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Abstract

Adoptive cell therapy (ACT) employing ex vivo generated tumor-antigen specific CD8+ T cells
shows tumor efficacy when the transferred cells possess both effector and memory functions. New
strategies based on understanding of mechanisms that balance CD8+ T cell differentiation towards
effector and memory responses are highly desirable. Emerging information confirms a central role
for antigen-induced metabolic reprogramming in CD8+ T cell differentiation and clonal
expansion. The mitochondrial protein uncoupling protein 2 (UCP2) is induced by antigen
stimulation of CD8+ T cells; however its role in metabolic reprogramming underlying
differentiation and clonal expansion has not been reported. Employing genetic (siRNA) and
pharmacologic (Genipin) approaches, we note that antigen-induced UCP2 expression reduces
glycolysis, fatty acid synthesis (FAS) and production of reactive oxygen species (ROS) to balance
differentiation with survival of effector CD8+ T cells. Inhibition of UCP2 promotes CD8+ T cell
terminal differentiation into short-lived effector cells (CD62L'°KLRG1HiIFNyH!) that undergo
clonal contraction. These findings are the first to reveal a role for antigen-induced UCP2
expression in balancing CD8+ T cell differentiation and survival. Targeting UCP2 to regulate
metabolic reprogramming of CD8+ T cells is an attractive new approach to augment efficacy of
tumor therapy by ACT.
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Introduction

Naive CD8+ T cells integrate cell extrinsic signals from the T cell receptor (TCR) for
antigen, co-stimulatory molecules such as B7.1 (CD28) and cytokines such as IL-12
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(IL-12Rb) to activate mTORC1 kinase for growth, proliferation and differentiation. This
provokes a metabolic shift predominantly from fatty acid oxidation (FAO) (catabolism) to
aerobic glycolysis and high oxidative phosphorylation (OXPHQOS) driven by pyruvate
oxidation v/athe tricarboxylic acid cycle (TCA) (anabolism). Notably, concurrent
enhancement of glycolysis and OXPHOS generates nicotinamide adenine dinucleotide/
dehydrogenase (NAD+/NADH) and reactive oxygen species (ROS) viathe electron transport
chain (ETC) for maintaining the redox balance in antigen-stimulated CD8+ T cells [174].
Although ROS are required for T cell activation [5], they can also induce cell death and thus
regulation of the redox state of antigen-stimulated CD8+ T cells is essential for optimal
clonal expansion [6:7]. Metabolic reprogramming from catabolism to anabolism provides
macromolecules and energy for growth, proliferation and differentiation of CD8+ T cells. A
coordinated balance between the various metabolic pathways is therefore required for clonal
expansion of functionally competent CD8+ T cells for tumor control [1].

Following clearance of antigen, the majority of effector cells undergoes profound
contraction via apoptosis and only a small population of effector cells persist to form
memory. A hallmark of memory CD8+ T cells is their ability to persist and mount a rapid
recall response to antigen, enabling long-term immunity [8]. Transition of effector cells to
memory is associated with reversal of metabolic re-programming (similar to naive T cells);
low glycolysis and OXPHOS maintained by FAO. However, memory cells demonstrate
higher spare respiratory capacity (SRC), which is a benchmark of mitochondrial health,
survival and rapid antigen recall response to enable durable immunity [9]. The successful
implementation of ex vivo-generated antigen-specific CD8+ T cells for ACT of cancer
requires developing a better understanding of mechanisms regulating metabolic
reprogramming in antigen-stimulated CD8+ T cells and exploiting these insights to produce
CD8+ effector cells with memory attributes for durable tumor efficacy.

UCP proteins regulate metabolic activity in CD8+ T cells

UCP?2 is a mitochondrial protein predominantly expressed by hematopoietic cells and it
shares 60% sequence homology with UCP1; an isoform expressed primarily in adipose
tissue to regulate thermogenesis [10]. Mitochondrial respiration couples glycolysis and ETC
by utilizing pyruvate generated from glycolysis to drive TCA. Electron transport through the
ETC at the inner mitochondrial membrane results in transfer of protons out of the
mitochondrial matrix. This generates an electrochemical gradient that drives ATP synthesis
as well as ROS, both essential for T cell differentiation and clonal expansion [5:7]. The
ability of UCP family of proteins to reflux protons and reduce inner mitochondrial
membrane potential can moderate ROS generation [10712]. In addition, recent studies
employing genetic and pharmacologic means have demonstrated a role for UCP2 in
reducing glycolysis and pyruvate utilization for mitochondrial respiration (OXPHQOS) [12].
Because metabolic reprogramming induced by antigen stimulation enhances both glycolysis
(extracellular acidification rate - ECAR), as well as mitochondrial respiration (oxygen
consumption rate - OCR) [9], it is conjectured that cytoplasmic glycolysis, mitochondrial
TCA cycle and the ETC are coupled to generate macromolecule intermediates required for T
cell responses. However, the molecular basis for the integration of metabolic pathways in the
T cell cytoplasm and mitochondria remain somewhat enigmatic. Since antigen stimulation
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induces UCP2 expression as well as metabolic reprogramming, we predicted that UCP2
serves to regulate metabolic activity and ROS production to enhance clonal expansion of
effector CD8+ T cells. Surprisingly, loss of UCP2 engenders greater immunity against
intracellular challenges like 7. gondiias well as L. monocytogenes infections [13715]. This
was primarily due to higher ROS generated by innate cells, but the requirement for IFNy to
mediate protection strongly implicates a role for T cells. Based on these contradictory
observations we hypothesized that antigen-induced UCP2 plays a regulatory role in
moderating terminal differentiation of CD8+ T cells thereby limiting attrition to promote
clonal expansion of effector CD8+ cells for tumor immunity.

To date a single study has shown that anti-TCR/CD28 stimulation of CD4+ and CD8+ T
cells increased UCP2 expression at 24h, which was further enhanced during re-stimulation
[16]. However, that study did not characterize the function of increased UCP2 expression in
antigen-stimulated T cells. Because UCP2 protein is present primarily in tissues with a high
immune cell content (11) and because the UCP2 protein has a short half-life; around 30
minutes, it can be envisioned that UCP2 acts as a regulator of rapid biological responses
typically ascribed to antigen-stimulated T cells [11]. To understand the role of antigen-
induced UCP2 expression in metabolic regulation of CD8+ T cell responses, we employed a
reductionist /n vitro approach to conduct molecular and physiological investigations. Naive
CD8+ T cells obtained from TCR transgenic mice (OT-1/Rag —/-) mice were reacted with
latex microspheres immobilized with MHC Class | (H-2Kb) dimers bearing 10 nM of
cognate peptide (SIINFEKL) (Ag) along with 1 pg/ml of recombinant murine B7.1 (co-
stimulation) in the presence of 2 ng/ml of rmIL-12 (cytokine). The stimulated CD8+ T cells
were harvested at various time points and evaluated for molecular, physiologic and
phenotypic characteristics by standard methodologies like flow cytometry, western blot,
polymerase chain reaction (PCR) and metabolic flux analysis (Fig. 1). Our observations
show that stimulation of naive CD8+ T cells with antigen induced UCP2 (MRNA and
protein) expression, optimally at 24 h. The expression of UCP2 in CD8+ T cells was
regulated by the strength of antigen signal (dose-dependent; 1 to 10 nM) and required
activation of mTORC1 kinase activity.

UCP2 dampens mitochondrial ROS for CD8+ T cell clonal expansion

The mitochondrion is most commonly described as an energy (ATP)-producing organelle,
but it is a metabolically active organelle that also generates reactive oxygen species (mROS).
mROS play an essential role in antigen-induced T cell activation and proliferation [5], but
the amount of MROS generated must be tightly regulated as overabundance of ROS can also
result in cell death [17]. Because UCP2 is an integral mitochondrial protein that regulates
ROS generation by affecting the electrochemical gradient across the inner mitochondrial
membrane, we predicted a role for UCP2 in antigen-induced ROS generation by CD8+ T
cells and thus conducted studies to establish its impact on CD8+ clonal expansion. Using
genetic (si-UCP2) or pharmacological (Genepin) means to block UCP2 function, we studied
the role of UCP2 in antigen-induced cytoplasmic (cROS) and/or mROS production by (5-
(and-6)-chloromethyl-2/,7’-dichlorodihydrofluorescein diacetate acetyl ester) CM-
H2DCFDA and MitoSox staining respectively, followed by flow cytometry analysis. Our
preliminary observations indicate that UCP2 inhibition in antigen-stimulated OT-1 cells
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produced a significant increase in mROS (as assessed by MitoSox fluorescence), but not
cROS (CM-H2DCFDA fluorescence). The higher levels of mMROS were associated with
induction of expression of the apoptotic genes Bim, Bad and Bid, associated with reduced
CD8+ T cell expansion. Importantly, quenching mROS with the mitochondria-targeted anti-
oxidant MitoTempo (Enzo Life Sciences) reversed clonal contraction which was associated
with the reversal of the apoptotic gene expression profile in CD8+ T cells. These
observations are in line with previous studies that have demonstrated increased ROS
production by macrophages obtained from UCP2 —/— mice [13:14]. However, they are the
first set of observations that demonstrate a similar role for UCP2 in CD8+ T cells and
suggest development of approaches to target UCP2-mediated ROS generation for clonal
expansion of tumor antigen-specific CD8+ T cells ex vivo. As discussed above, UCP2 has
also been shown to determine the fate of glycolysis-derived pyruvate for oxidation viathe
TCA cycle [18:19] and since TCA supplies NADH and FADH, to support electron passage
through the ETC for ROS generation, it is plausible that UCP2 controls the flux of substrate
available for ETC-mediated mROS generation and thereby affects attrition of antigen-
stimulated CD8+ T cells.

UCP2 balances metabolic reprogramming for CD8+ T cell differentiation

In cancer cells, UCP2 decreases glucose catabolism v7a glycolysis and fatty acid oxidation
to support mitochondrial respiration [12]. Pyruvate generated by breakdown of glucose
(glycolysis) has several metabolic fates (Fig. 2): a. It can undergo oxidation in the cytoplasm
to form lactate; measured as ECAR by metabolic flux analysis, b. It is transported into the
mitochondria via the pyruvate dehydrogenase (PDH) complex for conversion to Acetyl CoA,
which is metabolized viathe TCA cycle or c. The citrate generated by pyruvate is
transported out from the mitochondria to the cytoplasm where it is cleaved by ATP-citrate
lyase to produce malonyl-CoA and Palmitic acid for de novo FAS [20:21]. The metabolic
state (catabolic vsanabolic) of the cell may play a critical role in determining the fate of
glycolysis-generated pyruvate, which is regulated by UCP2 [19]. In support of this, recent
studies have shown that UCP?2 restricts glycolysis and shunts pyruvate out of mitochondria,
although mitochondrial respiration (OXPHOS) is only marginally affected [22:23]. This can
be explained due to increased fatty acid oxidation and/or glutaminolysis to maintain
mitochondrial respiration [24]. Given this role of UCP2 in regulating mitochondrial
substrate utilization, we predicted that UCP2 plays an essential role in regulating the fate of
pyruvate and affects mitochondrial metabolism for CD8+ T cell differentiation. Metabolic
flux analysis revealed that inhibition of antigen-induced UCP2 enhances the ECAR/OCR
ratio, due to increased glycolysis, but not a corresponding increase in mitochondrial
respiration v/athe TCA cycle. Increases in glycolysis upon inhibition of UCP2 could be due
to a number of factors including increased uptake of glucose v7a Glutl or expression of key
enzymes regulating the glycolytic flux. Although the exact mechanisms remain unclear,
future studies directed at better understanding the role of UCP2 in mitochondrial metabolic
activity in CD8+ T cells are clearly warranted, as the information obtained can be used to
regulate mitochondrial metabolic activities for differentiation and clonal expansion. The
anabolic processes that are supported by enhanced glycolysis are essential for differentiation
of CD8+ T cells and our preliminary observations indicate that UCP2 plays a pivotal role in
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regulating choice of glucose oxidation pathway to favor catabolic vsanabolic pathways. In
agreement with the changes in UCP2-mediated metabolic activities, inhibition of UCP2
decreases expression of CD62L and increases KLRG1 and CXCR3 as well as IFNy, Gzmb,
indicative of their enhanced differentiation into effector CD8+ T cells. To the best of our
knowledge, these are the first observations indicating a role for antigen-induced UCP2 in
CD8+ T cell differentiation and survival (CD62LI°KLRG1HIIFNyHY) (Fig. 3). Collectively,
these observations suggest that loss of UCP2 promotes terminally differentiated effector
CDB8+ T cells that are short-lived and supports the notion that antigen-induced UCP2 plays
an essential role in metabolic reprogramming to regulate CD8+ T cell differentiation and
clonal expansion. Ongoing studies directed at regulating UCP2 can benefit production of
CD8+ T cells with varying effector functions and survival for testing their tumor efficacy by
ACT.

UCP2 as a molecular target for ACT of cancer with CD8+ T cells

Recent successes of ACT in the clinic have reignited interest for developing new approaches
to ex vivo generate CD8+ T cells that can mediate durable anti-tumor efficacy. Several
preclinical studies in murine models of cancer have shown that memory attributes can
enhance anti-tumor efficacy of effector CD8+ T cells by ACT due to increased survival [25~
27]. Because the ability of effector CD8+ T cells to traffic, target and kill tumor cells is
essential for anti-tumor efficacy, we contend that a judicious balance between effector and
memory attributes is essential for successful ACT. Moreover, the relative capacity of effector
vs memory functions demonstrated by CD8+ T cells must be tailored for the type of
malignancy, i.e. indolent vsaggressive cancers. For example for indolent ovarian cancer, it
may be reasonable to produce CD8+ T cells with greater memory potential for persistence
and durable protection. The identification of antigen-induced UCP2 as a regulator of CD8+
T cell functional fate provides a novel means to produce CD8+ T cells with varying effector
and memory attributes and deploy them for ACT of cancer. Recent successes with the use of
immune checkpoint blockade with antibodies targeting (cytotoxic T-lymphocyte-associated
protein 4) CTLA-4 and/or the programmed cell death protein 1 pathway (PD-1/PD-L1) have
translated to their rapid approval for treatment of advanced melanoma and other solid
malignancies [28]. In preliminary studies, we have noted that effector CD8+ T cells
generated with UCP2 inhibition also induce higher expression of check-point molecules like
CTLA4 and PD-1. Although the role for CTLA4 and/or PD-1 in ACT of cancer has not been
fully characterized, the prospect of CD8+ proliferative and/or functional exhaustion upon
adoptive transfer would be counterproductive [29]. Because exhaustion of tumor antigen-
specific CD8+ T cells occurs viaa block in glycolysis/glutaminolysis and an increase in
FAO [30], we contend that combinatorial strategies exploiting the interactive roles for
UCP2-mediated metabolic regulation and check-point blockade would afford greater control
of CD8+ T cell differentiation and tumor efficacy by ACT.

Conclusion

Molecular mechanisms regulating metabolic reprogramming by antigen stimulation of
CD8+ T cells are not completely understood. Induction of UCP2 expression upon antigen
activation dampens ROS generation in T cells thereby restricting apoptosis and resulting in
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enhanced clonal expansion. Moreover, antigen-induced UCP2 expression is essential for
regulating glycolytic flux and mitochondrial respiration that restricts CD8+ T cell terminal
effector differentiation. Collectively, these observations indicate that antigen-induced UCP2
expression balances differentiation and survival for clonal expansion of CD8+ T effector
cells. The unraveling of the role of antigen stimulation-induced UCP2 expression offers a
novel pharmacological means to regulate functional fate of CD8+ T cells which has far-
reaching implications for effective ACT for cancer.
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Fig. 1.
In vitro stimulation of naive cells isolated from TCR transgenic mice (OT-1/Rag —/-). The

CD8+ T cells obtained from naive TCR transgenic mice (OT-1/Rag —/-) mice are stimulated
in vitro with latex microspheres on which major histocompatibility complex (MHC) Class |
(H-2KDb) dimers bearing 10 nM of cognate peptide (SIINFEKL) (Ag) are immobilized, along
with 1 ug/ml of recombinant murine B7.1 (co-stimulation) and 2 ng/ml of rmIL-12
(cytokine). The cells are harvested at the indicated time points and evaluated for activation,
clonal expansion, survival, metabolic status and differentiation by standard methodologies
including flow cytometry, western blotting, PCR and metabolic flux analysis. UCP2 is
inhibited (UCP2 siRNA or Genepin) after antigen stimulation.
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Fig. 2.

UgPZ controls the fate of pyruvate oxidation depending on the bioenergetic demands of the
cell. Pyruvate generated from glycolysis can have several fates: a) It can be converted to
lactate in the cytoplasm, b) It can be transported into the mitochondria for conversion to
Acetyl CoA for further oxidation via the TCA cycle, or ¢) The citrate generated by pyruvate
in the mitochondria is again transported out to the cytoplasm to produce malonyl-CoA and
Palmitic acid for de novo fatty acid synthesis (FAS).
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Fig. 3.

Antigen-induced UCP2 expression regulates CD8+ T cell clonal expansion, metabolic
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L o ¢
ARERRIRERELI

Page 11

reprogramming and differentiation. Antigen stimulation of naive CD8+ T cells with three

requisite signals induces UCP2 expression by 24 h to achieve balanced metabolic

reprogramming (lower ECAR/OCR), clonal expansion (lower apoptosis) of effector CD8+ T

cells (CD62L!° KLRG1HI IFNy!NY).
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