TIL (Fig. 9, B and C and Fig 8C), indicating that although it is
relatively weak, the activity of enolase in CD8+ TIL plays a significant role in supporting
the residual effector function observed in these cells. Taken together, these results

indicate that deficiency in enolase activity limits the effector function of CD8+ TIL.
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Figure 8: Bypassing enolase restores metabolic function and effector activity in CD8+ TIL.
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(A and B) ECAR and OCR by FACS-sorted d5 Teff and d12 CD8+ TIL as measured by Seahorse in
pyruvate-free or 2mM pyruvate-containing XF minimal media. Basal ECAR and basal OCR were
measured without any manipulation while maximum ECAR and maximum OCR were determined
after oligomycin or FCCP exposure, respectively. (C-E) Intracellular flow cytometric analysis of
IFNy and TNFa production from Teff and CD8+ TIL treated for 4 hours with vehicle, 5mM
pyruvate, or 2uM NaF during in vitro culture and stimulation with OVA257-pulsed antigen
presenting cells. (D) Fold increase in the proportion of CD8+ T cell expressing cytokines after
culturing with 5mM pyruvate or 1 ug/ml PEP (after partial permeabilization) for 4 hours. Data
are representative of two to three independent experiments and show mean + SEM. Statistical
analyses were done by unpaired student's t-test (A, B and D), and two-way ANOVA, followed by
Tukey’s Multiple Comparison Test C. *p <0.05, **p<0.01, ***p<0.001.
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vehicle NaF
A {52 © 1242 106
] B
'
| " u g
T Teff
Lo -
o 3 0 l -
23389 24722 14.8
L .3_-.3 lI4'I5
i8.49 277 ‘862 12.9
e |
[ LN it
-y .
"3 o, "3 : TIL
. ERme - -
107 u ) 4 -"‘.-' 0 - -:J‘?"‘"?
- = ""n .
LE L ) o ¥
L o I553 8.49 68.1 10.3
[ o3 = 3 =
e Il"l‘w .Imﬂl;:z7 ) -u I“w"l.:ns”mGI:o7
IFNy >
25 B Vehicle Teff
2 * *o B NaF Teff
Sa40{ 7 —
o
3
301 X
©
Q 4
© 20
& 10
: i
Q
= 0 . . .
IFNy TNFe  IFNy* TNFer
25000

(A) Fluorescent-based spectrophotometric direct enolase activity measurement in the lysates
prepared from in vitro generated CD8+ Teff and then treated with vehicle (water) or 2 uM
sodium fluoride (NaF) starting 5 min prior to the initiation of the spectrophotometric reading (A,
lysate) or harvested from CD8+ Teff which were treated with vehicle or 2 mM NaF for 24 hours
during in vitro stimulation (A, cells). ND, not detected. (B-C) Flow cytometric analysis of TNFa
and INFy production from in vivo generated acute Teff and CD8+ TIL that were re-stimulated in
vitro with 1 pg/ml anti-CD3 and 10 IU/ml IL-2 for 24 hours in the presence vehicle or 2 mM NaF.
Brefeldin A (BFA) was added only for the last 4 hours of the cell culture to enhance cytokine
staining. (B) Representative dot plots of acute Teff and TIL, derived from independent
experiments (thus differences in quadrant regions). (C) Summary of either the frequency (top
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graphs) or the GMFI (bottom graphs) of cytokine production within CD8+ CD44" OVA,s;-specific
T cells. Data are combined from two independent experiments (A) or are representative of three
independent experiments with at least three mice per group (B-C), and show mean + SEM.
Statistical analyses were done by unpaired student's t-test. *p <0.05, **p<0.01, ***p<0.001.

Immune checkpoint blockade therapy recruits enolase-active CD8+ TIL into tumors

PD-1 has been reported to inhibit glycolytic metabolism in human CD4+ T cells(74).
Consistent with this, a recent study has shown that blockade of either PD-1 or CTLA-4
augments the glycolytic metabolism in CD8+ TIL responding to mouse sarcoma
tumors(21). This led us to ask if immune checkpoint signals constrained enolase activity
in CD8+ TIL. We treated mice bearing tumors established for nine days with a
combination of checkpoint blocking antibodies (anti-PD-1, anti-CTLA-4 and anti-TIM-3
every three days). This treatment regimen increased the absolute number of CD8+ TIL in
the tumors (Fig. 10A) and constrained tumor outgrowth (Fig. 6B) compared to controls.
This combinatorial checkpoint molecule inhibition (CPi) did not have significant effect on
the expression of enolase 1 (Fig. 10, C and D). However, the CPi treatment significantly
improved enolase activity in CD8+ TIL (Fig. 10E). To determine the relative contribution
of the inhibition of PD-1, CTLA-4, or TIM-3 to the increase in enolase activity, we treated
tumor-bearing mice with antibodies targeting individual checkpoint molecules.
Checkpoint monotherapies did not significantly improve enolase activity in CD8+ TIL
(Fig. 10F). Together, these results indicating that multiple checkpoint signals contribute

to the low enolase activity observed in CD8+ TIL.
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To understand the contribution of enolase activity to the anti-tumor effects of the CPi-
treated CD8+ TIL, we investigated the impact of inhibiting enolase on the cytokines and
lytic molecules (perforin) production by the CPi-treated CD8+ TIL. Treatment of CPi-
treated CD8+ TIL with NaF significantly reduced the capacity of the CPi-treated CD8+ TIL
to produce IFNy and perforin (Fig. 11, A and B). These data suggest that the increase in
enolase activity in the CPi-treated CD8+ TIL contributes to the anti-tumor activity of

these cells.

We next investigated whether the CPi treatment increases enolase activity in CD8+ TIL
via reactivation of enolase in pre-existing intratumoral CD8+ TIL or by
inducing/sustaining enolase activity in newly infiltrating CD8 TIL. For this study, the CPi
experiment was conducted in the presence or absence of a well-known S1PR-agonist
FTY-720 that blocks T cells from exiting the secondary lymphoid tissues. FTY-720
treatment abrogated the ability of CPi treatment to increase enolase activity in CD8+ TIL
(Fig. 10G). These data indicate that the combinatorial checkpoint molecule blockade
either enhances enolase activity in the recently activated CD8+ TIL or sustains it in newly
the tumor infiltrating T cells, rather than re-activating enolase in the CD8+ TIL that are

already in the tumors.
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Figure 10: Checkpoint molecule blockade supports CD8+ TIL enolase function.

(A - G) B6 mice were s.c. injected with B16cOVA tumor cells and treated with either control,
combination of checkpoint inhibitors (CPi: anti-PD-1, anti-CTLA-4, and anti-TIM-3) antibodies or
individual antibodies on days 8, 11, and 14. (G) FTY-720 treatment was continuously provided
through the drinking water starting on day 8 post-tumor injection. All tumors were harvested
on day 15 post-injection. (A) The absolute numbers of antigen experienced CD8+ TIL per mm?
tumor. (B) Tumor growth over time. (D) The frequency (left and middle) and intensity of
expression (right) of enolase within OVA-specific CD8+CD44hi populations from control or
combined CPi-treated mice. (E-G) Fluorescent-based spectrophotometric direct enolase activity
(PEP formation) measurement in the lysates prepared from FACS-sorted antigen-experienced
CD8+ TIL from control, combined-CPi (E and G), or individual-CPi (F) treated mice in the absence
(E-G) or presence of FTY720 (G). The enolase activity in panel E and F were normalized to the
average of the control replicates for CD8+ TIL to allow cross-experiment comparison. (H and |)
Analysis of enolase 1 expression and activity in ex vivo human CD8+ TIL using human healthy
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donor PBMC that were in vitro stimulated with anti-CD3 and anti-CD28 for three days as a
positive control. (H) Frequency of enolase 1 positive cells within CD8+CD45R0+ human Teff and
TIL. (1) Fluorescent-based spectrophotometric analysis of the activity of enolase in lysates
prepared from FACS-sorted CD8+CD45R0O+ human Teff and TIL. Data are representative of three
independent experiments (A-D), combined from three to five independent experiments with
samples pooled from at least three mice per group (E and F), combined from two independent
experiments with at least three mice per group (G), or from two healthy donor PBMC and three
melanoma patient TIL (H-I). Data show mean + SEM and analyzed by unpaired student's t-test.

*p <0.05, **p<0.01, ***p<0.001.
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Figure 11: Enolase activity contributes to the effector function of CPi-treated CD8+ TIL.

B6 mice were s.c. injected with B16cOVA tumor cells and then treated with a combination of
checkpoint inhibitors (CPi: anti-PD-1, anti-CTLA-4, and anti-TIM-3) antibodies on days 8, 11, and
14. Tumors were harvested and FACS sorted on day 15 post-injection. Flow cytometric analysis
of TNFa and IFNy (A) or perforin (B) production from the combinatorial CPi-treated CD8+ TIL
that were in vitro stimulated with 1 pg/ml anti-CD3 and 10 IU/ml IL-2 for 24 hours for 24 hours
in the presence vehicle (veh: water) or 2 uM NaF. Brefeldin A (BFA) was added only for the last 4
hours of the cell culture to enhance cytokine staining. Numbers in the representative dot plots
(A and B) show the frequencies of the cells expressing the protein being evaluated. The
summary bar graphs (A and B) show either the proportion of CD8+ TIL that express the protein
depicted on the Y-axis or the GMFI of the protein labeled on the Y-axis within the expressing
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cells. Data are representative of two independent experiments with CD8+ TIL pooled from at
least 3 mice per group in each experiment (A and B), and show mean + SEM. Statistical analyses
were done by unpaired student's t-test. *p <0.05, **p<0.01, ***p<0.001.

Human melanoma CD8+ TIL have low enolase activity

To understand whether enolase activity is altered in CD8+ TIL that infiltrate the human
cancers, we sorted antigen experienced (CD45R0O+) CD8+ TIL from metastatic melanoma
samples. Compared to PBMC from healthy donors that were stimulated in vitro to
generate Teff, human CD8+ TIL produce limited amount of IFNy after cross-linking the
TCR (Fig. 12A). Activation of human healthy donor PMBC also strongly induces (4-fold)
their enolase activity as judged by direct analysis of enolase activity within cell lysates
(Fig. 12B). Over 80% of the antigen-experienced human CD8+ TIL (Fig. 10H) and about
50% of the antigen-experienced CD4+ TIL express enolase 1 (Fig. 12D)). However,
consistent with our murine studies, we found limited enolase activity in both antigen-
experienced CD8+ TIL and CD4+ TIL compared to the acutely activated human healthy
donor T cells (Fig. 10l and Fig. 12E). Notably, there was a trend towards higher enolase
activity in 41BB (CD137)-positive compared to 41BB-negative CD8+ TIL (Fig. 12C), where
41BB expression identifies T cells that may have recently responded to TCR
stimulation(123). This suggests that functional enolase may correlate with T cells that
maintain functional responsiveness. Thus, we conclude that human melanoma CD8+ TIL
have similar low enolase activity as observed in murine models, and that their metabolic
activity is likely to be similarly impeded, contributing to the observed defect in effector

function.
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Figure 12: Human melanoma TIL have low functional and enolase activity.

(A) Flow cytometric analysis of IFNy production from d3 in vitro activated healthy donor CD8*
PBMC and antigen-experienced ex vivo human melanoma CD8* TIL after 4 hours anti-CD3
stimulation. (B) The activity of enolase in lysates prepared from quiescent or d4 in vitro anti-CD3
and anti-CD28-stimulated human healthy donor PMBC. (C) Enolase activity in FACS sorted 41BB*
or 41BB human melanoma CD8*CD45R0O* cells. (D) Frequency of Enolase 1 expressing cells of
CD4*CD45R0O" healthy donor PBMC or TIL. (E) Enolase activity in FACS sorted CD4*CD45R0O*
healthy donor PBMC or TIL. Data are from 2 healthy donor PBMC and 3 melanoma patients TIL,
and show mean + SEM. Statistical analyses were done by unpaired student's t-test. *p <0.05,
**p<0.01, ***p<0.001.

DISCUSSION

Elevation of metabolic activity is essential for effector T cells to support their
proliferation and function(19, 22, 31). Our data support the developing notion that an
underlying basis of TIL dysfunction is insufficient glycolysis and OXPHOS to support
strong effector functions(20, 21, 96, 111). This state persists even though CD8+ TIL are
capable of efficiently transporting glucose and have active signaling pathways that

normally promote the expression of the enzymes that are involved in glucose
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metabolism. This indicates that CD8+ TIL represent a population of cells that are
undergoing constant stimulation and that their attenuated metabolic activity is not a
function of immunological quiescence. Rather, glucose metabolism is constrained in
CD8+ TIL by weak enolase activity, which resulted in limited production of PEP, a vital
glycolytic intermediate, and provision of pyruvate or PEP is sufficient to restore some of
the metabolic and functional activity of CD8+ TIL. Remarkably, the reduction in enolase
activity is regulated post-translationally. Our data show that a checkpoint molecule
inhibition protocol that slowed tumor outgrowth results in the infiltration of tumor by
CD8+ TIL with improved enolase activity. The low proliferative and functional activity of
CD8+ TIL, allied with their limited metabolic activity, could indicate that these cells are
simply quiescent. However, compared to naive and late (age-matched) effectors, we
find high levels of expression and activation of the PDK1-mTORC1-HIFla signaling
pathway, which lies downstream of the TCR and cytokine receptors. Indeed, the level of
activation of this pathway was equal to, or higher, than seen in acute Teff. Consistent
with this, we found no defect in the expression of Glutl, the major transporter of
glucose in lymphocytes, or the ability of CD8+ TIL to acquire glucose from their
surroundings. Thus, the inability of CD8+ TIL to consume glucose despite the expression
of the glycolytic machinery indicates that the glycolytic inactivity of CD8+ TIL is regulated
by a functional defect in the glycolytic pathway rather than quiescence or a lack of
stimulation. Notably, while the biomarkers (i.e. signaling molecules and molecular

components of glycolysis) of T cell glycolysis correlate well with the actual metabolic
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activity (as judged by flux assays) of naive and effector CD8+ T cells, it is important to
note that there is not a strong correlation between the activation state of these
molecules and the overall metabolic activity of CD8+ TIL; thus, the sole use of glycolytic
biomarkers may over-estimate the metabolic activity of CD8+ TIL. Importantly, this
study pinpointed the mechanism responsible for restraining CD8+ TIL glycolytic
metabolism to weak enolase activity, which resulted in reduced levels of PEP and
pyruvate. PEP can support T cell function in two major ways: by promoting cytokine
production via calcium signaling(96) and by serving a substrate for pyruvate
synthesis(70). A recent study has demonstrated that the anti-tumor activity of in vitro
activated T cells after adoptive transfer into tumor-bearing mice improves when PEP
production is augmented(96). Our findings not only support that report, but also directly
show that endogenous CD8+ TIL have low levels of PEP and that the shortage of this
metabolite constrains both the glycolytic and mitochondrial metabolism in CD8+ TIL.
Surprisingly, we did not observe accumulation of glycolytic metabolites upstream of PEP
as one might expect from the loss of enolase activity. However, this is not uncommon in
a complicated biological systems such as glycolysis, which involves bidirectional
reactions, feedback inhibition, and metabolites with multiple possible fates(66, 70). For
example, 2-PG (enolase’s substrate) can be converted back to upstream metabolite 3-
PG(125), which can be taken out of glycolysis and be used for nucleotide and lipid

synthesis via serine biosynthesis(70, 81).



62

Our studies have found no deficiency in enolase protein expression, indicating that post-
translational regulation likely impedes enolase enzymatic activity. There are several
potential mechanisms of regulation of enolase activity in CD8+ TIL. First, post-
translational modifications of enolase 1 have been described, including phosphorylation,
acetylation, and methylation(126), though it is unclear whether these modifications
influence enolase enzymatic activity. Second, enolase enzymatic activity requires
divalent cations and is inhibited by fluoride (127), and thus may be susceptible to ion
availability in the tumor microenvironment. Third, in addition to enolase 1’s typical
cytoplasmic localization where it performs its enzymatic role, enolase 1 can also be
directed to the cell surface where it serves as a receptor for plasminogen(126); is
recruited to mitochondria where it preserves mitochondrial integrity and membrane
potential(128); or expressed as an alternative translational product (Myc Binding Protein
-1) that is translocated to the nucleus(56). Thus, the inactivity of enolase in CD8+ TIL
may either be a result of regulation of its enzymatic activity or repurposing of enolase
away from glycolysis. Pertinently, preliminary mass spectrometry data suggests that
enolase 1 isolated from Teff exhibits different acetylation and methylation patterns
compared to CD8+ TIL. However, the contribution of any of these regulatory processes
to the impaired of enolase activity remains to be determined. We currently do not
understand whether the low enolase activity in CD8+ TIL is a function of weak priming or
loss within the tumor. We found that concomitant blocking of multiple immune

checkpoint molecules increased the presence of CD8+ TIL with more active enolase and
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led to a decrease in tumor outgrowth. The increase in enolase-active CD8+ TIL that
occurs with CPi was determined to arise from newly infiltrating T cells. We interpret
these data to mean that CPi either promotes enolase activity during CD8+ T cell priming
or preserves enolase activity in the newly infiltrating CD8+ T cells as they enter the
tumor. Currently, there is no assay with sufficient sensitivity to assess the enolase or
glycolytic activity of CD8+ TIL in the early stages of their response to tumors in the
draining lymph node. Sensitive metabolic assays are also required to investigate
whether the weak enolase activity observed in the murine and human TIL is only
apparent in those cells embedded within the tumor, or whether tumor-specific or
bystander T cells within the stroma, at the periphery of the tumor, or within the

circulation are also metabolically compromised.

Our current study identifies augmentation of enolase activity as an avenue for
increasing TIL function, though it should be noted that the combination of checkpoint
molecules used in this study have yet to be evaluated clinically. We have concluded that
the limited glycolysis and enolase activity exhibited by CD8+ TIL contributes to the
remaining effector function of these cells as NaF eliminated remaining activity.

Although NaF is a well-characterized inhibitor of enolase, we acknowledge that it could
have other enolase-independent impacts on T cells. Further, blocking checkpoint signals
or isolating CD8+ TIL from the tumors (as done in the in vitro studies) did not fully

restore enolase activity, suggesting the existence of additional as yet unidentified
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pathways regulating enolase and glycolysis. While PEP and pyruvate were found to
enhance TIL function in vitro here and in our previous studies on renal cell
carcinoma(23), bypassing enolase inactivity in vivo with PEP or pyruvate may be
challenging as PEP does not cross the cell membrane and pyruvate may be used by
tumors. The most likely immediate clinical utility of pyruvate rescue approach will be to
support the metabolic activity of TIL or PBMC that are intended to be used in adoptive
cell transfer protocols. These limitations of PEP- and pyruvate-based rescue approaches

highlight the need to understand how enolase activity is impaired in CD8+ TIL.

Recent studies by others(111) and the data presented here show a low level of OXPHOS
in CD8+ TIL. While this could be attributed to low mitochondrial mass or mitochondrial
membrane potential(111), the ability of pyruvate to rescue the OXPHOS in CD8+ TIL
raises intriguing questions about the contribution of pyruvate deficiency to the loss of
mitochondrial function. Interesting, enolase 1 has been previously reported to bind the
mitochondrial membrane and prevent loss of membrane potential, which is essential for
the OXPHOS(128). Whether mitochondrial binding of enolase 1 supports mitochondrial
function by bringing together pyruvate synthesis and mitochondria is an intriguing
guestion that will need to addressed. In conclusion, restoration of enolase 1 activity
might be expected not only to promote glycolysis but also improve the OXPHOS
capabilities of TIL, together substantially improving effector activity and durability within

tumors.
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Chapter Four: Advancing the understanding of enolase
impairment in CD8+ TIL: studies in different cancer types,
investigation of its molecular basis, and development of a
reporter for Enolase activity.

INTRODUCTION

In chapter 3, we showed that the glycolytic metabolism is restrained by post-
translational regulation of enolase activity in melanoma infiltrating CD8+ TIL. Here we
present studies where we investigated whether dysfunction in T cell glycolysis is evident
in other implantable tumor models (4T1, breast cancer; LLC, non-small cell lung cancer;
MC38, colorectal cancer) and human tumor samples (NSCLC). Analysis of the glycolytic
metabolism and enolase activity in CD8+ TIL that infiltrated different cancer types is
necessary to determine if the impairment of enolase activity is unique to the melanoma
model or is general characteristic of CD8+ TIL. The former would imply enolase
regulation is specific to a particular microenvironment. Further, we considered potential
mechanisms to understand the basis by which enolase loses enzymatic activity in tumor-
infiltrating lymphocytes. There are multiple potential mechanisms that can post-
translationally control enolase activity. For example, divalent cations (especially
magnesium ions) are known activators of enolase while fluoride ions inhibit it(127), and
thus the availability of these ions in the tumor microenvironment (TME) could have a
significant impact on the activity of enolase in CD8+ TIL. Enolase has also been reported

to undergo post-translational modifications in cancer cells, including phosphorylation,
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acetylation, and methylation(131), though the impact of these PTMs on enolase
enzymatic active has not been elucidated. The subcellular localization of enolase can
also impact its activity as demonstrated by lack of glycolytic activity of enolase
expressed on the cell surface or in the nucleus(129-131). We also considered whether
un-sustained TCR stimulation or factors derived from tumors themselves limited
elements of the glycolytic pathway. Finally, there is currently no sensitive assay that
could be used to identify T cells with impaired enolase activity, hampering studies to
determine whether inactivity of enolase occurs due to poor initial priming or as a result
of suppression of activity in the TME. For these purposes, we developed an enolase
activity reporter by using a cell permeable small molecule (ENOblock) that has been
shown to directly bind to enolase (121, 122). The development of the reporter may
allow us to segregate cells with minimal enolase activity to more accurately identify the

mechanism of regulation.

Here we assessed the glycolytic machinery in CD8+ TIL isolated from different types of
murine and human cancers, and identified active mTORC1 signal, a range of glucose
uptake potential, and high enolase 1 expression. Consistent with the melanoma model,
the enolase activity but not expression level was impaired in colon adenocarcinoma
infiltrating CD8+ TIL. Analysis of the potential post-translational regulation of enolase
demonstrated that neither weak TCR signaling nor the availability of divalent cations
limit enolase activity. Rather, these studies identified multiple differential post-

translational modifications of enolase 1 in CD8+ TIL that may be involved in regulated
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the activity of this enzyme. We have developed a fluorescent enolase reporter for

further investigation of the activity and subcellular localization of this enzyme.

RESULTS

A. Interrogation of glycolysis in CD8+ TIL in cancers other than melanoma.

Lewis lung carcinoma and breast tumor-infiltrating CD8+ TIL have active mTORC1 and
glucose uptake potential

In the previous chapter, we reported that the melanoma tumor-infiltrating CD8+ T cells
receive signals that promote glycolysis and that these TIL are capable of effectively
taking up glucose. Here we investigated whether these active pro-glycolytic signals and
glucose uptake potential are also found in the CD8+ TIL that infiltrate other types of
tumors. Similar proportions of Teff and CD8+ TIL isolated from Lewis lung carcinoma
(LLC) and from breast cancer (4T1) had p-mTORC1 (detected using antibody specific to
Ser2448) (Fig. 13, A and B ), a key component of the signaling that sustain glycolysis in
CD8+ T cells(49). The per cell amount of p-mTORC1 in LLC and 4T1 CD8+ TIL is
significantly higher than the amount observed in naive CD8+ T cells and at least at the
level found in acute Teff (Fig. 13B, right). These data suggest that the pro-glycolytic

signal is active in LLC and 4T1 CD8+ TIL, which is consistent with our observations made
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in melanoma.
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Figure 13: mTORC1 may be active in the CD8+ TIL that infiltrate the LLC and 4T1 tumors.

(A-B) d5 Teff were generated in C57BL/6 mice by immunization with a combination of OVA
protein, poly I:C, and anti-CD40.and isolated from spleens. TIL were isolated from 4T1 and LLC
tumors that developed subcutaneously in C57BL/6 mice for 14 days. Flow cytometric analysis of
the phosphorylation mTORC1 was performed on ex vivo naive CD8+ T cells, acute Teff, and CD8+
TIL.The numbers within representative dot plots (A) describe the frequency of cells expressing p-
mMTORC1 for individual samples. Bar graph (B, left graph) shows the overall frequency p-
MTORC1* cells within naive CD8+CD44lo or antigen-experienced (OVA-specific for Teff) Teff or
CD8+ TIL. GMFI (B, right graph) is derived from p-mTORC1* naive CD8 T cells or antigen-
experienced Teff or CD8+ TIL. Data are from three to five mice per group. Error bars represent
mean + SEM. P values were calculated using one-way ANOVA, followed by Tukey’s Multiple
Comparison Test. *p <0.05, **p<0.01, ***p<0.001.

Glucose uptake potential is one of the key steps in glucose metabolism. We did not find
significant difference in the proportion of cells that took up 2-NBDG between the acute
Teff, LLC CD8+ TIL, and 4T1 CD8+ TIL (Fig. 14, A and B). However, the GMFI of 2-NBDG in

the CD8+ TIL was significantly lower than that of the acute Teff (Fig. 14B, right),
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suggesting that the LLC and 4T1 CD8+ TIL may transport glucose to a lower degree than
acute Teff. This observation is different from melanoma CD8+ TIL, which were as
capable as acute Teff at taking up 2-NBDG. Further, the reduction in 2-NBDG uptake in
4T1 and LLC TIL is modest, and may not be rate limiting for glycolysis. Surprisingly,
although naive CD8+ T cells are known to be metabolically quiescent cells, they took up
more 2-NBDG than the Teff or any of the CD8+ TIL groups (Fig. 14B, right). Although the
underlying mechanism for this is still not understood, other groups have also previously
reported high 2-NBDG uptake potential of ex vivo naive T cells(132). The inconsistency
between the uptake and metabolism of glucose in ex vivo naive CD8+ T cells further
supports the notion that glucose uptake potential does not always reflect the actual
glycolytic activity of cells as we described in chapter 3. Further studies are required to

determine whether the Lewis lung carcinoma and breast tumor-infiltrating CD8+ TIL
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have attenuated glycolytic activity and to understand if glucose uptake is limiting

glycolysis in these cells.
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Figure 14: LLC and 4T1 CD8+ TIL take up 2-NBDG although not as efficiently as splenic CD8+ T
cells.

Samples of T cells were prepared as in Figure 13 for all panels. Glucose uptake potential of ex
vivo naive, d5 Teff, and d14 CD8+ TIL isolated from 4T1 and LLC tumors as measured by flow
cytometry after pulsing the cells with fluorescent glucose analog, 2-NBDG. The numbers within
representative dot plots (A) describe the frequency of 2-NBDG" cells for individual samples. Bar
graphs show the overall frequency (B, left) 2-NBDG" cells within naive CD8+CD44lo or OVA-
specific Teff or antigen-experienced CD8+ TIL. GMFI (B, right) is derived from 2-NBDG" naive
CD8 T cells, Teff, or CD8+ TIL. Data are from three to five mice per group. Error bars represent
mean + SEM. P values were calculated using one-way ANOVA, followed by Tukey’s Multiple
Comparison Test. *p <0.05, **p<0.01, ***p<0.001.

CD8+ TIL from different tumor types have impaired enolase activity, but not
expression.

Although the melanoma-infiltrating CD8+ TIL could efficiently take up glucose, they

were unable to completely process it through glycolysis due to impaired enolase activity
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as we described in chapter 3. Here we investigated the expression and activity of
enolase 1 in CD8+ TIL from different types of cancers to understand if the impairment of
enolase activity is a general characteristic of CD8+ TIL or a unique feature of the
melanoma model. We found that similar proportions of human melanoma and non-
small cell lung cancer (NSCLC) infiltrating CD8+ TIL and antigen-experienced (CD45R0+)
CD8+ T cells in the healthy donors PBMC express enolase 1 (Fig. 15, A and B). The per
cell amount of (GMFI) of enolase 1 in both CD8+ TIL populations were also similar to
each other, but were considerable higher than the level observed in antigen-
experienced CD8+ T cells in healthy donors PBMC (Fig. 15A, bottom left). Moreover, we
found equivalent expression of enolase 1 in melanoma and NSCLC CD8+ TIL that
express 4-1BB, a marker of cells that may have recently received TCR stimulation(123),
(Fig. 15B). Together, these data indicated that high level of enolase 1 expression seen in
CD8+ TIL is consistent across multiple human tumor types. It remains to be determined

whether the enolase 1 in the NSCLC infiltrating CD8+ TIL is functional.

We used MC38 colon adenocarcinoma to investigate whether enolase activity is
impaired in CD8+ TIL that infiltrate murine tumor models other than melanoma.
Consistent with the B16 melanoma model, a similar proportion of MC38 infiltrating
CD8+ TIL and acute Teff expressed enolase 1 (Fig. 16A). Furthermore, the per cell
expression of enolase 1in these two cell populations were also equivalent (Fig. 16A,

right graph). Importantly, we found that MC38 infiltrating CD8+ TIL had significantly less
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enolase activity than acute Teff (Fig. 16B), similar to the observation made in the
melanoma model. Taken together, these data suggest that impaired enolase activity
may limit the metabolic and effector activities of CD8+ TIL in a general manner and not

be unique to melanoma.
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Figure 15: CD8+ TIL in human melanoma and NSCLC tumors express similar amount of enolase
1.

(A-B) Flow cytometric analysis of enolase 1 protein expression in antigen-experienced CD8 T
cells in healthy donor PBMC and CD8+ TIL in human melanoma and NSCLC patient samples. The
numbers within representative dot plots describe the frequency of Enol1* cells for individual
samples. Bar graphs show the overall frequency of Enol-positive cells within CD8+CD45R0O+
cells (A, left) or CD8+CD45R0+41BB+ cells (B, left), and the GMFI of enolase 1 on
Eno1+CD8+CD45R0+ (A, right) or Eno1+CD8+CD45R0+41BB+ cells (B, right) in the indicated
samples. Data are from two healthy donor PBMC, three melanoma patient TIL, and three NSCLC
patient TIL. Error bars represent mean + SEM.
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Figure 16: Enolase is post-translationally regulated in the CD8+ TIL that infiltrated MC38
tumors.

(A) Flow cytometric analysis of enolase 1 protein expression in d5 Teff and d14 MC38 CD8+ TIL.
The frequencies of cells that express enolase 1 within OVA-specific CD8+CD44hi Teff or
CD8+CD44hi TIL are indicated. GMFlI is derived from enolase 1-expressing OVA-specific
CD8+CD44hi Teff or CD8+CD44hi TIL. (B) Fluorescence-based spectrophotometric analysis of
enolase activity (PEP formation) measured in lysates prepared from FACS-sorted d5 Teff and
CD8+ TIL. Data are representative of two independent experiments with at least three mice per
group in each(A) or on samples pooled from three vaccinated mice and five tumor-bearing mice
(B). Error bars represent mean = SEM. P values were calculated by unpaired Student’s t-test. *p
<0.05.

B. Establishing a mechanistic basis for the loss of enolase enzymatic activity

In vitro stimulation increases the expression, but not the function of glucose
transporters in CD8+ TIL

TCR stimulation is known to strongly induce glucose transporter expression and glucose
uptake in T cells(40). We hypothesized that one of the reasons that CD8+ TIL had limited

glycolysis was an inability to increase glucose transport in response to TCR stimulation.
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This could lead to a negative feedback loop on enolase activity. To investigate this, we in
vitro stimulated CD8+ TIL and age-matched Teff with anti-CD3 and anti-CD28. The
proportion of CD8+ TIL and Teff that express Glutl remained unchanged after in vitro
stimulation (Fig. 17, A and B). However, the stimulation significantly increased the per
cell expression of Glutl in both CD8+ TIL and Teff (Fig. 17B, right), showing that CD8+ TIL

can increase expression of glucose transporters in response to TCR stimulation.

Next, we tested whether in vitro stimulation also induced glucose uptake in CD8+ TIL
and age-matched Teff. In vitro stimulation of late Teff resulted in a significant increase in
the proportion of cells that took up 2-NBDG and in the per cell amount of 2-NBDG they
took up compared to the unstimulated late Teff (Fig. 17, C and D). However, in vitro
stimulation did not further increase the frequency of CD8+ TIL that took up 2-NBDG (Fig.
17, C and D), which was already high (~75%). Interestingly, while in vitro stimulation
strongly increased the GMFI of 2-NBDG in the late Teff, it did not have significant impact
in CD8+ TIL (Fig. 17D, right). These data indicate that in vitro stimulation failed to
enhance glucose uptake and/or retention in CD8+ TIL. Thus, TIL are competent at taking
up glucose. However, relatively quiescent T cells can disproportionately increase their
expression of Glutl and ultimately the amount of glucose they can acquire compared to
TIL. The basis of this is unclear, and could perhaps reflect a disconnection between TCR
stimulation and Glutl expression in TIL, and the use of additional glucose transporters

by non-TIL.
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Although the CD8+ TIL in the above study were isolated from the tumor by density
gradient separation, this technique does not completely remove the tumor cells. Hence,
we asked whether the tumor cells actively suppress the glucose uptake potential of
CD8+ TIL during the in vitro co-culture. While competition for 2-NBDG between the
tumor cells and the T cells could also limit 2-NBDG uptake by the CD8+ TIL, it is unlikely
that this occurs in these experiments given the short assay time (20 min) and the use of
100nM of 2-NBDG. To test the potential active suppression of glucose uptake, we in
vitro stimulated ex vivo late Teff for 3 days in the presence or absence of tumor cells
(B16cOVA). We observed equivalent induction of Glutl expression as well 2-NBDG
uptake in the late Teff stimulated in the presence or absence of the tumor cells (Fig. 18,
A and B). Interestingly, there were modest trends toward increase in the 2-NBDG uptake
of unstimulated late Teff co-culture with B16cOVA compared to the late Teff cultured
alone (Fig. 18B), which might be due to stimulation of these cells by the OVA antigens
on the B16cOVA. These data indicated that interaction with tumor cell does not acutely
limit the ability of Teff to increase Glutl expression and to transport glucose, suggesting
that the lower ability of CD8+ TIL to induce glucose uptake during in vitro stimulation
may be associated with a TIL-intrinsic defect rather than being repressed by signals
derived from the tumor cells. Further studies are required to determine whether CD8+
TIL could increase glucose uptake if they are purified prior to in vitro stimulation, and

whether in vitro stimulation can induce glycolytic metabolism in these cells.
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Figure 17: In vitro restimulation of CD8+ TIL modestly increases Glutl expression, but not
glucose uptake.

(A-D) Splenocytes harvested from mice immunized with a combination of OVA protein, poly I:C,
and anti-CD40 12 days prior and TIL isolated from d12 B16cOVA tumor-bearing mice were in
vitro stimulated with anti-CD3/CD28 and IL-2 or cultured in IL-2 for 2 days. (A-B) Flow cytometric
analysis of glucose transporter 1 (Glutl) protein expression in unstimulated and restimulated
Teff and CD8+ TIL. The numbers within representative dot plots(A) describe the frequency of
Glutl* cells for individual samples. Bar graphs show the overall frequency (B, left) of Glutl+ cells
within CD8+CD44hi Teff or TIL, and GMFI (B, right) Glut1l+ on Glut1+CD8+CD44hi Teff or TIL. (C-
D) Glucose uptake potential of in vitro cultured or restimulated Teff and CD8+ TIL as measured
by flow cytometry after pulsing the cells with 2-NBDG. Bar graphs (D, left) show the overall
frequency 2-NBDG" cells within the CD8+CD44hi Teff or TIL. GMFI (D, right) is derived from 2-
NBDG+CD8+CD44hi Teff or TIL. Data are representative of three independent experiments with
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samples pooled from at least three mice per group in each experiment. Error bars represent
mean + SEM. P values were calculated by unpaired Student’s t-test. *p <0.05, ***p<0.001.
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Figure 18: Tumor cells do not prevent induction of glucose uptake potential in Teff during in
vitro coculture.

Splenocytes prepared as in Figure 13 were restimulated in vitro with anti-CD3/CD28 and IL-2 in
the presence or absence of B16cOVA cells or cultured in IL-2 in the presence or absence of
B16COVA cells for 2 days. 2-NBDG uptake was assess by flow cytometry. The numbers within
representative dot plots (A) describe the frequency of 2-NBDG" cells for individual samples. Bar
graphs show the frequency of 2-NBDG" cells within the CD8+CD44hi Teff (B, left) and the GMFI
of 2-NBDG on 2-NBDG*CD8+CD44hi Teff (B, right). Data are representative of two independent
experiments with samples pooled from at least three mice per group in each experiment. Error
bars represent mean = SEM. P values were calculated by unpaired Student’s t-test. *p <0.05,
***p<0.001.

Post-translational modifications may contribute to low enolase activity in CD8+ TIL

Given the importance of enolase activity for the T cell’s metabolic and effector function,
identifying the post-translational mechanism responsible for its impairment in CD8+ TIL
is critical to develop interventions that can restore or preserve the activity of this

enzyme. In vitro stimulation via TCR engagement was insufficient to improve enolase
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activity in CD8+ TIL as we described in chapter 3. Another potential mechanism that
could regulate enolase activity is the availability of magnesium ions and, to a lesser
extent, other divalent cations such as zinc and manganese ions, which have been
reported to be to needed for enolase enzymatic activity(127). Therefore, we assessed
whether Mg?* supplementation could improve enolase activity in CD8+ TIL. In vitro
stimulation of CD8+ TIL in the presence of MgSO4 had no effect on the enolase activity in
these cells (Fig. 19), suggesting that Mg?* availability is not limiting enolase activity in
CD8+ TIL. It should be noted that although we have not assessed Mg?* uptake, we used
the amount (5mM) of MgSO4 that has been reported to increase intracellular free Mg?*
in T cells(133).
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Figure 19: Mg2+ availability may not be limiting the activity of enolase in CD8+ TIL.

FACS-sorted CD8 T cells and CD8+ TIL were in vitro cultured in IL-2 or stimulated with anti-
CD3/CD28 and IL-2 in the presence or absence of MgSO, for three days. Fluorescence-based
spectrophotometric analysis of enolase activity (PEP formation) was performed on lysates
prepared from the in vitro maintained or stimulated Teff and CD8+ TIL. Data are representative
of two independent experiments with three to five mice per group in each experiment. Error
bars represent mean + SEM.

Regulation of enolase activity by post-translational modifications (PTMs) is an

alternative hypothesis. Although the impact of PTMs on enolase activity is unknown,
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enolase has been reported to undergo phosphorylation, methylation, and
acetylation(129, 131) in other cell types. Our Western blot experiments (shown in
chapter 3) determined that enolase 1 from Teff and CD8+ TIL had similar molecular
weight, suggesting that it is unlikely that a change in conserved large molecular weight
PTMs such as the gain or loss of multiple phosphorylations is the cause of the impaired
enolase activity in CD8+ TIL. However, this observation does not rule out potential
changes in PTMs that are below the detection limit of electrophoretic shift on Western
blotting, including single phosphorylation or de-phosphorylation, or changes that
ultimately balance each other out. Therefore, to further address this question, we (in
collaboration with Dr. Ku-Lung Hsu and his graduate student Adam Borne) performed a
preliminary mass spectrometric analysis of PTMs comparing Teff and CD8+ TIL. We
found multiple differences in methylation and acetylation PTMs between Teff and CD8+
TIL, some of which were found only in Teff or only TIL (Fig. 20). Further studies are
required to validate and to manipulate these complex PTMs in order to understand

whether they are involved in impairing enolase activity in CD8+ TIL.
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Figure 20: Differential post-translational modifications of enolase 1 in acute Teff and CD8+ TIL.

Enolase is enriched by immunoprecipitation from lysates of FACS-sorted ex vivo CD8+ TIL and in
vitro generated CD8+ Teff, and subjected to mass spectrometric analysis of posttranslational
modifications (PTMs). Differential PTMs is shown in different colors. The number of spectra for
each modified peptide is normalized to the number of unmodified spectra in the y-axis and the
position on enolase 1 on the x-axis. The pfam domains are shown along the length of the protein
sequence.

C. The development of a chemical probe that allows a robust enolase
expression/activity analysis

Currently, there is no assay with a sufficient sensitivity to allow assessment of enolase
activity in the limited number of TIL that could be obtained from the early stage murine
tumors and limited human samples. Analysis of enolase activity in the CD8+ TIL from
early stage tumors or tumor draining lymph nodes is important to understand whether
these cells fail to induce enolase activity during the activation phase or lose it during the
effector phase upon entrance into the tumor (as suggested by the checkpoint inhibitor +

FTY720 experiments). Therefore, developing a reporter or a chemical probe that would
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allow a robust, single cell analysis of enolase activity would be very useful for such
investigation. A compound known as ENOblock has been reported to cross the cell
membrane and to directly bind to enolase(121, 122). Initial in vitro studies(122) and
subsequent in vivo analysis(121) have demonstrated that ENOblock inhibits enolase
activity. Based on these findings, the authors suggested that ENOblock could be “used
as a probe to characterize enolase activity in biological systems.” (121, 122). This led as
to ask if conjugating ENOblock with fluorophores such as rhodamine would give us a
fluorescent reporter that can be used to detect active enolase within the cells by flow
cytometry. We collaborated with Dr. Ku-Lung Hsu and his postdoctoral fellow Jeffery
Brulet in the Department of Chemistry and Pharmacology at the University of Virginia to
generate the fluorophore-conjugated ENOblock and named it REPO. This was achieved
by labeling ENOblock with an amine-reactive fluorescent probe 5-Carboxy-
tetramethylrhodamine N-succinimidyl ester (5-TAMRA NHS ester). The ENOblock-
rhodamine conjugate was purified by reverse-phase HPLC (High performance Liquid
chromatography) and assessed for purity by HPLC, which determined that the conjugate

was >95% pure (Fig. 21A).

Flow cytometric analysis determined that the ENOblock itself did not have significant
auto-fluorescence that could interfere with its use for the enolase 1 reporter (Fig. 21B).
We pulsed naive CD8 T cells and effector CD8 T cells with different concentrations of
REPO and determined that the optimal concentration (the amount REPO that gave a low

background and a wide separation in the peak of signal between naive and effector T
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cells) required for labeling cells was between 2.5 uM and 5 uM (Fig. 21C). Competition
analysis using free (non-fluorescent bound) ENOblock significantly reduced REPO
staining in Teff, confirming the specificity of REPO for its binding site (Fig. 21D). Taken
together, these data indicate that conjugating ENOblock with the rhodamine (5-TAMRA
NHS ester) provided a fluorescent reporter of enolase activity without impairing the

specificity of ENOblock for its binding site.
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Figure 21: Development and analysis of enolase reporter.

(A) HPLC analysis of the purity of enolase reporter (REPO) that was generated by conjugating
ENOblock with 5-TAMRA NHS ester. (B-D) Flow cytometric analysis of REPO staining in the
splenocytes harvested from mice vaccinated with OVA/poly 1:C/anti-CD40 and ex vivo pulsed
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with vehicle (media), 2.5 uM ENOblock, or 2.5 uM REPO for 15min. (B) The frequency of REPO-
positive cells within OVA-specific CD8+CD44hi T cells. (C) REPO titration as determined by
comparing the labeling of naive CD8 T cells and acute Teff with the indicated amounts of the
reporter. (D) The specificity of REPO for it biding site as determined by competition analysis
using free ENOblock as a competitor for binding site. Error bars represent mean + SEM. P values
were calculated by unpaired Student’s t-test. ***p <0.001.

Next, we assessed whether REPO can report on enolase 1 activity at single cell level. To
do this, we probed murine naive CD8+ T cells, Teff, and CD8+ TIL, which we have shown
to have different levels of enolase activity in chapter 3. Consistent with their low enolase
1 expression and activity, naive T cells were weakly stained with REPO (Fig. 22A). More
importantly, the frequency of REPO-positive cells and the GMFI of the REPO staining
were significantly lower in CD8+ TIL than Teff (Fig. 22A). These observations suggest that
the REPO reports on the activity of enolase 1 since CD8+TIL and Teff express similar
amount enolase 1, but the former has weaker enolase activity than the latter as shown
in chapter 3. Consistent with the murine studies, human melanoma CD8+ TIL also
weakly stained with REPO compared to the antigen-experienced CD8+ T cells in the
healthy donors PMBC (Fig. 6B). Together, these data strongly argue for the capacity of

REPO to label enolase 1 in an activity dependent manner although it remains to be

further validated by future studies.
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Figure 22: Murine and human CD8+TIL weakly stained with the enolase reporter.

(A) Flow cytometric analysis of REPO staining in ex vivo naive CD8 T cells, acute Teff, and
B16cOVA infiltrating CD8+TIL after the cells were pulsed with 5 pM REPO for 15min. The
numbers within representative dot plots describe the frequency of REPO* cells for individual
samples. Bar graphs (left) show the overall frequency REPO* cells within naive CD8+CD44lo or
OVA-specific Teff or CD8+ TIL. GMFI (A, right) is derived from REPO* naive CD8 T cells, OVA-
specific Teff, or OVA-specific CD8+ TIL. (B) The frequency (dot plot and left graph) of REPO+ cells
within CD8+CD45R0O+ healthy donor PBMC or human melanoma patient TIL is indicated. GMFI
of REPO (B, right graph) was derived from REPO+CD8+CD45R0+ PBMC or human TIL. Data are
representative of two experiments (A) or are on samples from two healthy donor PBMC and
three melanoma patient TIL. Error bars represent mean + SEM. P values are calculated by one-
way ANOVA, followed by Tukey’s Multiple Comparison Test (A) or unpaired student’s t-test (B).
*p <0.05, **p<0.01, ***p<0.001.

DISCUSSION
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Our investigation of the glycolytic metabolism in the melanoma infiltrating CD8+ T cells
has demonstrated that this metabolic program was restrained by the impairment of
enolase activity even though several components of the glycolytic machinery were well-
expressed and functional. The studies described in this chapter recapitulated some of
these findings in different types of cancers. For example, the CD8+ TIL that infiltrated
4T1 and LLC tumors had high level of phosphorylated mTORC1, a key player in signaling
that maintains the glycolytic metabolism(49). This suggests that the induced activity the
pro-glycolytic signaling observed in melanoma CD8+ TIL may also be present in the CD8+
TIL that infiltrate other tumor types. The 4T1 and LLC CD8+ TIL were also capable of
acquiring glucose from their environment, albeit with less efficiency than Teff.
Importantly, we found that enolase 1 was well-expressed in CD8+ TIL that infiltrate the
human melanoma and NSCLC tumors, and the murine MC38 tumors. Consistent with the
melanoma model, the activity enolase in the MC38 CD8+ TIL was post-translationally
regulated. This was demonstrated by fact that the MC38 CD8+ TIL had significantly lower
enolase activity than the Teff, which express equivalent amount of the protein. Hence, it
is likely that impairment of enolase activity limits the metabolic and effector function of
CD8+ TIL found in different types cancers. Further study using more tumor types will be
necessary to confirm this conclusion. It also remains to be determined whether post-
translational regulation of enolase activity is one of mechanisms by which the T cell
response is curtailed after the resolution of infection and/or is involved in the

exhaustion T cells in chronic viral infection.



86

The preliminary analysis of the post-translational modifications of enolase 1 as a
potential regulator of its activity detected multiple differential acetylations and
methylations in this enzyme. While it remains to be determined if these modifications
are involved in impairing enolase activity, PTMs have been reported to regulate the
activity of other metabolic enzymes (125, 134, 135). For example, deacetylation has
been shown to repress the activity of the glycolytic enzyme phosphoglycerate mutase 1
(PGAM1)(125). Lysine acetylation has also been shown to either positively or negatively
regulate the activities of enzymes involved in the metabolic programs such as TCA cycle,
gluconeogenesis, and urea cycle(134). Therefore, it is possible that the change in
acetylation state of enolase 1 lysine residues contributes to the impairment of its

activity in CD8+ TIL.

It is currently unclear whether enolase activity is not induced during the priming of CD8+
TIL or if it is repressed in these cells as they enter the TME. To aid the analysis of enolase
activity in the limited amount of samples in the TDLNs or early stage tumors in order to
address these questions, we developed a cell permeable reporter that is capable of
detecting enolase at a single cell level. This reporter is highly likely to label enolase in an
activity-dependent manner since it accumulates more in the Teff that have strong

enolase active than in the CD8+ TIL in which the enzyme is significantly less active. Naive
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CD8+ T cells weakly stained with the reporter, which could be due their limited enolase 1
expression and/or activity. More experiments will be necessary to further validate the
activity-dependency of this reporter and to identify whether the reporter binding
inhibits enolase activity. Currently, there are inconsistencies in the literature regarding
whether the small molecule (ENOblock) used to develop the enolase reporter inhibits
the enzymatic activity of enolase 1(121, 122, 136). The fact that it can differentially label
active and inactive enolase at a single cell level makes this reporter a powerful tool for
the analysis of enolase activity whether the binding is inhibitory or not. Furthermore,
this reagent could allow analysis of enolase in living cells as well as sorting of cells based
on enolase activity since it is cell permeable. It could also be useful for rapid,
simultaneous analysis of enolase subcellular location including its expression on the cell
surface, in the cytoplasm, and on the mitochondria membrane all of which have been

reported in different cell types(127, 137, 138).
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Chapter Five: Analysis of mitochondria metabolism in CD8+ TIL

INTRODUCTION

Although effector T cells primarily depend on glycolytic metabolism, it is now clear that
T cell activation also induces mitochondrial metabolism, which plays several important
roles in these cells. In fact it has been reported that TCR engagement immediately
induces mitochondrial metabolism prior to the initiation of a strong dependency on the
glycolytic metabolism(139). In addition to being an efficient source of ATP, mitochondria
also produce biosynthetic precursors that support cellular proliferation and reactive
oxygen species that serve as signaling molecules(41). Studies have also demonstrated
that mitochondrial metabolism is important for T cell activation and to initiate
proliferation in activated T cells(41, 84, 140). However, the role of mitochondria
metabolism in the activated T cells is not limited to the initial activation and
proliferation, but is also crucial for memory T cell development, longevity, and the
rapid, high magnitude recall response(132, 140). Furthermore, mitochondrial
metabolism is the major metabolic program that supports the functional activities of
chronically activated T cells found in graft-versus-host responses(92, 141) and T cells in
some autoimmune diseases(72, 142). The importance of mitochondrial metabolism for
the longevity of antigen-experienced T cells and the function of chronically activated T

cells may suggest that engaging this metabolic program could be beneficial for the CD8+
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TIL, which are known to undergo progressive loss of function and to receive chronic

stimulation in the TME.

In the previous chapters, we showed that both glycolytic and mitochondrial oxidative
phosphorylation (OXPHOS) are attenuated in CD8+ TIL when compared to Teff. Our
investigation of the basis for suppression of glycolytic metabolism has identified
impaired enolase activity as a mediator of glycolytic deficiency of these cells. In addition
to glycolysis, weak enolase activity could limit mitochondrial metabolism since its
product phosphoenolpyruvate (PEP) is a precursor for the synthesis of pyruvate, which
is one of substrates for mitochondrial metabolism. Interestingly, enolase 1 has also been
reported to bind to mitochondria and to regulate their function(138). In
cardiomyocytes, the mitochondrial binding of enolase 1 has been reported to prevent
Ca?*overload into the mitochondria resulting in a loss of the membrane potential(138).
In T cells, the metabolic product of enolase 1 (PEP) has been shown to regulate the
cytoplasmic pool of Ca?*via inhibition of its uptake into the endoplasmic reticulum(22).
Hence, if PEP also regulates mitochondrial Ca®* channels, the lack of enolase activity in
CD8+ TIL may contribute to the deficiency in OXPHOS observed in these cells although
we have not investigated this possibility. However, the OXPHOS deficiency observed in
the CD8+ TIL cannot be fully explained by limited availability of glycolysis-derived
pyruvate alone, since other nutrients such as glutamine and fatty acid could also fuel

the mitochondrial metabolism(64). There are multiple potential causes of OXPHOS
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deficiency in CD8+ TIL including limited nutrients availability, lack of metabolic plasticity,

and loss of mitochondrial mass and/or function.

It is well established that different nutrients feed into mitochondria via different
metabolic pathways(64). For example, as mentioned above, glucose is processed
through glycolysis to produce pyruvate, some of which enters the mitochondria and is
converted into acetyl-CoA by the pyruvate dehydrogenase (PDH) complex (64). Acetyl-
CoA then enters the tricarboxylic acid (TCA) cycle and is used to produce intermediary
metabolites and high energy molecules NADH and FADH;, which donate electrons to
the mitochondrial electron transport chain (ETC) of OXPHOS to drive ATP production(69,
75). Alloreactive effector T cells(141) and memory T cells(132, 140) metabolize fatty acid
via fatty acid oxidation (FAO) in the mitochondria to produce acetyl-CoA, which is
consumed in the TCA cycle similar to the pyruvate-derived acetyl-CoA to fuel OXPHOS.
Glutamine is another important nutrient that is known to fuel OXPHOS in effector T
cells(35, 41, 82). Glutamine is converted into a-ketoglutarate in the metabolic process
known as glutaminolysis and directly enters mitochondria TCA cycle(35, 64). The

activation of T cells has been reported to strongly induce glutaminolysis(35).

It has become increasingly clear that T cells have significant metabolic plasticity that
would allow them to switch between different metabolic programs or substrate
utilization under conditions of nutrient limitation or metabolic stress(37, 73, 82, 87). For
example, CD8+ effector T cells increase OXPHOS and glutaminolysis when glucose or

glycolysis is restricted(82). This understanding raises an interesting question regarding
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why CD8+ TIL fail to upregulate OXPHOS by inducing glutaminolysis or the consumption
of other nutrients while they have low glycolytic activity. One of the hypotheses that
could explain this scenario is that CD8+ TIL either lack metabolic plasticity or have a

mitochondrial alteration that hinders induction/maintenance of OXPHOS.

Here we investigated the mechanisms that impede CD8+ TIL from inducing OXPHOS to
compensate for their glycolytic deficiency. We found that CD8+ retain low OXPHOS in
the presence of different nutrients that can fuel mitochondria, suggesting that
mitochondrial substrate availability is not the major limited factor for OXPHOS in CD8+
TIL. Rather, CD8+ TIL possess low mitochondrial mass and severe deficiency of
mitochondrial membrane potential that restrict their OXPHOS capacity irrespective of
the availability of nutrients. This is consistent with the ability of exogenous pyruvate to

at least partially rescue OXPHOS in these cells as described in chapter 3.

RESULTS

Effector CD8+ T cells induce mitochondrial metabolism in addition to glycolysis

Although glycolysis is thought to be the primary metabolic choice of effector T cells, it
has recently been appreciated that mitochondrial metabolism is in also induced and
plays an important role in effect T cells(72, 92, 141, 142). To test whether the ex vivo
effector T cells generated by our model system (vaccination strategy) utilize both

glycolytic and OXPHOS metabolism, we assessed the ECAR and OCR of CD8+ Teff. As
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expected, CD8+ Teff had significantly higher ECAR and OCR than naive CD8+ T cells (Fig.
23, A and B). In chapter 3, we have shown that CD8+ TIL have low ECAR and OXPHOS
compared to CD8+ Teff, and that bypassing glycolysis via pyruvate provision improves
the ECAR, OXPHOS, and functional activity of CD8+ TIL. The improved effector function
observed in pyruvate treated CD8+ TIL could presumably be a combined-effect of the
glycolytic and mitochondrial metabolism. To determine the contribution of OXPHOS to
the effector function of CD8+ TIL during pyruvate treatment, we assessed the impact of
inhibiting OXPHOS (oligomycin treatment) on cytokine production from pyruvate-
treated CD8+ TIL. The inhibitor significantly reduced IFNy production from pyruvate-
treated CD8+ TIL (Fig. 24, A and B), indicating that augmenting mitochondria
metabolism could improve effector function of CD8+ TIL. However, pyruvate was not
sufficient to fully rescue OXPHQOS in CD8+ TIL as show in chapter 3. This suggests that

there are additional factors that limit the mitochondria metabolism in CD8+ TIL.
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Figure 23: Activation of CD8 T cells induces both glycolysis and OXPHOS.

(A-B) Naive and d5 antigen-specific effector CD8+ T cells were FACS-sorted from the spleens of
C57BI/6 mice immunized with OVA protein, poly I:C, and anti-CD40. (A) Ex vivo T cell glycolytic
metabolism as measured by the extracellular acidification rate (ECAR) during the Seahorse
assay. Basal ECAR was measured in unmanipulated cells while the maximum (Max.) ECAR was
guantified after exposing cells to a mitochondrial ATP synthase inhibitor (1 uM oligomycin)
during the extracellular flux assay. (B) Oxidative phosphorylation (OXPHOS) of the cells in A as
measured by oxygen consumption rate (OCR) assessed via Seahorse assay. Basal OCR was
measured in cells under steady state while maximum OCR determined after cells were exposed
to un-coupler of mitochondrial OXPHOS (1 uM FCCP). Data are representative of four
independent experiments with n=3 mice per group in each experiment. Error bars represent
mean + SEM. P values were calculated by unpaired student’s t-test. ***p<0.001.
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Figure 24: OXPHOS contributes to CD8+ TIL function.

(A-B) Flow cytometric analysis of IFNy production from FACS-sorted CD8+ TIL that were cultured
overnight in the media containing 2mM pyruvate and then in vitro restimulated with 1 pg/ml
anti-CD3 for 4 hours in the presence of vehicle (Veh., DMSO) or 1 uM oligomycin (oligo). (A)
Representative dot plots with the frequency IFNy* CD8+ TIL from each sample indicated. (B)
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Overall frequency (left bar graph) of IFNy* cells of CD8+CD44hi TIL and the GMFI (right bar
graph) of IFNy on the IFNy+CD8+CD44hi TIL. Data are representative of two independent
experiments with samples pooled from n=5-7 mice per group in each experiment. Error bars
represent mean + SEM. P values were calculated by unpaired student’s t-test. **p<0.01

Nutrient availability is not the major limiting factor in CD8+ TIL mitochondrial
metabolism

Glucose fuels the mitochondrial metabolism through pyruvate, which is completely
oxidized in the TCA cycle and results in efficient ATP production. Hence, it would be
expected that CD8+ TIL oxidize most of their pyruvate in the mitochondria, rather than
converting it to lactate, since they have a deficiency in ATP as shown in chapter 3. We
assessed the capacity of CD8+ TIL to oxidize glucose by measuring the amount of CO»
liberated from radioactive glucose-derived pyruvate during its oxidation in the TCA
cycle(35). Interestingly, the level of glucose oxidation in CD8+ TIL was similar to that of
metabolically quiescent naive CD8+ T cells and significantly lower than that of the age-
matched Teff (Fig. 25A), which had low overall metabolic activity as demonstrated in
chapter 3. The amount of glucose-derived carbon that CD8+ TIL incorporated into fatty
acid during de novo lipogenesis, which occurs through the consumption of TCA cycle
intermediate citrate(143), was also very similar to that of the metabolically quiescent T
cells (Fig. 25B). This may further support the notion that CD8+ TIL do not efficiently

oxidize glucose.

There are multiple nutrients other than glucose/pyruvate that can fuel the

mitochondria. It has been reported that T cells induce glutamine metabolism during
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activation and that effector T cells can use glutamine as fuel source under glucose
deprivation condition(35, 82). Hence, we tested whether CD8+ TIL can efficiently engage
glutaminolysis (the metabolism of glutamine in the mitochondria), which could indicate
that glutamine availability is limiting the mitochondrial metabolism in CD8+ TIL. We
found similar levels of glutamine oxidized in CD8+ TIL and the metabolically quiescent
naive and late effector CD8+ T cells (Fig. 25C). These cell populations had also
incorporated similar amount of glutamine-derived carbons into fatty acid during de
novo lipogenesis (Fig. 25D), supporting the notion that these cells have similar levels of
glutamine oxidation. Together these data suggest that CD8+ TIL consume glutamine at
an equivalent rate of quiescent cells. Thus, CD8+ TIL do not appear to have engaged

glutaminolysis to compensate for low glucose metabolism.

Fatty acid is another nutrient that can fuel the mitochondrial metabolism(63, 141).
Previous unpublished studies from our laboratory identified enhanced fatty acid
accumulation in CD8+ TIL compared to CD8 T cells in the spleens of tumor-bearing mice
and dendritic cells (DC) (Fig. 26A), indicating that fatty acid availability is not a limiting
factor in mitochondrial fatty acid oxidation (FAO) or OXPHQOS. Fatty acid accumulation
has been associated with dysfunction of DC found in the tumors(144), but whether it is
involved in CD8+ TIL is dysfunction is unknown. T cells can either synthesize fatty acids
or acquire it from their environment(145). The de novo synthesis of fatty acid is rate

limited by acetyl-CoA carboxylase 1 (ACC1)(146, 147). To begin to understand if de novo
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lipogenesis contributes to CD8+ TIL dysfunction, we generated a Granzyme B-Cre x
ACC1%f mouse model in which ACC1 would be deleted after T cells become active and
start expressing granzyme B. In a preliminary study, the deletion of ACC1 resulted is
significantly slower tumor outgrowth (Fig. 26B), suggesting that synthesis of FA may be
limiting the ability of CD8+ T cell to control tumors. Future experiments will confirm
whether ACC1 deletion promotes the antitumor activity of CD8+ TIL, and whether this is

directly related to reducing fatty acid accumulation.

The oxidation of fatty acid is rate-limited by a key enzyme known as CPT1a, which is
critical for the uptake of fatty acids into the mitochondrial to enter FAO(148). The
frequency of cells that express CTP1a and the per cell amount of this protein are
significant higher in CD8+ TIL than naive CD8 T cells and age-matched Teff (Fig. 26, C and
D). However, CD8+ TIL express less CPT1a than acute Teff (Fig. 26, C and D), which may
reduce FAO and contribute to the accumulation of fatty acid in CD8+ TIL. However,
more in-depth analysis of FAO is required to confirm this conclusion since nutrient
uptake potential is not always a reflective of the actual metabolic activity of cells as we

demonstrated in the previous chapter with glucose uptake and glycolysis.

Collectively, the above studies and the glucose transport analysis in the chapter 3
indicated that the availability and uptake of the nutrients that can fuel mitochondrial

metabolism were not the major limiting factors for OXPHOS in CD8+ TIL.
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Figure 25: The availability of glucose or glutamine may not be the major limiting factor in CD8+
TIL mitochondrial metabolism.

(A-D) Naive and d17 antigen-specific CD8+ T cells were FACS sorted from the spleens of C57BI/6
mice immunized with OVA protein, poly I:C, and anti-CD40 while antigen-experienced CD8+ TIL
were FACS sorted from d17 B16cOVA-bearing mice. (A) Glucose oxidation as measured by the
generation of *C02 from [**C] glucose in the TCA cycle. (B) The incorporation of glucose-derived
carbon into lipid during de novo lipogenesis was measured by radiotracer-based assay. (C)
Glutamine oxidation as quantified by the generation of *C02 from [**C] glutamine. (D)The
incorporation carbon derived from [U-1*C]-glutamine into lipid was determined by radiotracer
assay. Data are on three mice per group. Error bars represent mean = SEM. P values were
calculated using one-way ANOVA, followed by Tukey’s Multiple Comparison Test. *p <0.05,
***p<0.001.
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Figure 26: CD8+ TIL do not exhibit fatty acid deficiency.

(A) Flow cytometric analysis of fatty acid accumulation (BODIPY labeling) in the CD8 T cells and
dendritic cells (DC) isolated from the spleens, tumor draining lymph nodes, and tumors of d17
B16cOVA-bearing. (B) B16cOVA tumor outgrowth in wild type (WT) mice and ACC1 knockout
(ACC1 KO) mice. (C-D) Flow cytometric analysis of CPT1a expression in naive and effector CD8 T
cells isolated from the spleens of mice immunized five days prior as in Figure 25 and in CD8+ TIL
prepared from d14 B16cOVA tumors developed subcutaneously in C57BL/6 mice. Frequency (C
and D, left) of CPT1* cells among naive CD8+CD44lo, OVA-specific Teff, or OVA-specific CD8+ TIL
and GMFI (D, right) of CPT1 on CPT1-expressing naive CD8+CD44lo, OVA-specific Teff or OVA-
specific CD8+ TIL are indicated. Error bars represent mean + SEM. P values were calculated using
one-way ANOVA, followed by Tukey’s Multiple Comparison Test. *p <0.05, ***p<0.001.

The mitochondrial content and function of CD8+ TIL are consistent with their low
OXPHOS capability
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Although CD8+ TIL have attenuated glycolytic activity, they fail to engage a
compensatory increase in mitochondrial metabolism even when provided different
types of nutrients that can feed into the mitochondria. This led us to reason that CD8+
TIL may have limited mitochondrial content and/or function that prevent them from
engaging strong mitochondrial metabolism. To test this possibility, we measured
mitochondrial content by using MitoTracker Green (MTG, fluorescent dye), which labels
mitochondria irrespective of their functional status (membrane potential) by binding to
the free thiol groups of cysteine residues in the mitochondria proteins(76). This assay
identified that CD8+ TIL have significant lower amount of mitochondrial mass compared
to acute Teff (Fig. 27, A and B). However, CD8+ TIL have more mitochondria than naive
CD8+ T cells (Fig. 27, A and B), which is consistent with higher OXPHOS in CD8+ TIL than
naive CD8 T cells. To determine the functional status of the mitochondria in these cells,
we measured mitochondrial membrane potential with tetra-methylrhodamine ester
(TMRE), a membrane potential-sensitive cationic fluorescent dye, which preferentially
accumulates in the matrix of polarized mitochondria due to their more negative inner
membrane potential(76). Impressively, while all of the Teff stained with TMRE, only
about half of the CD8+ TIL were found to be TMRE-positive (Fig. 27, C and D), suggesting
that some of the CD8+ TIL do not have the mitochondrial membrane potential that is
critical for OXPHOS. Furthermore, there was about 4-fold higher level of TMRE staining
in the Teff than CD8+ TIL at per cell level (GMFI) among the cells that stained positive for

the dye (Fig. 27D) indicating less functional mitochondria in each CD8+ TIL. To
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demonstrate that difference in TMRE GMFI is not simply the result of difference in total
mitochondria (assessed by MTG), we normalized the TMRE data of each population by
their prospective MTG GMFI. This analysis determined significantly lower normalized
TMRE GMFI in CD8+ TIL than Teff (Fig. 27E), suggesting that the lower mitochondrial
membrane potential observed in CD8+ TIL is a characteristic of these cells rather than

being a function of their lower mitochondrial mass.

To further understand the comparative mitochondrial metabolic activity of CD8+ TIL and
acute Teff, we assessed the relative composition of metabolic intermediates that are
produced in the TCA cycle. This investigation determined 2-4-fold lower TCA
intermediates in CD8+ TIL than acute Teff (Fig. 28), confirming the reduced

mitochondrial function of CD8+ TIL determined by the TMRE staining.

In the above studies, we compared naive CD8+ T cells, acute Teff, and day 14 CD8+ TIL.
Therefore, we wondered whether the low mitochondrial content and function observed
in CD8+ TIL are associated with the notion that these cells are old effectors. To
investigate this concern, we assessed mitochondrial content and membrane potential of
age-matched Teff and CD8+ TIL. These experiments determined higher MTG staining in
CD8+ TIL than in age-matched Teff (Fig. 29A), which argues against age-associated loss

of mitochondrial mass in CD8+ TIL. Furthermore, the proportion of CD8+ TIL that stained
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with TMRE and the GMFI of TMRE in CD8+ TIL are significantly higher than the levels
observed in age-matched Teff (Fig. 29B), in agreement with the higher OXPHOS in CD8+
TIL than age-matched Teff shown in chapter 3. These observations are also consistent
with the notion that although CD8+ TIL have low metabolic activity compared to acute

Teff, they are not metabolically quiescent like naive T cells.

To understand the functional state of mitochondria in the CD8+ TIL in human cancer, we
conducted the TMRE analysis in healthy donors PBMC and human melanoma TIL. Only
about 50% of the human CD8+ TIL stained with TMRE, and the frequency and intensity
of TMRE staining in these cells were similar to that observed in resting antigen-
experienced CD8+ T cells in healthy donor PBMC (Fig. 30), which are expected to have
low metabolic activity because of their quiescent state(64, 149). Hence, the human
melanoma CD8+ TIL may have low mitochondrial metabolic activity similar to the CD8+
TIL that infiltrate murine melanoma tumors. However, more accurate experiments such
as measurement of OXPHOS or nutrient oxidation are necessary to support this
conclusion. Collectively, our mitochondrial studies indicated that the availability and
function of these critical organelles might be a major limiting factor in CD8+ TIL

OXPHOS.
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Figure 27: CD8+ TIL have low mitochondria mass and function, which are constituent with
their limited OXPHOS capability.

(A-E) Naive CD8 T cells, Teff, and CD8+ TIL were prepare as in Figure 26C. (A-B) Flow cytometric
analysis of mitochondrial mass through measurement of the accumulation of MitoTracker Green
(MTG), membrane potential independent mitochondrial labeling dye. Frequency (A and B, left)
of MTG" cells among naive CD8+CD44lo, OVA-specific Teff, or OVA-specific CD8+ TIL, and GMFI
(B, right) of MTG on MTG-positive naive CD8+CD44lo, OVA-specific Teff, or OVA-specific CD8+
TIL are indicated. (C-D) Mitochondrial membrane potential as determined by potentiometric
dye TMRE accumulation in the indicated cells. Frequency (C and D, left) of TMRE* cells among
naive CD8+CD44lo, OVA-specific Teff, or OVA-specific CD8+ TIL, and GMFI (D, right) of TMRE on
TMRE-positive naive CD8+CD44lo, OVA-specific Teff, or OVA-specific CD8+ TIL are indicated. (E)
Ratio of the GMFI of TMRE (from panel D, right) to GMFI of MTG (from panel B, right). Error bars
represent mean + SEM. P values were calculated using one-way ANOVA, followed by Tukey’s
Multiple Comparison Test. *p <0.05, *p <0.01, ***p<0.001.



Figure 28: CD8+ TIL have low TCA cycle active compared to acute Teff.
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Metabolomic analysis of the relative TCA cycle metabolites composition of d5 Teff and d14 CD8+
TIL normalized to that of naive CD8+ T cells. Metabolites were extracted from FACS-sorted
naive, d5 Teff, and CD8+ TIL that were prepared and subjected to mass spectrometric analysis as

in Figure 4.
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Figure 29: Mitochondrial dysfunction may not be associated with the age of CD8+ TIL.
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(A-B) MTG and TMRE analysis was done as in Figure 28. d13 Teff were isolated from the spleens
of mice immunized with OVA protein, poly I:C, and anti-CD40 while d13 TIL were isolated from
B16cOVA tumor-bearing mice. Data are representative of two independent experiments with
three mice per group in each. Error bars represent mean + SEM. P values were calculated by
unpaired student’s t-test. **p<0.01*p <0.01.
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Figure 30: Human melanoma CD8+TIL have similar level membrane potential as quiescent
antigen-experience CD8 T cells in healthy donors PBMC.

Mitochondrial membrane potential of antigen-experienced CD8 T cells in the healthy donor
PBMC and melanoma TIL was determined by measuring TMRE staining with flow cytometry.
Frequency (dot plots and left graph) of TMRE* cells among CD8+CD45R0O+ T cells and GMFI of
TMRE on TMRE*CD8+CD45R0O+ cells are indicated. Data are on samples from two healthy donors
and three melanoma patients. Error bars represent mean + SEM.

DISCUSSION

Mitochondrial metabolism can support the generation and function of effector T cells
(41, 84, 92, 140, 141). However, the activity of this metabolic program was
compromised in CD8+ TIL as we showed in chapter 3 and others have also reported(23,
24). The mitochondrial metabolic deficiency of CD8+ TIL was partly linked to the inability

of the glycolytic metabolism to efficiently produce pyruvate. This was demonstrated
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with our glycolysis bypassing approach in which the provision of exogenous pyruvate
significantly increased OXPHOS and cytokine production capability of CD8+ TIL,
indicating that mitochondria in TIL have some residual activity. Inhibition of OXPHOS
reduced the capacity of pyruvate to rescue cytokine production in CD8+ TIL, which
indirectly showed that the glycolytic deficiency constrained the mitochondrial function.
However, pyruvate was able to only partial rescue the OXPHOS in CD8+ TIL (chapter 3),
suggesting the existence of additional mechanisms that limit mitochondrial metabolism

in these cells.

In addition to glucose, mitochondria can consume glutamine and fatty acid to support
OXPHOS(35, 64). The entry of glutamine and fatty acid into mitochondria metabolism
does not require glycolytic activity since these nutrients are not processed by glycolysis.
In fact, repression of glycolysis or glucose deprivation leads to a compensatory increase
in glutamine metabolism(82). Our analysis of the consumption of glucose and glutamine
in the mitochondrial TCA cycle determined that CD8+TIL metabolized these nutrients at
an equivalent rate as other quiescent T cells. These studies suggest that nutrient

availability was also not limiting the OXPHOS in CD8+ TIL.

Mitochondrial dysfunction may be a major mediator of the OXPHOS deficiency in CD8+

TIL. These cells exhibited a striking deficiency of mitochondrial membrane potential, a
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critical component of the OXPHOS. CD8+ TIL also had reduced mitochondrial mass
compared to acute Teff, and others have also reported even larger loss of mitochondrial
mass in CD8+ TIL(24). We have also previously reported loss of membrane potential in
the TIL that infiltrate the human renal cancer although these TIL did not exhibit a
reduction in mitochondrial mass(23). Interestingly, enolase 1 has been reported to play
an important role in stabilizing mitochondrial membrane(138) and in promoting
acquisition of mitochondria morphology that is suitable for engagement of enhanced
OXPHOS(150). It is currently unclear whether enolase activity is necessary for its role in
the regulation mitochondria. However, it is tempting to hypothesize that the
impairment of enolase activity in CD8+ TIL contributes to the mitochondrial dysfunction
not only by limiting pyruvate availability, but also by repressing mitochondrial
membrane potential. Other studies in the lab are currently investigating the basis of
mitochondrial dysfunction in TIL, and have observed a hyper-punctate phenotype that is
consistent with damaged mitochondria with reduced OXPHOS capabilities (Marissa
Gonzales, personal communication). Thus, approaches that promote elongation of
mitochondria might be anticipated to increase OXPHOS capabilities and work with

enolase-reactivation to promote overall metabolic fitness of CD8+ TIL.
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Chapter 6: Conclusions and Future Directions

Metabolic activity of CD8+ TIL

The link between immunological and metabolic activities of T cells has recently become
an area of intense investigation in the field of immunology. Such studies have
established that elevated metabolic activity is critical for the growth, proliferation,
survival and effector function of activated T cells(38—42). In this work, we investigated
whether CD8+ TIL have a metabolic insufficiency that either underlies or contributes to
their dysfunction. Collectively, our work has demonstrated that CD8+ TIL have
attenuated glycolytic and oxidative metabolic activity, and that these metabolic
limitations constrain their effector functions by limiting the availability of cellular
metabolites that are essential for T cell function (Fig. 31). Furthermore, we discovered
that post-translational regulation of the activity of enolase 1, a key glycolytic enzyme,
limits glycolytic metabolism at the level of phosphoenolpyruvate production in CD8+ TIL.
Phosphoenolpyruvate deficiency constrained the production of a downstream
metabolite pyruvate, and impeded the metabolic and effector function of CD8+ TIL.
Impaired enolase activity is also evident in the T cells that infiltrate the human
melanoma tumors. Our studies have also demonstrated that an immune checkpoint
blockade therapy that promoted antitumor immunity generated CD8+ TIL with stronger
enolase activity. The improved enolase activity of checkpoint-treated CD8+ TIL was

important for their effector function. Furthermore, we showed that the impairment of
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enolase activity also diminished the OXPHOS capability of CD8+ TIL via limitation of
glucose-derived pyruvate that fed into mitochondrial metabolism. CD8+ TIL also have
reduced mitochondrial content and function, which contributes to their repressed

oxidative metabolism.
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Figure 31: Model of CD8+ TIL metabolic and effector function restraint by impaired enolase
activity.

Impaired enolase activity represses glycolytic metabolism at the level of phosphoenolpyruvate
(PEP) production and dampens OXPHOS by limiting pyruvate availability. Hence, loss of enolase
activity contributes the dysfunction of CD8+ TIL by diminishing the ability of glycolytic
metabolism (PEP and pyruvate) and OXPHOS to support effector function. Loss of mitochondrial
mass (represent by number of mitochondria) and membrane potential (represented by change
in color of mitochondrial, lighter green) also restrict the OXPHOS capability of CD8+ TIL.
Potential mechanisms of enolase impairment, including the checkpoint molecules and PTMs we
assessed in this work, are represented by dash lines.
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Role of competition for glucose and cell-intrinsic mechanism in controlling the

metabolic activity of CD8+ TIL

High glycolytic activity is a metabolic characteristic of both tumor cells(151, 152) and
activated T cells(35, 152). Such understanding led to the hypothesis that competition for
glucose between the tumor cells and TIL would result in attenuated glycolytic activity in
the CD8+ TIL. A recent work has attempted to test this hypothesis by studying the effect
of glucose-deprivation on T cells responding to murine sarcoma cell lines with low or
high glycolytic activity(21). That study found a lower glycolytic activity in CD8+ TIL
isolated from the more glycolytic tumors (less glucose in the TME) compared to the
CD8+ TIL from the tumors with lower glycolytic activity (more glucose in the TME),
supporting the competition hypothesis. Another recent study has provided more
support for this hypothesis by showing that the TME has limited amount of glucose
compared to spleen and blood, and that such nutrient restriction could negatively
impact the glycolytic and effector function of T cells(22). Our work identified a novel
cell-intrinsic mechanism of regulation of the glycolytic metabolism in CD8+ TIL. We
found that even though these cells could effectively take up glucose, they retained low
glycolytic activity under ex vivo conditions that allowed access to physiological amount
of glucose and removed competition from other cells (by FACS-purification). These
findings indicated that a cell-intrinsic regulatory mechanism, rather than simply glucose

deprivation, restrains the glycolytic activity of CD8+ TIL. Our investigation of this
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mechanism has determined that impairment of enolase activity is a mediator of the
attenuated glycolytic activity in CD8+ TIL. Bypassing enolase activity significantly
improved the metabolic and effector function of CD8+ TIL, further supporting the role of
processes other than simple unavailability of glucose in impacting the glycolytic activity
of CD8+ TIL. However, it is tempting to speculate that the prolonged glucose deprivation
that the CD8+ TIL experience in the TME initiates the impairment of enolase activity. In
support of this notion, glucose restriction has been reported to repress the activities of
other metabolic enzymes in different cells(125, 134). To test the impact of prolonged
glucose restriction on the enolase and glycolytic activity of T cells, we could culture in
vitro activated CD8 T cells in media containing either the amount of glucose reported in
TME (0.6 mM) or physiological amount (10 mM) of glucose that has been reported in
the spleen of mice(22). T cells would be provided physiological amounts of glucose
during the initial activation to mimic the access to glucose that might be available in the
lymph node, and then further cultured in IL-2 and 0.6 mM or 10 mM glucose. Enolase
and glycolytic activity would be assessed every two days while the cells that remain in
culture would receive fresh media containing IL-2 and the appropriate amount of
glucose at each time point. This study will clarify if there is a link between the
impairment of enolase activity and the glucose deprivation, which may explain the

relationship between the model based on competition for glucose and our work.
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Failure to induce glycolysis versus loss of glycolytic activity in CD8+ TIL

The glycolytic deficiency of CD8+ TIL could be a result of either failed induction during
the T cell priming phase or a failure to sustain in the TME. The results of our
investigation of several cellular programs that are activated during metabolic induction
are consistent with dysregulation or suppression of glycolysis, rather than a failure in its
initial induction in CD8+ T cells being activated in the TDLN. For example, our analysis of
glucose transport determined that CD8+ TIL expressed high levels of glucose
transporters and are capable of effectively taking up glucose, indicating successful
mobilization of glucose transport machinery. We also observed that CD8+ TIL had active
cellular signals that are important for maintenance of elevated glycolytic activity(40, 44,
51, 77, 78), and expressed high levels of key glycolytic enzymes. More importantly, our
metabolomics analysis determined that the majority of the steps involved in glycolysis
were as active in CD8+ TIL as in Teff as judged by the relative amounts of intermediary
metabolites they produced compared to similar steps in effector T cells that were highly
glycolytic. Finally, T cells responding to tumors after checkpoint inhibition has relatively

high enolase activity, suggesting appropriate induction of glycolysis.

Direct investigation of whether the priming of CD8+ TIL induces glycolytic metabolism is
currently technically challenging since there is no sensitive metabolic assay that can be

used to interrogate glycolytic activity in the limited number of antigen-specific CD8 T
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cells in the tumor draining lymph nodes or in early stage tumors. While the enolase
reporter we have developed in this work has the sensitivity to study glycolysis at the
level of the reaction catalyzed by this enolase 1, it cannot determine the potential
repression of glycolysis by other mechanisms and we do not know when enolase itself
becomes impaired. Hence, assessing the overall glycolytic activity may be important
when investigating the induction and maintenance of this metabolic program in CD8+
TIL. Such studies can be done in couple of ways if sensitive metabolic assays are
developed. One of the approaches is to assess the glycolytic activity of CD8+ TIL at
different time points starting when tumors becomes first palpable, which is around day
7 post-tumor injection for B16cOVA. The second approach is to use adoptive T cell
transfer experiment in which TCR-transgenic (OT-I or Pmel) CD8+ T cells would be
transferred into B16cOVA tumor-bearing mice or vaccinated mice in the presence or
absence of FTY-720 treatment. The vaccination cohort will be included to generate Teff
for positive control while the FTY-720 treatment will be important to assess if CD8+ TIL
lose glycolytic activity when they enter the TME. The transferred cells would be re-
isolated from the tumor draining lymph nodes (TDLN), tumors, and spleens at different
time points beginning on day 3 post-transfer and subjected to analysis of glycolytic
activity. Even though it might not fully address the question about lack of induction
verse repression of glycolysis by itself, assessing enolase activity in the above
experiments could provide insight into whether CD8+ TIL fail to activate enolase during

priming or are unable to sustain its activity in the TME. Whether these studies identify a
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defect in the induction or repression in the TME as the mediator of the glycolytic
insufficiency of CD8+ TIL, they will shed some light on the mechanism of regulation of
glycolysis and provide important foundations for designing approaches to promote this

metabolic program.

Mechanism of enolase impairment

Our investigation of the mechanisms of impairment of enolase activity in CD8+ TIL have
determined that this enzyme is post-translationally regulated since we did not observe
any alteration in Enol gene transcription or mRNA translation. We have also
determined that enolase cannot be reactivated in CD8+ TIL by providing a stimulation
condition that was capable of further increasing the activity of this enzyme in Teff.
However, we have not assessed the potential contribution of chronic antigen exposure
to the impairment of enolase activity in CD8+ TIL. Notably, chronic stimulation of T cells
by viral (153) or tumor(24) antigens has been shown to alter the metabolic activity of T
cells. The impact on chronic antigen exposure on enolase activity could be tested by
using the chronic lymphocytic choriomeningitis virus (LCMV) infection or in vitro chronic
stimulation. In LCMV studies, we could infect mice with LCMV Armstrong, which would
be acutely cleared, or LCMV clone 13 to generate chronic infection(153). Enolase
expression and activity would be assessed at different time-point including day 8 post-

infection, a time-point at which CD8+ T cells responding to the chronic LCMV have been
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shown to have repressed glycolysis(153). Alternatively, repetitive in vitro stimulation of
CD8+ T cells could be employed as a model for chronic antigen exposure(154) to study
whether persistent stimulation impairs enolase activity. Although the in vitro chronic
stimulation conditions would not necessarily reflect the physiological environment of
tumors, it allows elimination of factors other than antigen availability (such as
generation of new wave of effectors and change in viral load and cytokine milieu) that

may impact the LCMV Clone 13 model.

While the above studies may shed some light on the immunological basis for the
initiation of impaired enolase enzymatic activity, they will not address the potential
biochemical mechanisms that regulates the activity of this enzyme. Little is known about
how enolase activity is post-translationally regulated. Divalent cations such as
magnesium ions are known cofactors for enolase(127, 131). However, we did not
observe significant change in enolase activity following in vitro treatment of CD8+ TIL
with MgS04, suggesting that the availability of Mg?* was not limiting enolase activity in
these cells. Other potential post-translational regulators of enolase activity are post-
translational modifications (PTMs) since enolase has reported to undergo acetylation,
methylation, and phosphorylation in highly glycolytic tumor cells(129, 131). Our
preliminary analysis of PTMs of enolase 1 from CD8+ TIL and acute Teff identified
differential acetylation of lysine and methylation of lysine, aspartic acid, and glutamic

acid. Some of these modifications were present either only the CD8+ TIL or Teff. These
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modifications need to be confirmed with repeat experiments and targeted mass
spectrometric analysis. If they are real, there are multiple literature reports indicating
the potential of such PTMs to regulate protein functions. Particularly, lysine acetylation
has been reported to activate some metabolic enzymes while they inhibit others(125,
134, 135). Therefore, we hypothesize that the differential acetylation of lysine residues
identified in enolase 1 from CD8+ TIL contributes to the inactivity of this enzyme. This
hypothesis could be tested by using recombinant enolase 1 proteins others have
previous used to directly assess enolase activity(122, 136). During the generation the
recombinant enolase 1, we would substitute one or more of the lysine residues that
were differentially acetylated in CD8+ TIL with arginine or glutamine and assess the
impact of deacetylation or acetylation of lysine on enolase activity. It has been reported
that lysine to arginine substitution mimics lysine deacetylation while lysine to glutamine
mutation mimics lysine acetylation(125). Alternatively, the impact of enolase 1
acetylation on its activity might be assessed by treating CD8+ TIL in vitro with lysine
deacetylase (KDAC) inhibitors such as trichostatin A (TSA) and/or nicotinamide (NAM),
which have been shown to increase the acetylation of other enzymes(125, 134). We
could also prepare cell lysate from CD8+ TIL and in vitro treat it with deacetylase
inhibitors(134) if in vitro culture of CD8+ TIL interferes with enolase acetylation. The
potential regulation of enolase activity by the differential methylations observed in

enolase 1 isolated from CD8+ TIL could also be assessed by introducing point mutations
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in the recombinant protein or by conducting in vitro CD8+ TIL treatment with pan-

protein demethylase inhibitors(155).

Interestingly, studies have shown that glucose availability can modulate the activities of
metabolic enzymes via regulation of their acetylation state(125, 134). For example,
glucose deprivation has been reported to induce the expression of deacetylase Sirtl and
cause deacetylation that represses the activity of the glycolytic enzyme
phosphoglycerate mutase 1 (PGAM1)(125). Glucose has also be reported to promote
lysine acetylation that regulates the enzymatic activity of malate dehydrogenase (MDH)
in the TCA cycle, phosphoenolpyruvate carboxykinase 1 (PEPCK1) in the
gluconeogenesis, and argininosuccinate lyase (ASL)in the urea cycle(134). Therefore, if
the studies in the above paragraph link the lysine deacetylation to the impairment of
enolase activity in CD8+ TIL, we would hypothesize that the limited availability of
glucose in the TME regulates enolase activity via lysine deacetylation. This hypothesis
could be tested by conducting PTM analysis on in vitro activate CD8 T cells that were
cultured in a range of glucose concentrations varying from no glucose to
supraphysiological amounts. Assessing the expression of Sirtl, whose expression level
could be induce by glucose restriction(125), and other lysine deacetylases in CD8+ TIL or
in vitro Teff that were exposed to different amount glucose might also shed some light
on the role of glucose availability of enolase acetylation. The role of Sirtl in the

regulation of enolase activity could be examine by using Sirtl knockout mouse model
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that have previously described(156). T cells from these mice could be in vitro stimulated
and subjected to glucose deprivation followed by analysis of enolase acetylation and
activity, or transferred to tumor-bearing mice and subject to a similar assessment.
Another useful approach would be to overexpress FLAG-tagged enolase 1 in ex vivo
CD8+ TIL and examine its acetylation status by western blot. However, this approach
might be challenging since CD8+ TIL are not very amenable to transduction protocol
because of their dysfunction and fragility. If these studies determine that PTMs are
involved in regulation of enolase activity, they will provide mechanisms that could be
targeted to rescue the activity of this enzyme in CD8+ TIL or to prevent its inactivation in

the T cells used for adoptive cell therapy.

Immune checkpoint signals and impaired enolase activity

Previous studies have reported that immune checkpoint (CP) signals alter glycolytic
metabolism(21, 74) in T cells, but the details of the molecular mechanism by which these
inhibitors disrupt glycolysis is still poorly understood. Our work has determined that the
regulation of enolase activity is a possible novel mechanism by which checkpoint
signaling can suppress glycolytic metabolism. We found that inhibition of multiple
immune checkpoint signals (CPi) generated CD8+ TIL with a stronger enolase activity,
and active enolase played a critical role in supporting their effector function as

demonstrated by the capacity of enolase inhibitor to suppress cytokines and lytic
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molecule production from these cells. Furthermore, our investigation ascribed the
increased enolase activity to the new CD8+ TIL generated in response to the checkpoint
blockade, rather to the reactivation of enolase in the pre-existing cells. However, it is
unclear whether the CPi improves enolase activity by promoting its induction during the
activation of the newly generated CD8+ TIL in the tumor draining lymph nodes and/or
by preventing its inactivation in the TME. Among the checkpoint molecules targeted by
our combinatorial CPi therapy, the impact of CTLA-4 is thought to be mainly on the
priming of T cells in the lymph nodes(157, 158). Hence, its blockade may relieve a
potential interference of CTLA-4 with the initial induction of enolase activity.
Alternatively, CTLA-4 has also been shown to support Treg function, and its activity in
this context may reflect a contribution of Treg to effector T cell glycolytic metabolism.
Blockade of PD-1 and TIM-3, on the other hand, may render CD8+ TIL unable to
maintain the activity of enolase in the TME since these checkpoint molecules are

thought to act late at the effector stage of T cell activation(157-160).

To test if CPi treatment influences the induction and/or maintenance of enolase activity
in CD8+ TIL, we could perform FTY-720 treatment and adoptively transfer of TCR-
transgenic (OT-l or Pmel) CD8+ T cells into melanoma tumor-bearing mice, and then
treat the mice with the combinatorial CPi or control antibody. If we observe stronger
enolase activity in CD8+ T cell recovered from TDLNs of CPi-treated mice than control-
treated mice, this would suggest that the combinatorial CPi treatment enhances enolase

activity by promoting it induction during T cell priming. If we do not observe a significant
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difference in the activity of enolase in CD8 T cells from TDLNs of CPi- or control-treated
mice, this might suggest that the CPi treatment works by preserving enolase activity in
CD8+ TIL in the TME. This could be further investigated by conducting the above
experiment without the FTY-720 treatment and comparing the activity of enolase in
CD8+ TIL recovered from CPi- and control-treated mice. If we observe stronger enolase
activity in the CD8+ TIL recovered from CPi-treated mice than control-treated mice, this
would indicate that the checkpoint blockades work by preventing loss of enolase activity
in the TME. However, it is also possible that the combinatorial CPi treatment involves in
both the induction and maintenance of enolase activity in CD8+ TIL. This possibility is
supported by the premise that the different checkpoint molecules are active in different
anatomical locations and stages of T cell activation as described above. The role of the
CPi treatment in the induction enolase activity could be determined by the TDLN
analysis outlined above. However, deciphering the contribution of this treatment to the
maintenance of enolase activity from its effect on the induction of the activity of this
enzyme in in vivo or ex vivo setting will be very hard when the treatment supports both
processes. Such analysis could be done by using in vitro assays where enolase-active
effector CD8 T cells could be cocultured with tumor cells in the presence or absence of

the combination of CPi antibodies.

The molecular mechanism by which the combinatorial CPi treatment improved enolase

activity in CD8+ TIL also remains to be determined. Based on our studies that suggest
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potential regulation of enolase 1 activity by PTMs, it possible that the CPi works by
influencing the PTMs status of enolase 1 in CD8+ TIL. This might be tested by assessing
the PTM repertoire (e.g. acetylations) of enolase 1 isolated (immunoprecipitated) from

CPi- and control-treated CD8+ TIL.

Validation and usage of enolase reporter

The enolase reporter we developed in this work has the potential to allow a rapid
analysis of enolase activity at single cell level. Our current data showed strong
association between the strength of enolase activity and the level of enolase reporter
staining. However, whether the reporter binds to enolase in an activity-dependent
manner should be further validated prior to using this reagent for analysis of enolase
activity. This might be done by comparing the capacity of enolase reporter to
differentially label enzymatically active and inactive enolase 1. It has been reported that
mutation of any of the highly conserved amino acid residues (Glu168, Glu211, Lys345 or
Lys396) in the active site of enolase 1 renders this enzyme catalytic inactive(161-163).
Therefore, we could transduce cells to overexpress wild type or the catalytically-
inactivity enolase 1, and then conduct enolase functional and reporter assays. The
impact of endogenous enolase on the outcome of this experiment can be reduced by
using cells that have weak enolase activity such as naive T cells or late effectors, or

possibly by knocking out enolase 1 in parent cell lines such as 3T3 cells. We would
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expect to observe higher reporter staining in the cells transduced with the wild enolase
1 than in the ones transduced with the inactive enolase 1. As an alternative experiment,
we could treat effector T cells with enolase inhibitor (NaF) or vehicle, and measure
enolase activity by using both the reporter assay and direct enolase activity assays. A
potential concern with this experiment is that we do not know whether the change in
the conformation of enolase 1 due to fluoride binding(164) itself would impact the
binding of the reporter to enolase 1. Collectively, the results of these studies will be
useful in guiding how the enolase reporter should be used because this reagent can
serve different purposes based on whether it labels enolase 1 in an activity-dependent
or -independent manner. If the reporter is activity-dependent, it will offer a quick and
sensitive approach for the assessment of enolase activity, which may be a biomarker of
glycolytic metabolism. If the reporter does not require enzymatic activity of enolase 1
for labeling, it will offer a robust approach for the analysis of total enolase 1 expression.
Such robustness may have an important implication in clinical cancer tests where the
expression of enolase has been investigated for a diagnostic marker(165, 166).
Furthermore, this reporter can be used for staining of enolase 1 in the living cells due to
its ability to cross the cell membrane without any manipulation as a result of the cell
permeable small molecule (ENOblock)(122) we used to develop it. This could be
important for enolase 1-based cell sorting and for co-staining in assays that have to be
done in living cells, such as mitochondrial function analysis. Additionally, the presence of

rhodamine on the reporter allows anti-rhodamine to be used for subcellular localization
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and purification assays, to identify potential binding partners and subcellular localization
of enolase. However, the impact of ENOblock on the activity of enolase should be
considered when using in living cell assays. Although current studies agree that
ENOblock binds enolase 1, whether the binding leads to inhibition of enolase activity
has been controversial(121, 122, 136). ENOblock did not have a significant impact on
enolase activity in our model system during preliminary studies (data not shown).
However, a more thorough investigation involving multiple concentrations, time points,
and control samples will be necessary to support this finding since two papers have
reported the inhibitory effect of ENOblock(121, 122). It should be noted that ENOblock
is a reversible inhibitor and therefore even if inhibition of enolase is observed, it will not
preclude using the reporter to isolate different T cell populations for further analysis.

Dr. Hsu’s lab is in the process of developing a photoactivatable cross-linking version of

enolase reporter which will allow its use in T cell functional assays.

Another potential use of the enolase 1 reporter is for the analysis of the subcellular
localization of this enzyme. Although enolase is known to be expressed in the cytoplasm
of every cells, it has also been reported to be expressed on the cell surface of different
types of cells(127) including CD4 T cells (167) and cancer cells (127, 137). Based on its
cell permeable nature, we expect that this reporter would be able to simultaneous stain
enolase 1 on the surface as well in the cytoplasm of a cell. The cells that express enolase

1 on their surface and in their cytoplasm can be a great model system to test this
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notion. Conveniently, different pancreatic ductal adenocarcinoma cell lines (PDAC) have
been shown to express variable levels of the enolase 1 on their surfaces in addition to
expressing in their cytoplasm(168). Therefore, we could conduct enolase reporter
staining in PDAC cell lines that express high (T3M4, CFPAC-1 and L3.6pl), medium (MIA
PaCa-2, Hs766T, and PT45), and no (BxPC-3 and PANC-1 cells) surface enolase(168) and

assess the labeling of enolase by using image stream or confocal microscopy.

Potential fates of glycolytic intermediate in CD8+ TIL with impaired enolase
activity

Despite their limited glycolytic and oxidative metabolic activities, CD8+ TIL efficiently
take up and retain glucose. Moreover, these cells could successfully process glucose
through the steps of glycolysis that are found upstream of the reaction catalyzed by
enolase 1 as demonstrated by our metabolomics analysis. These findings raise an
important question: why is there no buildup of 2-phosphoglycerate (2-PG, substrate of
enolase 1) in CD8+ TIL while their enolase is not working? There are several possible
explanations for this including the conversion of 2-PG back to the upstream metabolite
(3-phosphglycerate, 3-PG), shunting of 2-PG away from glycolysis, and/or feedback
inhibition. 2-PG can be converted back to 3-PG(169), which could be removed from
glycolysis and be used for serine synthesis(65, 80). Serine plays a critical role in

supporting active T cells via production of glycine and one-carbon units that are
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important for nucleotide synthesis(170). Interestingly, 2-PG can also promote the
consumption of 3-PG in the serine synthesis pathway by directly activating 3-PG
dehydrogenase (PHGDH), which catalyzes the conversion 3-PG into serine
precursors(125, 171). Therefore, we hypothesize that the lack of accumulation of
glycolytic metabolites upstream of PEP despite the impairment of enolase activity in
CD8+ TIL is due to 2-PG/3-PG shunting into serine synthesis. To test this hypothesis, we
could treat ex vivo CD8+ TIL with a recently identified PHGDH inhibitor(172) to block 3-
PG commitment to serine biosynthesis and measure the amount of 3-PG and 2-PG in the
lysate prepared from these cells. 3-PG and 2-PG could be measured by a
spectrophotometric-based approach that others have previously described(171).
Alternatively, we could track glucose-derived metabolites by using stable isotopic
labeled glucose (3*C-glucose) tracer assay(82). For this assay, CD8+ TIL would be acutely
cultured in the media containing *C-glucose in the presence and absence of PHGDH
inhibitor. Although this assay requires more cells, it could provide more detailed
information about the usage of 3-PG in serine synthesis pathway as well as the

consumption of glucose-derived metabolites in other metabolic programs.

Another mechanism that could prevents glycolytic intermediate buildup in CD8+ TIL, is
the induction of a metabolic program known as pentose phosphate pathway (PPP).
Once glucose is taken up by cells, it is converted into glucose-6-phosphate (G6P) by the
activity of hexokinases(63). G6P is then either further processed by the glycolytic

pathway or removed from glycolysis and be used to fuel the PPP(63). The consumption



125

of G6P in PPP could impact the abundance of all the downstream glycolytic
intermediates. Interestingly, 3-PG has been reported to be a negative regulator of PPP
by directly inhibiting a key enzyme (6-phosphogluconate dehydrogenase (6PGD)) in the
pathway(173). More importantly, the 2-PG-mediated induction of 3-PG consumption in
the serine synthesis pathway (described above) has been reported to promote PPP
activity(173). Therefore, the impaired enolase activity may lead to a simultaneous
activation of the serine synthesis pathway and PPP in CD8+ TIL. This might be assessed
by tracking the intermediary metabolites of both pathways with 3C-glucose tracer
experiment describe above. We could also determine PPP activity by measuring the rate
of 14CO; released from [1-4C]-glucose during PPP as previously described by others(35).
If these studies reveal high PPP activity in CD8+ TIL, further investigation would
determine its utility for these cells beyond the regulation of glycolytic metabolites. PPP
is generally known for its ability to produce macromolecules that support lipid and
nucleic acids synthesis and antioxidants that are important for prevention damage
caused by reactive oxygen specious (ROS)(174). All of these could be very beneficial for
CD8+ TIL given their altered metabolic activity and localization in environment rich in
ROS(175). Collectively, these studies will provide further insight into the mechanisms of
glucose utilization in CD8+ TIL, and may in fact identify a novel “survival” metabolic
adaptation taken by T cells within the TME.

Blocking enolase activity could also be a mechanism by which CD8+ TIL are trying to

preserve/shunt glycolytic intermediates that are produced upstream of PEP into



126

biosynthetic pathways in order to improve their proliferation. This is a similar concept to
the use of catalytically less active pyruvate kinase M2 (PKM2) in cancer cells to reduce
the conversion of PEP to pyruvate, a process that is known as a mechanism of
channeling glycolytic intermediates away from mitochondrial ATP production into
biosynthetic pathways(65). Repressing the activity of enolase, as oppose to other
enzymes that serve upstream in glycolysis, may allow the CD8+ TIL to produce the most
glycolytic intermediates that can feed into different anabolic pathways described above

and also in chapter 1 (Fig. Il).

Mechanism of pyruvate rescue of cytokine production in CD8+ TIL

Pyruvate can impact cytokine production by multiple mechanisms. First, it can promote
OXPHOS in CD8 TIL and allow it to support cytokine production as demonstrated by our
assay where inhibition of OXPHOS reduced the ability of pyruvate to rescue cytokine
production. Second, the consumption of pyruvate in the mitochondria can produce a
TCA cycle intermediate oxaloacetate, which has been reported to be serve as a
substrate for regeneration of PEP(96). PEP can then be used to drive cytokine
production through the maintenance Ca%*-NFAT signaling(96). Third, pyruvate can be
converted to acetyl-Coenzyme A (acetyl-CoA), which have been shown to promote
cytokine (IFNy) production by serving as a substrate for histone acetylation (more

specifically by promoting histone H3 at lysine 27 acetylation (H3K27Ac))(67).



127

The treatment of CD8+ TIL with PEP or pyruvate resulted in a similar level of improved
cytokine production in CD8+ TIL, suggesting that in our model system PEP may exerts its
effect by being converted to pyruvate, rather than by sustaining Ca2*-NFAT signaling.
Pyruvate has to be converted to acetyl-CoA in the mitochondria in order to support the
effector function of T cells through OXPHOS and/or acetyl-CoA-mediated enhancement
of histone acetylation and cytokine gene transcription(65, 67). Therefore, we
hypothesize that pyruvate treatment improves cytokine production in CD8+ TIL by
increasing the amount of acetyl-CoA in the cells to support both OXPHOS and histone
acetylation. Whether pyruvate treatment increases acetyl-CoA concentration in the
CD8+ TIL could be tested by measuring acetyl-CoA after ex vivo treatment of the cells
with pyruvate. To determine whether pyruvate improves cytokine production via
histone acetylation, we could perform cytokine measurement after treating of CD8+ TIL
with pyruvate in the presence or absence of histone acetyltransferases (HATSs)
inhibitors. The inhibitors should reduce or abrogate pyruvate-mediated improvement of

cytokine production if pyruvate acts through modulation of histone acetylation.

Pyruvate availability and mitochondrial alterations as mediators of OXPHOS
deficiency in CD8+ TIL

In addition of their glycolytic deficiency, CD8+ TIL also had reduced mitochondrial

metabolic activity compared to functional effector T cells. Mitochondrial metabolism
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can support CD8+ TIL function as demonstrated by our studies, which showed that the
ability of exogenous pyruvate to enhance the effector function of these cells is partially
dependent of OXPHOS. Other groups have also demonstrated that promoting
mitochondria biogenesis in CD8+ TIL can enhance their antitumor activity(24).
Therefore, further understanding of the basis for the mitochondrial metabolic deficiency
of CD8+ TIL is of interest to tumor immunology. We identified two mechanisms by which
the mitochondrial metabolism was restrained in CD8+ TIL. First, the impairment of
enolase activity hinders efficient production of pyruvate, which fuels mitochondrial
metabolism. In support for this conclusion, we showed that provision of exogenous
pyruvate could significantly improve OXPHOS capability of CD8+ TIL. Secondly, we
showed that CD8+ TIL have reduced mitochondrial content and membrane potential,
both of which could also directly impact the level of OXPHOS these cells could engage.
Consistent with this, exogenous pyruvate only partially recused OXPHOS in CD8+ TIL.
Furthermore, CD8+ TIL retained low mitochondrial metabolism while exposed to
nutrients such as glutamine, which can directly feed into the mitochondria and reduce
the effects of inefficient glycolysis. Hence, mitochondrial alterations may be a major

barrier for the engagement of OXPHOS in CD8+ TIL.

The activation of T cells increases the mitochondrial mass by inducing mitochondrial
biogenesis (176). Scharping et al reported that chronic stimulation represses
mitochondria biogenesis and results in loss of mitochondrial mass in T cells in the

TME(24). These authors determined that chronic antigen exposure in the TME leads to
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Akt-mediated inhibition of the expression of PGC1la, which regulates mitochondrial
biogenesis. We found that the Akt is active in our CD8+ TIL. Therefore, a similar
mechanism of repression might be responsible for the reduced mitochondrial content of
CD8+ TIL we found in our model system, although we did not observe the level of
mitochondrial loss Scharping et al have reported. This could be investigated by assessing
the Akt-mediated phosphorylation Foxol, which has been reported to inhibit PGCla

expression(24), and the expression PGCla itself in the CD8+ TIL.

Although the decrease in mitochondrial mass of CD8+ TIL could contribute to their low
OXPHOS, the functional impairment of their existing mitochondria might play a bigger
role in limiting the activity of this metabolic program. In support of this conclusion, we
observed significantly lower membrane potential in CD8+ TIL than acute Teff even when
we normalized the difference in mitochondrial mass. Disruption of mitochondrial
membrane potential without loss of mitochondrial mass has also been reported in CD8+
TIL that infiltrate the human renal cancer(23). One of the key players in the
establishment of mitochondrial membrane potential is NADH, which is produced by the
activity of TCA cycle and donate electrons to the electron transport chain (ETC) to drive
the electrochemical gradient across the mitochondrial inner membrane(38). Our
metabolomics analysis has shown that CD8+ TIL have limited TCA cycle activity.
Therefore, one of the potential causes of low mitochondrial membrane potential in

CD8+ TIL could be NADH deficiency. This could be tested by performing
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spectrophotometric-based quantification of NADH and NAD+(148) in lysate of FACS-
sorted CD8+ TIL and acute Teff. If this experiment shows significantly lower NADH and
higher NAD+/NADH ratio in the CD8+ TIL than Teff, it may suggest that there is
inefficient conversion of NAD+ to NADH by the TCA cycle, thus limiting the
mitochondrial membrane potential. Although such data could also be interpreted as
enhanced oxidation of NADH to NAD+ by the ETC, this is unlikely to happen in CD8+ TIL
as it would be more consistent with high rather low membrane potential. Nevertheless,
whether ETC depletes NADH could be tested by blocking the conversion of NADH to
NAD+ in the mitochondria by using ETC inhibitors(148) and measuring NADH

accumulation.

Other potential mechanisms that could be responsible for the reduced membrane
potential of CD8+ TIL are the expression and organization of ETC proteins. The
expression of the different complexes of the ETC proteins could be assessed by western
blot(148). However, even if the ETC proteins are well expressed in CD8+ TIL, the
organization of the mitochondria cristae that they are localized to could have significant
impact on the ETC activity(177). Tightly packed cristae have been associated with
enhanced ETC activity, while loosely packed cristae have been linked to inefficient
electron transfer through the ETC(177). The morphology of cristae in CD8+ TIL and acute
Teff could be assessed by using electron microscopy (EM) (177, 178). We expect that the

CD8+ TIL mitochondrial cristae would be looser than that of the acute Teff based on the
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higher OXPHOS in Teff than CD8+ TIL and the association of tight cristae with higher

OXPHOS(177, 178).

There may be a link between the loss of mitochondria membrane potential and the
impaired enolase activity in CD8+ TIL. Enolase 1 has been reported to bind to the
mitochondria and to stabilize mitochondrial membrane in cardiomyocytes(138).
Furthermore, enolase 1 has also recently been shown to play a critical role in giving
dendritic cells (DC) the mitochondria morphological (tubular and fused shape, and
tighten cristae) that has been associated with enhanced OXPHOS(150). The authors
presumed that enolase 1 influenced mitochondria morphology via pyruvate production,
which might be one of the mechanisms by which our pyruvate treatment increased
OXPHOS in CD8+ TIL. This could be directly tested by performing mitochondrial
morphology analysis after ex vivo treatment of CD8+ TIL with pyruvate. Moreover, if the
studies of mitochondrial morphology of CD8+ TIL outlined in the above paragraph
determine any alteration, we could assess if it is mediated by relocalization of enolase 1
to the mitochondria. The localization of enolase 1 to the mitochondrial surface could be
assessed by confocal/electron microscopy(138) and subcellular fractionation. It is
unclear whether the enzymatic activity of enolase 1 is necessary for its localization to
the mitochondria. Therefore, it is possible that enzymatically impaired enolase 1 in CD8+
TIL has the capacity to bind to the mitochondria, but fail to support their morphology

(due to the lack of activity). Hence, it may be necessary to also conduct the above
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experiment in the Teff exposed to enolase inhibitors or cells overexpressing catalytically
inactivity or active enolase 1. Together, these studies might expand our understanding
of the mechanisms that regulate mitochondrial metabolism in CD8+ TIL, and provide

some insight into the role of enolase in such processes.

Contribution of this work to the understanding of CD8+ TIL metabolism

There is a growing interest in understanding the detail of how cellular metabolism fuels
T cell effector function and how its dysregulation may contribute to the dysfunction of
TIL. Studies have described multiple mechanisms by which the glycolytic metabolism
promote effector function of T cells. For example, when the glycolytic enzyme GAPDH is
not involved in the glycolysis pathway, it has been shown to bind to the 3’ untranslated
region (3'UTR) of IFNy mRNA and to inhibit its translation(84). As a result, the elevated
glycolytic activity of effector T cells is thought to prevent GAPDH from inhibiting
cytokine production by keeping it more involved in glycolysis. The glycolytic metabolism
has also been shown to support the production of effector cytokines by a 3’UTR-
independent mechanism that involves increased production acetyl-CoA, which serve as
a substrate for acetylation of histone H3 at the lysine 9 residue (H3K27Ac) that have
been reported to enhance IFNy production(67). Glucose-derived pyruvate is one of the
major source of acetyl-CoA in cells(65). Therefore, the pyruvate deficiency we observed

in CD8+ TIL may contribute to impaired cytokine production by impacting histone
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acetylation. On the other hand, it is unlikely that the cytokine production is impacted by
GAPDH in CD8+ TIL since the glycolytic steps upstream of enolase 1 are active (as
demonstrated by our metabolomics analysis) and are expected to keep GAPDH engaged

in its enzymatic role.

Another mechanism by which the glycolytic metabolism promote effector function of T
cells is through production of phosphoenolpyruvate (PEP). PEP has been shown to
mediate the activation and effector function of T cells by sustaining the TCR-mediated
activation of Ca?*-NFAT signaling(96). Augmentation of PEP production via
overexpression an enzyme (phosphoenolpyruvate carboxykinase 1) that produces PEP
from a TCA cycle intermediate oxaloacetate significantly improved the antitumor
activity CD4+ TIL and CD8+ T cells upon adoptive transfer of the cells into tumor-bearing
mice(96). While this observation suggested that increasing PEP production in TIL can
enhance their antitumor activity, whether endogenous TIL had PEP deficiency was
unknown. Our work has demonstrated that the endogenous CD8+ TIL do have PEP
deficiency. More importantly, we discovered that the PEP deficiency was mediated by

impaired enolase activity in CD8+ TIL.

While other groups have described that competition for glucose between tumor cells

and T cells as a mediator of glycolytic deficiency of CD8+ TIL(21, 96), our work identified
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impaired enolase activity as a cell-intrinsic mechanism that attenuates glycolysis in
these cells. Consistently, CD8+ TIL had attenuated glycolytic active even though we
assessed their metabolism after FACS-purifying them to remove a potential role of
competition for glucose and also provided the cells assess physiological (10 mM)
amount of glucose reported in the spleen of mouse. Interestingly, in the paper that
described the competition-model, the glycolytically deficient CD8+ TIL retained their
attenuated glycolysis in the presence of supra-physiological amount of glucose during ex
vivo analysis(21). We interpreted that data to mean that glycolysis was repressed by
cell-intrinsic mechanism although the authors did not reach the same conclusion.
Whether competition for glucose in the tumor microenvironment is involved in initiating
or establishing the impairment of enolase activity in CD8+ TIL is currently unknown. Our
current data indicate that checkpoint blocking antibodies enhance the recruitment of

enolase-active T cells, suggesting that loss of enolase function likely happens in the TME.

Immune checkpoint is another mechanism that have been reported to inhibit glycolytic
metabolism, but the molecular detail of this mechanism is poorly understood. In vitro
studies have shown that PD-1 signal inhibits glycolysis in effector T cells(74). Treatment
of tumor-bearing mice with anti-PD-1 and/or anti-CTLA-4 have been reported to
improve glycolytic metabolism in CD8+ TIL(21). In this work, we showed that one of the
mechanisms by which checkpoint molecule suppress glycolytic metabolism is through

regulation of enolase activity. This was demonstrated by the ability of checkpoint
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inhibitors (anti-PD-1, anti-CTLA-4, and anti-TIM-3) to improve of enolase activity in CD8+
TIL. As such our work indicates that enolase is a novel target of checkpoint molecules
and that approaches that can improve enolase activity could enhance cancer

immunotherapy.

Another area where our work contributes to further the understanding of TIL
metabolism is through shedding some light on how mitochondria metabolism is
regulated in CD8+ TIL. Previous studies have reported loss of mitochondria mass(111)
and/or membrane potential(23, 111) in CD8 TIL. However, whether mitochondria
dysfunction of these cells is linked to their glycolytic deficiency is not understood. Our
work has confirmed mitochondrial dysfunction in CD8+ TIL that infiltrated the murine
and human melanoma tumors. More importantly, we described that impaired enolase
activity contributes to the mitochondrial dysfunction of CD8+ TIL by limiting the
availability of pyruvate that could fuel mitochondrial metabolism. In support of this,
treatment of CD8+ TIL ex vivo with pyruvate partially rescued their OXPHOS capability.
Therefore, mitochondrial dysfunction is at least partly linked to glycolytic inefficiency in

CD8+ TIL.

Lastly, this work (in collaboration with Hsu lab) developed a chemical probe that can be

used for a robust analysis of the expression of active enolase in live cell at single cell
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level. This reagent offers a powerful approached that can be taken to further investigate
the regulation of enolase activity including in samples that limited in availability such
human TIL and early stage murine tumors. Currently there is no assay with sufficient
sensitivity to allow study glycolysis in a low number of cells. The sensitivity the enolase
probe may also facilitate analysis of the potential use of enolase as a biomarker of TIL

metabolism and function.

Translational/clinical relevance of manipulation of enolase activity in T cells

Our work has identified the regulation of metabolic enzyme activity as novel mechanism
by which T cell function could be controlled. Modulation of T cell metabolism has strong
translational significance and potential clinical utility. Its inhibition offers an approach by
which pathologic T cell responses could be suppressed in diseases such as autoimmunity
and graft-verse-host disease(72, 92). Enhancing T cell metabolism, on the other hand,
has the potential to promote immune response to chronic viral infections and
cancers(21, 22, 24, 83).Therefore, identification of novel targets that can be
manipulated to positively or negative regulate T cells and other actors in innate and
adaptive immunity is of interest to field of immunology. Enolase activity may offer such
a target as our work demonstrated that its inhibition suppresses the function of T cells
while bypassing its inactivity improves the metabolic and effector function of CD8+ TIL.
Importantly, manipulation of enolase activity provides an approach by which both the

glycolytic and oxidative metabolism can be influenced.
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There are multiple ways by which this work can contribute to the advancement of the
translational aspects of T cell metabolism. First, the development of interventions that
could prevent the loss of function or restore the activity of enolase may be considered
as approaches to augment the efficacy of cancer immunotherapy. This has high
potential clinical utility since the TIL that infiltrate human melanoma also exhibit
impaired enolase activity. Second, bypassing of enolase inactivity with pyruvate could be
useful for the ex vivo maintenance of TIL and the expansion CAR-T cells used in adoptive
cell therapy. Third, the enolase reporter we developed may be clinically useful as a
biomarker of TIL metabolism and function. This reporter may also be used for analysis of
enolase 1 in other cells types including cancer cells, where this enzyme has been

investigated as a diagnostic marker(165, 166).

In summary, this body of work has demonstrated that metabolic dysfunction is a major
contributor to the functional impairment of CD8+ TIL. We have shown that the
metabolism of glucose, which is critical for the generation and function of effector T
cells, is repressed by impaired enolase activity in CD8+ TIL. In addition to glycolysis, the
impaired enolase activity also contributed to the loss of OXPHOS in these cells by
limiting pyruvate availability. Enolase activity is post-translationally regulated by

mechanism that has yet to be fully defined. Our studies have shown that checkpoint
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signals played some role in controlling enolase activity in CD8+TIL, and that post-
translational modifications of enolase may be the mechanistic basis for regulating its
enzymatic activity. Further understanding of how enolase activity is regulated in T cells
could provide a foundation for developing interventions that could activate this enzyme
and promote the metabolic and effector function of CD8+ TIL, or that might be used to

inhibit enolase activity to suppress the pathologic T cells function.
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