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rAbstract ]

Short persistence and early exhaustion of T cells are major limits to the efficacy and broad application of immuno-
therapy. Exhausted T and chimeric antigen receptor (CAR)-T cells upregulate expression of genes associated with
terminated T cell differentiation, aerobic glycolysis and apoptosis. Among cell exhaustion characteristics, impaired
mitochondrial function and dynamics are considered hallmarks. Here, we review the mitochondrial characteristics of
exhausted T cells and particularly discuss different aspects of mitochondrial metabolism and plasticity. Furthermore,
we propose a novel strategy of rewiring mitochondrial metabolism to emancipate T cells from exhaustion and of
targeting mitochondrial plasticity to boost CAR-T cell therapy efficacy.
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Introduction

Chimeric antigen receptor T (CAR-T) cell therapy, a
paradigm-shifting arsenal in cancer treatment, has led
to tremendous clinical successes for patients with hema-
tological malignancies. The remarkable responses of
relapsed/refractory patients to CAR-T cell therapy have
led to broad testing of this strategy in clinical trials and
increasing research within the field [1]. However, more
than 50% of patients experience inferior efficacy or dis-
ease progression due to loss of antigen density, tumor
microenvironment suppression and/or intrinsic CAR-T
cell exhaustion [2-5]. CAR-T cell exhaustion is a vital
barrier to adoptive cell therapy (ACT) and is character-
ized by the gradual loss of induced cytotoxicity and pro-
liferation, sustained expression of inhibitory receptors,
an increased apoptosis rate and metabolic dysfunction

[6].

*Correspondence: gxiao@zju.edu.cn; huanghe@zju.edu.cn

"Yue Huang and Xiaohui Si have contributed equally to this work

! Bone Marrow Transplantation Center, The First Affiliated Hospital, School
of Medicine, Zhejiang University, No. 79 Qingchun Road, Hangzhou,
China

2 Liangzhu Laboratory, Zhejiang University Medical Center, 1369 West
Wenyi Road, Hangzhou, China

Full list of author information is available at the end of the article

B BMC

Mitochondria, as dynamic and interconnected orga-
nelles, play critical roles in the activation, prolifera-
tion, differentiation and effector function of T cells [7].
Impaired mitochondrial function and dynamics are key
characteristics of exhausted T cells. Studies have shown
that during chronic antigen stimulation, structurally
defective and depolarized mitochondria accumulate in
CD8"' T cells, and this accumulation is accompanied by
a profound increase in reactive oxygen species (ROS)
production, leading to defective oxidative phosphoryla-
tion (OXPHOS) and T cell exhaustion [8]. The choice of
CAR signaling domains and cell culture condition adjust-
ments affect the frequency of central memory T (T¢y,)
cells, degree of mitochondrial biogenesis, and fatty acid
oxidation (FAO) rate, which influence CAR-T cell pro-
liferative capacity and survival and patient treatment
efficacy [9-11]. Genetic or pharmacological modifica-
tion can counteract exhaustion by changing the mito-
chondrial metabolism of CAR-T cells. Nevertheless, the
mechanisms by which mitochondrial metabolism affects
CAR-T cell survival, functionality, and differentiation
remain unknown.

Herein, we review the mitochondrial characteristics of
exhausted T cells and particularly discuss several aspects

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-2723-1621
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13045-022-01255-x&domain=pdf

Huang et al. Journal of Hematology & Oncology (2022) 15:38

of mitochondrial function and dynamics in regulating T
cell fate decisions and antitumor function.

Characteristics of exhausted T cells

The T cell population comprises naive (Ty), memory
(T, effector (Tp) and regulatory (Treg) T cells. Ty
cells preferentially undergo oxidative phosphorylation
(OXPHOS) to meet energy demands during maturation
and persistence, while Ty cells rely mainly on glycolysis
to meet biosynthetic needs. T}, cells undergo accelerated
mitochondria-mediated OXPHOS and FAO and slowed
glycolysis and preferentially exhibit mitochondrial fusion
and increased mitochondrial biogenesis, supporting
the rapid transition to an activated state during antigen
rechallenge [12]. When activated, metabolic switch-
ing regulated by the PI3K-PKB (AKT)-mTOR pathway
supports the differentiation of Ty cells to T, cells, which
rely on aerobic glycolysis to boost biosynthesis for rapid
clonal expansion and cytotoxic effects [13, 14]. However,
upon persistent antigen stimulation, CD8" T cells enter
an altered differentiation state, also known as cell exhaus-
tion or dysfunction [15].

A multitude of studies have revealed that the exhausted
T cell population is heterogeneous, comprising cells in
unique differentiation and functional states (Fig. 1). Two
distinct subsets have been generally characterized: a pro-
genitor subset (typically PD-1MTIM-3WTCF* cells) and
a terminally differentiated subset (typically PD-1MTIM-
3MTCF~ cells) [16, 17]. PD-1*TCF" exhausted progenitor
cells exhibit the potential to proliferate, undergo self-
renewal and produce terminally differentiated exhausted
cells and are critical for a proliferative burst in anti-PD-1
therapy [18]. The exhaustion of Ty and T, cells does
not follow a stepwise process; in contrast, T cell exhaus-
tion is based on a parallel program that can be induced
in T cell populations in any differentiation state. T cells
in an exhausted state produce progeny with exhaustion
characteristics.

In chimeric antigen receptor (CAR) T cell therapy,
CARs are synthetic receptors that are designed to drive
cell activation and induce antigen-specific cytotoxic-
ity when an antigen binds to its cognate single-chain
variable fragment (scFv). However, basal CAR CD3{
phosphorylation, also known as tonic signaling, can
induce early exhaustion of CAR-T cells and result in
limited antitumor efficacy [19]. Exhausted CAR-T cells
exhibit characteristics that are more similar to those of
exhausted conventional CD8" T cells than to Tg or Ty
cell subsets [20]. Specifically, exhausted CAR-T cells
exhibit altered effector functions, such as decreased
cytokine production and reduced proliferation capabil-
ity; persistently high expression of various inhibitory
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receptors, including PD-1, TIM-3, LAG-3 and CTLA-
4; altered transcriptional landscapes, such as changed
NR4A [21], TOX [22, 23], TCF1 [24] and NFAT tran-
scription levels [25]; dramatically increased epigenetic
remodeling; and metabolic reprogramming. Tonic
signaling is induced by autologous physical interac-
tions between CARs, which are antigen-independent
and lead to receptor self-association and thus to CAR
aggregation on the cell surface [2]. Upon tonic activa-
tion, most scFv-based CARs, such as the GD2-CAR
and CD22-CAR, induce varying degrees of early T cell
exhaustion. Therefore, CAR-T cells are more likely than
conventional T cells to enter an exhaustion state.

Clinical manifestations of CAR-T cell exhaustion
The clinical features of CAR-T cell exhaustion have
been thoroughly investigated. Reports have indicated
that the costimulatory domain and initial phenotype of
CAR-T cell products influence CAR-T cell persistence
and cytotoxicity. According to a single-center clinical
trial, the median in vivo persistence of CD28/CD3-z
CAR-T cells was 30 days, and 68 days after infusion,
CAR-T cells were terminally exhausted in all patients
[26]. In contrast, tisagenlecleucel, a 4-1BB/CD3-z
CAR-T cell product, persisted in peripheral blood with
a median time of 168 days (a range of 20-617 days)
[27]. Our center reported that 4-1BB/CD3-z CAR-T
cells remained viable for as long as 7 months in a Chi-
nese patient population, confirming that CAR-T cells
expressing a 4-1BB costimulatory domain persist longer
than CAR-T cells not expressing this domain [28].
Initial cell phenotypes may influence the prolifera-
tion capacity and killing function of CAR-T cells, and
these influences may inform treatment prognosis.
Disfunction-related cell surface markers such as PD-1,
LAG-3, TiM-3 and NF-a are major prediction fac-
tors. Finney et al. [29] categorized 43 young patients
in a phase I clinical trial into a dysfunctional response
group and a functional response group. When compar-
ing apheresis-derived T cell material of the two groups,
the research group observed a significantly higher per-
centage of CD8" T cells expressing PD-1 and LAG-3 in
the dysfunctional response group than in the functional
response group, suggesting that treatment failure and
short-term recurrence were closely related to initial cell
phenotype before infusion. Moreover, the portion of
memory-like CAR-T cells among the CAR-T products
was closely related to the clinical response to CAR-T
cell therapy [30]. A lower proportion of memory stem
cell-like CAR-T (CAR-Tgy;) cells may suggest CAR-T
cell proliferation dysfunction and predict early recur-
rence of the disease [31].
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Fig. 1 Features of T cell exhaustion and mitochondrial alterations. During persistent antigen stimulation and under hypoxia during chronic virus
infection or cancer, CD8" T cells enter a state of exhaustion. Tonic signaling in CAR-T cells is induced by autologous physical interactions between
CAR receptors. Exhausted T cells and CAR-T cells exhibit decreased cytokine production and reduced proliferation capability; persistently high
expression of multiple inhibitory receptors, such as PD-1, TIM-3, LAG-3 and CTLA4; and altered transcriptional landscapes, such as changes in
changes in NR4A, TOX, TCF1 and NFAT transcription. Mitochondrial reprogramming characteristics in T cells include both functional and structural
alterations. Mitochondria in exhausted cells are swollen and undergo increased fission. The mitochondrial cristae are slightly wider and more
loosely organized in intermembrane regions. Functional alterations are characterized by an increased ADP/ATP ratio, decreased ATP generation and
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Mitochondrial reprograming in T cells

Mitochondrial dynamics implicate metabolic activity

and indicate an exhausted T cell state

Persistent antigen stimulation, hypoxia in the tumor
microenvironment or inhibitory signaling can cause T
cell or CAR-T cell mitochondrial alterations, including
abnormal localization, morphology, structure and/or
membrane potential (AWm) [32, 33]. These alterations are
closely related to functional damage, such as decreased
ATP generation, accumulation of mitochondrial reac-
tive oxygen species (mtROS), inhibited mitochondrial
biogenesis, disrupted mitophagy and diminished mito-
chondria-mediated OXPHOS and FAO [7], contributing
to failure in meeting synthesis and energy metabolism
demands and subsequently reinforcing T cell exhaustion
[8] (Fig. 1).

Localization

In activated T cells, both mitochondria and the endoplas-
mic reticulum (ER) are recruited to immune synapses [34,
35]. This close association between mitochondria and the
plasma membrane sustains Ca®" release-activated Ca*"
(CRAC) channel activity and thus persistent Ca®* influx,
enabling Ca*"-dependent T cell activation and prolifera-
tion [36—39]. Through mitochondria—ER contacts, Akt is
rapidly activated by mTORC?2, thereby inhibiting Gsk-3f3
and recruiting hexokinase I (HK-I) to mitochondria.
These interactions involve integrated glycolysis and mito-
chondrial respiration processes [40]. Mitochondria—ER
contacts were found to be abundant in CD8% T, cells but
rare in T\ cells. In addition, suppression of mitochon-
drial translocation attenuated mitochondrial respiration
and subsequently limited T cell activation and function
[39].

Morphology and structures
Mitochondrial structures are highly dynamic, with this
organelle shifting between fusion and fission as a survival
mechanism in response to nutrient starvation and stress
in Ty and Ty, cells [41, 42]. Ty, cells are characterized by
a long tubular mitochondrial morphology induced via
Opal-dependent fusion, while Ty cells exhibit round
mitochondria, and T} cells have fragmented mitochon-
dria generated by dynamin-related protein 1 (Drpl)-
related fission [39]. Augmenting fusion and inhibiting
fission in Ty cells elevate cellular respiration because
these changes lead to tightly packed cristae and com-
pacted electron transport complexes (ETCs), clearly
enhancing T, cell formation and T, cell antitumor func-
tion [43-45].

T cell activation and expansion require Drpl-depend-
ent mitochondrial accumulation and mitochondrial
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fission [46]. Drpl is translocated to the outer mitochon-
drial membrane (OMM), where it facilitates aerobic
glycolysis, promotes ROS production [47] and induces
mitophagy [48]. Drpl deficiency not only led to reduced
T cell infiltration in tumor masses but also increased of
the degree of T cell exhaustion [49]. Mitochondrial fusion
is regulated by the fusion protein mitofusin 1 (MFN1). In
a tumor microenvironment, the exhausted T cell pheno-
type has been correlated with decreased MFN1 expres-
sion and deficient mitochondrial fusion. The exhausted
phenotype can be induced through the microRNA-
24(miR-24)-MYC-MFNI1 axis. In activated T cells under
hypoxia, increased miR-24 expression downregulated
MYC transcription, thereby reducing the expression of
the MYC target MFN1 [50]. Another fusion-associated
protein, Opal, is located on the inner mitochondrial
membrane, where it maintains cristae stability and pro-
motes mitochondrial respiration. Opal-overexpressing
mice exhibited longer and more tightly packed cristae
in the mitochondria of the heart and other organs, and
this mitochondrial structure protected the mice from
ischemic damage and muscular atrophy. In exhausted T
cells infected with chronic hepatitis B virus, Opal expres-
sion was significantly downregulated [51].

The aforementioned evidence indicates that T cell sub-
populations exhibit different mitochondrial structures
that enable their adaptation to perform different func-
tions required for promoting antitumor or anti-infection
immunity.

Mitochondrial membrane potential

The A¥m is generated by proton pumps (ETC complexes
I, III and IV). Therefore, the A¥Ym is an intermediate
form of energy storage, and the ATP thus maintained is
mainly consumed during synthetic processes. The A¥m
is a driving force for the transportation of charged com-
pounds, some of which are crucial for mitochondrial
quantity and dysfunctional mitochondrial elimination.
Tgcm and Ty subsets were enriched with CD8' T cells
exhibiting low A¥m, and these cells displayed enhanced
in vivo persistence and greater antitumor immune effects
than cells with high AWm [52]. Both hyperpolarized and
depolarized mitochondria accumulated in exhausted T
cells, contributing to T cell metabolic dysfunction and
terminal exhaustion. Dysfunctional CD8' tumor-infil-
trating lymphocytes (TILs) in clear cell renal cell carci-
noma (ccRCC) showed fragmented and hyperpolarized
mitochondria and high ROS production [53]. On the
other hand, CD8" TILs with depolarized mitochondria
expressed higher PD-1 and LAG-3 expression but lower
IEN-y, and they underwent limited population expansion
compared to T cells exhibiting lower AWm [32].
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Mitochondrial biogenesis and recycling regulate survival
and function in T cells
T cell mitochondrial plasticity, which decisively regu-
lates T cell fate, has been characterized on the basis
of not only mitochondrial dynamics, namely fusion
and fission, but also of mitochondrial biogenesis and
mitophagy. Mitochondrial biogenesis is induced upon
T cell receptor (TCR) activation in T cells [54]. Per-
oxisome proliferator-activated receptor gamma coac-
tivator 1-alpha (PGC-1la) is the master coactivator of
mitochondrial biogenesis, serving as an effector mol-
ecule in a variety of signaling pathways, such as the
mTOR [55], AMPK [56] and MAPK signaling pathways
[57], and inhibiting pathways such as the PD-1 signal-
ing pathway. PGC-1a has been shown to activate vari-
ous transcription factors, such as nuclear respiratory
factor 1 and nuclear respiratory factor 2 (NRF1/2).
NRF1/2 activated mitochondrial transcription fac-
tor A (TFAM), which promote mitochondrial DNA
replication and transcription [58]. PD-1 signaling
suppressed PGC-1a expression, which inhibited mito-
chondrial biogenesis, leading to CD8" T cell exhaus-
tion [59]. Notably, it has been reported that exhausted
tumor-infiltrating T cells showed progressive PGC-1a
loss, which had been induced by continual Akt signal-
ing [60]. Therapeutically, PGC-1a activation favored
the differentiation of CD8" Tey cells, and PGC-1a-
overexpressing exhausted T cells displayed mitochon-
drial biogenesis and greater antitumor immunity [61].
Mitophagy, a mitochondrial recycling system, removes
damaged or superfluous mitochondria and recycles mito-
chondrial components. Energy metabolism homeostasis
is maintained when mitophagy and mitochondrial bio-
genesis are balanced, regulating T, cell differentiation
and overall T cell survival [62, 63]. Exhausted CD8" T
cells exhibited various structural or functional mitochon-
drial alterations resulting from impaired mitophagy activ-
ity [32]. In addition, T cells lacking expression of essential
mitophagy genes, such as Atg5, Atg7 and Atg3, accumu-
lated depolarized mitochondria and ROS and acquired
T cell phenotype [64, 65]. Additionally, due to enhanced
expression of the proapoptotic molecules pro-caspase-3,
caspase-8 and caspase-9 as well as Bim, mitophagy-
deficient T cells underwent apoptosis at a higher rate
[66, 67]. Mitophagy receptor NIX-mediated mitophagy
was critical for the differentiation of effector memory T
(Tgp) cells because it prevented HIF1a accumulation and
maintained long-chain fatty acid metabolism [68]. In a
hypoxic tumor microenvironment, mitophagy is a meta-
bolic salvage response to counteract overwhelming ROS
generation and an impaired FAO process by removing
damaged mitochondria, which in turn mitigates T cell
death [69, 70].
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Mitochondrial metabolism involves in T cell memory
formation or exhaustion

Mitochondria-derived metabolism, including FAO,
pyruvate oxidation, the tricarboxylic acid cycle, glutami-
nolysis and one-carbon metabolism, provides not only
energy and biosynthetic precursors through aerobic
respiration but also intermediates such as cell signaling
messengers and antioxidants. Recently, enhanced mito-
chondrial spare respiratory capacity (SRC) was shown to
be preferentially associated with Ty, cells, which show
longer-term survival [71, 72]. In preclinical models, gly-
colysis-dominant T cells were short-lived after adoptive
transfer and showed defective antitumor immune effects,
while inhibiting glycolysis drove CD8" T, cell differen-
tiation and enhanced antitumor function [73].

OXPHOS

Ty and Ty, T cells are generally considered to undergo
mitochondrial FAO and maintain SRC to ensure their
long-term survival and persistence advantages [74]. Dur-
ing Ty cell activation, both the aerobic glycolysis and
OXPHOS rates are accelerated, and aerobic glycolysis is
induced by the costimulation of TCRs and CD28 recep-
tors to support T} cell differentiation and function, such
as cytokine production [13, 44]. A recent study showed
that CAR-T cells exhibited enhanced mitochondrial
biogenesis and OXPHOS, contributing to T, cell differ-
entiation and persistence [75]. Upon T cell exhaustion
during chronic infection or tumorigenesis, glycolysis and
OXPHOS were suppressed by the PD-1-PD-L1 pathway,
which reduced glucose uptake and repressed expression
of PGC-1-a [59, 60], and this metabolic dysregulation led
to lost proliferative capacity, referred to as the “terminally
exhausted” phenotype [59, 76, 77]. In addition, terminally
exhausted T cells caused by chronic antigen stimulation
showed decreased mitochondrial respiration. To com-
pensate, glycolysis was accelerated, and spare glycolytic
capacity was markedly reduced to maintain bioenergetic
homeostasis [8]. Consistent with these findings, single-
cell transcriptome analyses have revealed an enriched
glycolytic gene signature in terminally exhausted T cell
populations compared to either early exhausted or Tg
cells in mouse or human tumors [8, 13]. Inhibition of
mitochondrial OXPHOS by ETC complex inhibitors
limited T cell self-renewal capacity and upregulated the
expression of exhaustion-associated genes in T cells [8,
77].

A number of activated transcription factors have been
shown to be critical regulators of T cell metabolism, such
as mTOR, AMPK and c-Myc (Fig. 2). mTOR and AMPK,
complementary sensors of intracellular energy status, are
the central controllers of biosynthesis and catabolism
[78, 79]. mTORCI1 activity sustains high levels of aerobic



Huang et al. Journal of Hematology & Oncology (2022) 15:38

Page 6 of 20

;
g«eﬁmﬁa

\\\\\\
N\ .«

N Rapamycin

(mTORC1)—

IL-15
IL-7
IL-21

Bh
N

f e

Mitochondrial
Biogenesis

2o

Fig. 2 Cell signaling associated with mitochondrial metabolism and strategies to counteract CAR-T cell exhaustion. A variety of signaling pathways,
such as the mTOR, AMPK, and MAPK signaling pathways, and inhibiting pathways, such as the PD-1 signaling pathway, are involved in T cell
activation and mitochondrial metabolism. When activated, metabolic switching mediated by the PI3K-PKB (AKT)-mTOR pathway supports the
differentiation of effector T cells (T) cells. The AMPK pathway drives long-chain fatty acid oxidation (FAO) and mitochondrial biogenesis through
phosphorylation of ACC2 and PGC-1a activity. PGC-1a activates NRF1/2, which activate Tfam. Tfam drives the transcription and replication of
mitochondrial DNA (mtDNA). In addition, 4-1BB signaling upregulates PGC-1a expression through stimulation of the p38-MAPK pathway, resulting
in mitochondrial fusion and biogenesis. Increased PD-1 inhibitory receptor expression induces Blimp-1 expression, a critical exhaustion-related
transcription factor, to exacerbate NFAT activity. NFAT activates the transcription factor TOX, which is associated with cell exhaustion and suppresses
the expression of transcription factor Tcf7, which is related to oxidative phosphorylation (OXPHOS)
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glycolysis in T cells, and inhibition of mTORC1 activ-
ity reduces glucose uptake and lactate production in IL-
2-maintained Ty cells [80]. In contrast, mMTORC2 is not
required for T cell effector function. CD8" Ty, cells with
reduced mTORC?2 activity showed robust effector func-
tion while simultaneously demonstrating an increased
rate of differentiation into Ty cells. When IL-2 levels
were maintained, T cells with diminished mTORC2
activity continued to exhibit high SRC and FAO levels,
which promoted T, cell development [81]. AMPK has
been shown to drive long-chain FAO and mitochondrial

biogenesis by promoting the phosphorylation of acetyl-
CoA carboxylase (ACC) 2 and activation of PGC-la
[82] to promote T); cell development. In addition, the
exhausted T cell phenotype has been related to Myc,
which drives a transcription program that reduces glu-
cose catabolism and glutamine oxidation after T cell acti-
vation [83, 84].

Glutaminolysis
Glutaminolysis is a vital pleiotropic process that
leads to glutamine catabolism, producing ATP and
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alpha-ketoglutarate (a-KG), which are biosynthetic inter-
mediates [85]. Within mitochondria, glutamine is con-
verted into glutamate by glutaminase (GLS) and then
subsequently converted to o-KG, which participates
either in the tricarboxylic acid (TCA) cycle to support
OXPHOS [86] or is exported out of mitochondria to
participate in fatty acid biosynthesis and contribute to
redox balance [87]. In activated immune cells, glutamine
metabolism is accelerated to support T cell expansion,
differentiation and function. Generally, glutamine deple-
tion inhibits T cell proliferation and reduces cytokine
production (mainly IL-2 and IFN-y) in activated T cells
[88]. Interestingly, GLS1-knockout CD4(+) T cells exhib-
ited an increase in the proportion of T helper 1 (TH1)
cells, which showed excessive effector function and an
increase in exhaustion signatures, but in cytotoxic CD8+
T cells in culture with limited glutamine or treated with
a glutamine metabolism inhibitor prevented exhaustion,
promoted memory-like T cell differentiation and tumor
elimination in vivo [89, 90].

One-carbon metabolism

One-carbon metabolism functions simultaneously in
mitochondria and the cytosol. Mass spectrometry (MS)
analyses have revealed that mitochondrial one-carbon
metabolism is one of the most highly induced pathways
during T cell activation, suggesting that one-carbon
metabolism is critical for T cell activation [91]. Single-
carbon units are derived from serine through methyl-
transferase SHMT?2 action in mitochondria [92] and are
accepted by tetrahydrofolate [93]. One-carbon metab-
olism was shown to regulate T cell proliferation and
survival, as indicated by SHMT2 knock out impairing
respiratory chain enzyme activity via folate-dependent
transfer RNA (tRNA) methylation and reducing T cell
viability [91]. Enhanced one-carbon metabolism con-
tributed to purine/thymidine and glutathione synthe-
sis [94]. Importantly, purine/thymidine enables rapid
T cell expansion, and the glutathione prevents ROS
accumulation.

These data suggested that among subsets of T cells in
typically heterogeneous T cell populations exhibit large
variation in FAO, glycolysis, glutaminolysis, OXPHOS
and one-carbon metabolism. Although described inde-
pendently, these metabolic pathways are interconnected
through mutual intermediates or crosstalk with metabo-
lites or signaling pathway components, regulating T cell
survival, proliferation, functional differentiation and met-
abolic reprogramming.

Mitochondrial ROS exhibit bidirectional functions in T cells
Generally, TCR signaling increases the intracellular pro-
duction of ROS, such as superoxide (O*~) and hydrogen
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peroxide (H,0,). ROS are mainly generated from mito-
chondria [95] and membrane-bound NADPH oxidases
[96]. Mitochondria-derived ROS, postulated to partici-
pate in the TCR signaling pathway, are critical for IL-2
production via NF-«B signaling and nuclear factor of
activated T cell (NFAT) activation [97]. A previous study
found that counteracting ROS action with antioxidants
reduced the expansion of T cells during primary viral
infection [98]. These results highlighted the role of ROS
in T cell activation. Notably, ROS overload can induce T
cell dysfunction, DNA damage, apoptosis and necrosis
[99].

Single-cell RNA-seq data have revealed significant
enrichment of oxidative stress-related genes in termi-
nally exhausted T cells [8]. Oxidative stress caused by
ROS accumulation is sufficient to impair T cell prolif-
eration and self-renewal, resulting in exhaustion [8]. An
increase in intracellular calcium after continuous anti-
gen stimulation increases mitochondrial ROS, followed
by the upregulated expression of inhibitory receptors,
including PD-1, TIGIT, LAG-3 and TIM-3 [8], and pro-
gressively decreased TCF1 expression, which favors the
formation of CD8+ T, cells [97, 100]. PGC-1«, as men-
tioned above, is a transcription coactivator that not only
coordinates mitochondrial biogenesis but also attenuates
oxidative stress by promoting the expression of antioxi-
dant enzymes [101]. Blimp-1 represses PGC-1a expres-
sion and thus is critical for excessive ROS generation in
exhausted T cells [102]. Notably, short interfering RNA
(siRNA) knockdown of Blimp-1 expression or overex-
pression of PGC-1a has been shown to reverse metabolic
dysregulation and attenuate oxidative stress and func-
tional defects in exhausted T cells [103, 104].

Reprogramming of mitochondrial dynamics, mito-
chondrial biogenesis and recycling, mitochondrial
metabolism and changes to the redox balance during
T cell fate, as discussed above, are all closely associated
with TCR signaling. In this respect, CAR-T cells, which
are considered excellent imitators, share similarity with
conventional T cells. Enhanced mitochondrial biogen-
esis, a higher SRC and accelerated FAO increase the pro-
portion of Ty, cells in the total CAR-T cell population
and prevent cell exhaustion [9]. However, in contrast to
conventional T cells, tonic signaling makes CAR-T cells
more prone to exhaustion even before encountering anti-
gen. During manufacturing and expansion of the CAR-T
cells in vitro, T cells isolated from patients are stimulated
with anti-CD3/28 beads or antibody, followed by deliv-
ering CARs to the T cells. In this process, exhaustion is,
overall, a greater threat to CAR-T cells than to T cells and
negatively affects CAR-T cell therapy. CAR-T cells show
high metabolic activity, especially after CD28 costimula-
tion, which enhances anabolic metabolism to promote
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proliferation and differentiation into T} cells. In contrast
to CAR-T cell activity with CD28 costimulation, 4-1BB
CAR-T cells displayed higher mitochondrial metabolic
activity [9]. Thus far, the degree to which mitochondrial-
related cellular processes in CAR-T cells affect survival,
differentiation and exhaustion and the underlying mech-
anisms of these effects have not yet been investigated in
CAR-T cells.

Strategies to counteract CAR-T exhaustion

by targeting mitochondrial metabolism
Costimulatory domain

The most widely used costimulatory endodomains in
the CAR molecule are derived from the CD28 or 4-1BB
genes. CD28 stimulation activates the PI3K-Akt path-
way, leading to enhanced aerobic glycolysis mediated
by downstream pathways [105]. GD2 CAR-based CD28
costimulation promotes the expansion of CAR-T cells but
induces their rapid exhaustion, low cytokine production
and short persistence in vivo [2]. In contrast, endogenous
4-1BB signaling upregulates PGC-1a through stimulation
of the p38-MAPK pathway, resulting in mitochondrial
fusion and biogenesis and substantially increasing T cell
respiratory capacity. This outcome enhances the antitu-
mor immunity and long-term survival of T cells [10, 106].
The clinical efficacy of CAR-T cells with a 4-1BB costim-
ulatory domain is superior to that of CD28z-stimulated
CAR-T cells in chronic lymphocytic leukemia (CLL)
patients [107, 108] (Fig. 2).

Cytokines

Culturing methods, including the cytokine composi-
tion in the medium, often impact the potency of the
CAR-T cell product. To date, cytokines, including IL-2,
IL-7, IL-15 and IL-21, have been thoroughly investi-
gated for manufacturing CAR-T cells (Fig. 2). IL-2 is a
T cell growth factor that promotes glycolysis and sub-
sequent differentiation of CD8' T cells in T cells [109,
110]. CAR-T cells are usually expanded by IL-2, which
increases T} differentiation by activating the Akt-mTOR
signaling pathway. However, Huang et al. found that
IL-2-IL-2R signaling resulted in aryl hydrocarbon recep-
tor activation, leading to CD8' T cell exhaustion in
tumor environments [111]. In contrast, IL-7 and IL-15
have been implicated in the maintenance of T, cells
[71, 112, 113]. IL-7 enhances CD8* T, cell formation by
inducing the expression of glycerol channels and increas-
ing triglyceride (TAG) synthesis [114]. IL-15 increases
the SRC and oxidative metabolism rate by enhancing
mitochondrial biogenesis and CPTla expression [71].
CAR-T cells expanded upon exposure to IL15 (CAR-T/
IL15) exhibited a Tgqy phenotype, which was closely
associated with decreased mTORCI activity and reduced
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expression of glycolytic enzymes [6]. Moreover, IL-21
modulated the induction of Ty cells and acquisition of
the exhaustion phenotype, increasing antitumor efficacy
in an FAO-dependent manner [115]. Strategies combin-
ing these cytokine compositions in cell culture medium
show promise for increasing Tgcy; or Ty populations
and boosting antitumor efficacy [116].

Metabolic signaling regulators
Manipulation of metabolism-regulating signaling and
mitochondrial activation has been suggested to improve
CAR-T cell fate and reverse exhaustion (Table 1 and
Fig. 2). Sustained PI3BK-Akt—-mTOR pathway activation
caused by persistent stimulation with beads or IL2 or
tonic signaling leads to terminal differentiation of CAR-T
cells and impairs antitumor immunity. Blocking the
PI3K-AKT-mTOR signaling pathway preserves the Ty,
population [81, 117, 118]. PI3K inhibitors (LY294002,
IC87114, idelalisib and TGR-1202) optimally maintained
CAR-T cells in a less differentiated state in vitro with-
out impairing their activation, leading to significantly
longer CAR-T cell persistence and enhanced antitu-
mor capabilities in vivo [119-121]. However, the posi-
tive effect of PI3K inhibitors on CAR-T cell expansion is
conditional. Blocking both the PI3K gamma and delta
catalytic subunits reduced effector cytokine produc-
tion after antigen rechallenge and decreased CAR-T cell
persistence in vivo. Only CAR-T cells treated with either
PI3Ky or PI3K$ inhibitors acquired a T, phenotype and
showed enhanced antitumor activity in vivo [121]. AKT
inhibition had relatively little impact on glycolysis while
promoting the accumulation of both long-chain and pol-
yunsaturated fatty acids in T cells, accelerating FAO and
augmenting mitochondrial SRC [122]. Since mTORC2
is an Akt activator, functional mTORC2 deficiency
enhanced CD8* T, cell formation by accelerating FAO
and mitochondrial metabolism [123]. After pretreatment
with AKT inhibitors, CAR-T cells preserved memory-
like characteristics, increased cytokine production and
greater degrees of antitumor efficacy and expansion
in vivo [124-126]. These properties may be associated
with repressed expression of apoptosis-associated genes,
including BAX, TRAIL and BAD, and upregulated
expression of persistence- and trafficking-related genes,
such as IL7R, S1PR1 and KLF2 [127]. PD-1 signaling has
been shown to decrease glucose metabolism and inhibit
AKT activation by blocking PI3K activation [128].
Inhibition of mTORC1 by rapamycin or the AMPK
activator metformin promoted memory CD8* T cell for-
mation by accelerating FAO and overall OXPHOS rates
[81, 122]. An inhibitor of the MAPK signaling pathway,
MEK1/2i, induced the acquisition of a Tgqy-like pheno-
type by suppressing cyclin D1 expression, postponing cell
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Table 1 Metabolic signaling regulators that improve CAR-T cell destiny and reverse exhaustion
Target Compounds FDA approval Model Outcome References
PI3K LY294002 No 1. MOLM-13-CD19 cell line Increasing Ty and T, populations of CD33  [119]
IC87114 2.NSG mice AML model CAR-T in vivo
Improving CAR-T cell persistence and
reducing tumor burden in vivo
PDK Dichloroacetate Yes 1. Hepatocellular carcinoma (HCC) cell lines  Increasing TN and TCM percentages [168]
Glycolysis 2. HCC-bearing mice model Reducing lactate-mediated immunosup-
pression
mTOR Rapamycin Yes Acute lymphocytic choriomeningitis virus  Enhancing the formation of memory CD8  [117]
infection mice model T cells during the naive to effector T cell
differentiation phase and the effector to
memory transition phase in vivo
Improving the functional qualities of the
memory CD8T cells in vivo
Akt A-443654 No LCMV-infected mice model Rescuing short-lived effector cells from [118]
deletion due to sustained Akt activation
Enhancing P14 CD8 T, cells in vivo
Akt Akti-1/2 No 1.CD19+ lymphoid leukemic cell line Preventing CAR-T cell differentiation [124]
2.CD19+tumor-bearing immunodeficient  Increasing cytokine production and
mice model cytotoxicity
Exhibiting greater anti-tumor efficacy and
expansion in vivo
BATF JQ1 No 1.K562 cell line, CD19 4+ leukemia cell line  Promoting the maintenance of TSCMand  [169]
c-Myc NALM-6,melanoma cell line A375 TCM phenotypes, persistence and antitu-
2. ALL or melanoma-bearing NSG mice mor effects of CAR-T cells in vivo
model
PI3Ky |PI-549 No 1.B16F10 (H-2b) melanoma cell line Sole blockade of PI3Ky or PI3K&, but not [121]
PI3K& CAL-101 2. K562-mesothelinexpressing cell line dual inhibition, induces a naive/stem
TGR-1202 3. pmel-1TCR-transgenic mice model memory-like profile and enhances in vivo
antitumor immunity of infused CD8* T
cells
PI3K& inhibition improves cytotoxicity of
Meso-CART cells
PI3KS Idelalisib Yes 1. PBMCs fromconsenting DLBCL patients ~ Enhancing the expansion and functionality [120]
and healthy controls of CAR-T cells in vitro
2.NSG mice model Enhancing DLBCL patient T cells persis-
3.B6 SJL mice lymphoma model tence in vivo
Enhancing anti-tumor activity of OT-T cells
in a murine lymphoma model
PGC-1a Bezafibrate Yes 1. Melanoma mice model Promoting FAO [133,136,170]
PPAR-a Fenofibrate 2. Skin sarcoma BALB/c mice model Improving CD8* TIL functions

Synergizing with PD-1 blockade

cycle progression and enhancing mitochondrial biogen-
esis while maintaining normal TCR-mediated activation
through the ERK1/2—cyclin D1-PGC-1a—SIRT3-FAO
pathway [129]. Notch signaling contributes to Tgc),-like
differentiation of CAR-T cells by enhancing mitochon-
drial biogenesis and telomere elongation via its down-
stream effector FOXM1 and thus enhances CAR-T cell
antitumor potential [130]. Other signaling regulators,
such as the tyrosine kinase inhibitor dasatinib, have also
been considered optimal candidates for reversing CAR-T
cell-terminated differentiation and exhaustion during
ex vivo expansion as well as in vivo persistence [131, 132].

Direct mitochondrial-targeting agonists also show
promised for enhancing CAR-T cell functions and

reversing T cell exhaustion [133, 134]. Agonists of
PGC-1a or PPAR-a (bezafibrate and fenofibrate, respec-
tively) enhanced proliferation and increased the survival
of Ty cells and increased CD8" T cell function, which
was supported by increased mitochondrial fatty acid
catabolism and subsequent accelerated OXPHOS, as well
as increased glycolysis [135, 136].

Redox homeostasis

Treatment with mitochondria-targeted (MT) antioxi-
dants may be a new strategy to prevent cytotoxic T cell
exhaustion. Antioxidant treatment restores the meta-
bolic function and self-renewal capacity of exhausted T
cells during continual antigen stimulation both in vitro
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and in vivo. Two MT antioxidants, mitoquinone and
piperidine-nitroxide MitoTEMPO, attenuate oxidative
stress induced by defective A¥m depolarization and
excessive ROS levels in exhausted CD8+T cells, signifi-
cantly enhancing cell viability and antiviral function [77].
N-acetylcysteine (N-AC) supplementation of chronically
stimulated T cells increased the synthesis of glutathione,
a critical antioxidant, which further reduced ROS accu-
mulation and increased the oxygen consumption rate
(OCR). N-AC-treated T cells undergo a phenotypic tran-
sition from terminally exhaustion to progenitor exhaus-
tion, which is identified by one-half of cells expressing
both TCE-1 and TOX (Fig. 2). The mechanism by which
terminal T cell exhaustion is thus prevented may involve
attenuation of Ca?T-driven, ROS-dependent NFAT
activity [137]. In addition, supplementation with nico-
tinamide ribose (NR), a precursor of another important
antioxidant, reduced nicotinamide adenine dinucleotide
(NADH), which prevented the decline in mitochondrial
fitness (Fig. 2). After either intratumoral injection or oral
administration, NR significantly attenuated mtROS levels
and increased the effector cytokine production mediated
by antigen stimulation of CD8% T cells [32]. Regarding
CAR-T cell therapy, Ligtenberg et al. presented a strategy
to coexpress catalase with a CAR construct (CAR-CAT)
in adoptive T cells to neutralize H,O, and thus increase
cellular antioxidative capacity. CAR-CAT-T cells exhib-
ited upregulated intracellular catalase expression levels
and showed reduced ROS accumulation in the primary
or activated state while maintaining viability and antitu-
mor function under oxidative stress [138].

Importantly, these findings indicate that genetic or
pharmacological disruption to T cell metabolism may
mediate T cell differentiation preferences and determine
T cell fate. To enhance antitumor efficacy, the metabolic
state of CAR-T cells can be reprogrammed by changing
the CAR construct or culture conditions to balance gly-
colysis and FAQO, although further testing is needed to
fully validate this suggestion.

New insights: metabolic analysis of T cells

and CAR-T cells based on single-cell techniques
Metabolic enzymes and intermediates exert indispen-
sable regulatory effects on CAR-T cell proliferation,
differentiation, functional activation and persistence.
Important mechanisms of metabolic regulation, includ-
ing CAR-T cell metabolic status reprogramming to meet
the needs for both energy and biosynthesis during rapid
expansion, and how these mechanisms balance diver-
gent metabolic pathways to direct the formation of long-
lived Ty or short-lived Ty cells are worthy of further
investigation.
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To date, cellular metabolic analyses have been based
mostly on bulk assays, mainly involving quantification
of metabolic intermediates, products and substrates
(e.g., MS and extracellular flux analysis). However,
because T cells exhibit tremendous heterogeneity,
sophisticated measurement technologies are urgently
needed to characterize metabolic profiles (including
the expression levels of metabolic genes, the activity of
metabolic enzymes and the abundance of metabolites)
at single-cell resolution (Table 2) (Fig. 3).

Single-cell transcriptome analysis
Single-cell RNA sequencing (scRNA-seq) permits com-
parisons of individual cell transcriptomes and under-
standing cellular phenotypes as ascertained by unbiased
clustering, which is a measurement suited for discover-
ing novel cell types, dissecting cell fate decisions (dif-
ferentiation), or characterizing highly heterogeneous
T cell populations [29, 139]. Based on scRNA-seq and
TCR-seq, CD8+ T cells previously defined as exhausted
were, in fact, proliferating clones of differentiating cells
in the human tumor microenvironment [29]. A series
of transcriptional atlases associated with CAR-T cell
exhaustion [140], treatment efficacy and induced tox-
icity [141] have been generated through scRNA-seq
analyses of CAR-T cell products and treatment pro-
gression [142]. These studies have provided unprec-
edented opportunities to understand the heterogeneity
of the cell subsets and molecular features of the CAR-T
cell population and revealed the factors correlated with
clinical outcomes to guide patient management.
Single-cell metabolic profiling based on scRNA-seq
datasets can be analyzed to demonstrate the behav-
ior of metabolic genes, such as the glycolytic activity
gene Glutl, FAO components CPT1 and CPT2, and
oxidative stress response factor NRF2 [143, 144]. By
comparing single-cell profiles of CAR-T cells with dif-
ferent intracellular domains at rest and activation, 41BB
CAR-T cells have enriched genes associated with CD8
Ty cells and favored fatty acid metabolism at rest,
which is likely to be a key driver of prolonged persis-
tence [141]. CRISPR-Cas9 genome-wide screening
combined with scRNA-seq has emerged as a powerful
approach to identify essential regulators of CAR-T cells
and inhibit exhaustion responses [145, 146]. To date,
scRNA-seq has been performed to characterize the
metabolism of CAR-T cell therapies and to clinically
monitor CAR-T cell therapies. However, future studies
should be possible to interrogate metabolic molecular
targets toward clinical benefit in CAR T therapies.



Page 11 of 20

(2022) 15:38

Huang et al. Journal of Hematology & Oncology

s19sgns YYW3ILL pue

SAleU 0115210UOD Ul Y| | D PUB ‘ZXdHd DVOV
O S|9A3) Jaybiy passaldxe yroq suoneindod
IN3L pue WD 3y ‘sedAiousyd dljogeiaul
[BIIUDIDYIP MOYS $195gNS AIOWBW |90 | 7

uoneAnde uone|ndod
[2/1]1 1192 1 Bunnp sind>0 Buljpowal JIjogeISN *| 21£00%n3) J1ad s|192 000’05 | ‘Siouop 7| SOINGd Uewny MO|4-I9N
SU110.d D1|0GRIDUI SAIIRPIXO PUR DIIA|0D
-A|6 JO UOISS21dXD |ewlixew AQ paziia1deieyd Adesaya
(Uond3juI-3s0d SAep G JUBPUNGR 1SOW) S|[90  [92-Ixe BulAI9dal s1ualied THN PadueApe 7 7
(0511 121eAnde-A|Jes Ul 31els 21|0geIaW 1DUlSIp v 921W 9/79/£5D LM P1I34Ul AT 10 SAI_N | Anawoik) sseyy
sadfousyd
[eD16ojoUNUWIW] 1DURSIP YUM A[iea)d paie
-1D0SSe $91e1S JI[0grIaW (43A2s)buljyoid (£ =u) saisdoiq apou yduwiA|
awo[nbal d1jogeIBW [|92-3|PUIS 7 PUe (G =U) SOINFJ Jouop AYieay paiejpiun ¢
S1192 | 48D UeWwINY dAI_U JO BUIYDLIMS d1j0] (9=u) syuai1ed awles ay1 Woi) aNssh H4OL-19IW T
[8F71] -B12W JO paynuap! alam siuiod 32ayd a1y “| 1uadefpe Ayijeay pue (9=u) anssiy Jown] ‘| S92 18AD 401407l 2Woa10ld ||92-3|buls
sadAiouopd
1usIsiad-uou ay1 01 pasedwlod ‘sadArouo)d
1Ua3s1549d 3y Ul passaidxa paulewal SILIOUD)
£894NZ PuUB 74Ty 1911 /11 Ing ‘pabueyd uols X0L Aq awol
[191]  suloned uoissaidxa auab S| ay3 ‘| DV JOYY 190UeD |B1D310|0D DleISeIaW yum uaned | -njul )L Jaye sa1kooydwiA| poojq |esayduad -duosuely/yd1os
Adesayy [93-Ixe Jaye A1
-DIX0} pue ADBDLYJS Ul UOIIRLIRA 0} S9INGIIUOD SOILIOUID) X0 7
[L£1] synpoid uoisnjul |90 L ¥y Jo AWsusbolaidH  s|192 [enpisal 9z€'/€ L "1DgT Yum siusned 4z SI192 1-4YD bas-yng 1
WISI|OgRISW pIOe K118} PAIOAR) pUE
S||92 | Alowswi [ei1uad 80D YUM paiedosse
[L1¥1] Sio}Iew paseaidul pey sij9d 1-4vD 9411 siouop Auyjeay § 5|19 1-4VD olwousn XL bas-yNy ||92-91buls
SIDUIDYY uoisn|puod ulepy 924Nn0s ||9D sadfy 19> POy adAy

sanbiuyDa} [|93-3|6uls UO paseq s||9 -4y Pue s||32 | JO sisAjeue dljogeidly g alqel



Page 12 of 20

(2022) 15:38

Huang et al. Journal of Hematology & Oncology

51192 SUNWIWI J3YI0 LM Buo|e 5|9

K101e|nBaJ pUE PaISNEYXS DIXOI0IAD 101D

01 5||92 AJOWSW PUB SAIU WOJ) UoeZlie|0d

119 | AQ paziia1deleyd sem pue abe yum

[€91]  pawuweiboidal sem adedspue| |92 sunwU|

S|j192 bai| ul sjpAs| passauddns

pue /Y] dlusboyied uj uoissaidxa awAzua
pa1e|al-aulueA|od paduByUS YIM WSIO

-ge1aw aulweAjod weansumop pue auluibie

yum parenosse sem A1plusboyied /1yl 7

d1v 2onpoud

01 SpIde A11e} 9zZIpIxX0 / | Y] dlusboyied

-UOU SeaJaYM ‘ALAIDR /D] PUR SISA|0JA|D

[e/1]  2igosse saybiy ureauiew /Y] dlusboyied |

pauyap a1am skemyied

P31BID0SSE pue AJAIDE DI[0geIaul ‘Siasiew

1e|N|[32 puUe puNoy sem s||33 (Bai)plojAw
Kioye|nbas+ zwal] + | 61y Jo dnoib [paou vz
Ainnoe

2AI5s91ddns Jo ainjeubis sunwwi J1j0geIau e

[091]  SIIOWN} UIYIM S||9D Bulssaidxa-| aseuldiy “|

paianodal syuaned 6 1-gIAOD Paby/bunox ¢
syuaned 61-dIAOD paby/bunox ¢
synpe Ayieay paby,/buno, |

221w adA1-pjim 9/19/5D

201w BULIRSG-I0WNY SOZYDIN WO S[13 849/

SOWgd UewnH

S|192 £ 1YL d1usboyired-uou pue diusboyied

sabeydoidew pue $31400U0N

bas-Hv1vos '€
A1BWO0IAD SSe\ 7

bas-yNY2s |

ssedwo) ¢
S2IWoURD XOL "L

sayoeosdde ||

bas-su|  -91buls paxadiniy

EERITEYETEN] uoIsnPuod ulep

321n0s [|3)

sadf1 ||9D

poylsy adA|

(panunuod) z 3jqeyL



Huang et al. Journal of Hematology & Oncology

(2022) 15:38

Page 13 of 20

Functional analysis

mitochondrial_ratio

015
QC 0.10 j
005 v [ f
(| I
L
0.00 =! ]
b4

Expression Quantification
Expression profile

e c.i1 HENN lllll
eci2JHE HEER B
ecasJHECN B

¢ CeIIN. || N |

tSNE2

LSNET

W 2 0 0 w2 @

Cell-type annotation

Time-of-flight mass
analyzer

CeII1 CeIIi

TSNE-2

Label 1

v

Label 2

Label 3

Label 4

Functional Analysis

é*i

xaxis

Label 5

Cell, Cell phenotype
correlation
Phenotype
charaterization

Label 6

Label A

Label 8

LabelC

Label D

Label €

Label F

~

Differential Analysis

10x genomics

Sample

Chromosome

Genome Tracking

sl

ad

DIIDD_D_D_AD |

Peaks (kb)

»
g
8 112775000 112780000 112785000 112730000

chr2 position (kb)

Cell-type annotation

w0 2 0 0 0 2 @
LSNET

ing peaks ing to open

Feature Matrix

Cells -~
17} L
g Xgn Celll Cell2- - -Celln
5 | Peakil
L | Peak2
~
P4 1
@© L]
& Peak g

SCRNA-Seq SCATAC-Seq

e N
Mass Spectrometer Functional Analysis
\L f— ~25]. 7
‘ g ' ] :-m mzo
1. 3 —%
I L5 2
i“”ff%*%’i%% %9 % 0 5 10
Log2
FC
8 Clustering
m/z T =
Feature Matrix T
Cells _

0 — B
g Xgn Cell1 Cell2-=-Celln
5 || Peakl
(0] o . .
L ||Peak2 Metobolites Identifications
- 1
m 1
Lw Peak g QQ(WA‘)(

Fig. 3 Metabolic analysis of T and CAR-T cells based on single-cell techniques
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Single-cell proteome analysis

The utility of antibody-based proteomic platforms is able
to quantify over 130 isotopes simultaneously, including
surface markers, rate-limiting enzymes, metabolic trans-
porters and epigenetic modifications of individual cells
[147]. Changes in metabolic activity in T cells observed at
single-cell resolution through protein quantification have
a high degree of consistency with the changes measured
by extracellular flux analysis [148, 149]. Furthermore, in-
depth single-cell-based proteome analysis of T cells can
identify distinct phases of T cell remodeling as well as
their relationship to transitions between cellular states,
which could not be achieved by bulk analysis.

Remarkable cell type-specific metabolic diversification
is revealed within the human immune system [149]; for
example, early activated T cells exhibit maximal glycolytic
activity and increased mitochondrial mass and activity
[150]. According to a recent study, proteins that regulate
metabolic pathway activity were quantified in human
cytotoxic T cells based on high-dimensional antibody-
based technologies. It defines three inflection points
during metabolic remodeling of naive human CD8+ Ty
cell activation: accelerated upregulation of metabolic
proteins, RNA synthesis initiation together with cellular
stress response activation, and stabilized metabolic pro-
tein expression accompanied by peak translational activ-
ity [148]. The study also revealed that cytotoxic T cells
expressing the exhaustion-associated molecules CD39
and PD-1 diverged into two subsets in human tumors. Of
these, decreased metabolism (i.e., reduced GLS, GOT2,
PFK2, ATP5A, CS, CytC and PGCla_p) was proposed
to result in terminally exhausted T cells based on low
expression of TCF1 [148]. Single-cell proteomes can
further reveal the metabolic dynamics of CAR-T cells.
CAR-T cell products before infusion exhibited peak oxi-
dative and glycolytic marker expression. Thereafter, most
metabolic proteins decreased by 7, 14, 21, 28 and 90 days
after CAR-T cell infusion [150]. These studies suggest
that T cell capacities could be defined via an additional
dimension of the metabolic state.

In addition to cytometry-based approaches for protein-
level measurements, approaches can include assessment
of nonprotein markers of cellular phenotypes, such as the
mitochondrial potential dye MitoTracker, a fluorescent
derivative of glucose 2-NBDG. This technique may be
helpful in understanding multiple metabolic parameters
affected in the immune system. However, the sensitivity
of these methods is still limited to only tens to hundreds
of protein markers per cell. Spectral flow cytometry,
capillary electrophoresis—electrospray ionization-MS
(CE-ESI-MS) and nanoscale liquid chromatography cou-
pled to MS (nano-LC-MS)-based platforms are used in
single-cell proteome analysis and meet the sensitivity
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requirements to detect hundreds to thousands of pro-
teins [151-153]. These developing MS techniques herald
a new era of high-throughput single-cell analysis by ena-
bling label-free protein quantification.

Single-cell metabolomic analysis

Metabolites are small molecules, usually less than 1.5
kD, and include lipids, sugars, glycolytic metabolites
and phosphate compounds [154]. Metabolic flux is often
reported as a reaction rate of a metabolic pathway in a
steady state, reflecting the interactions of various pro-
cesses such as transcription, translation and enzyme
activity and metabolite concentration [155].

Single-cell metabolomics can explain the molecular
heterogeneity and dynamic states of mechanisms within
complex immune tissues and their cellular microenviron-
ments. However, due to extremely low levels of metab-
olites in a single cell and the lack of a high-throughput
cell-processing technique to extract metabolites, single-
cell metabolomics technology is currently not suffi-
ciently mature for large-scale applications. The instability
of metabolites can be partially resolved by integrating
metabolomics with other data, such as transcriptomic
and proteomic data, which not only can be used in cross-
validation but also can be used, more importantly, to ana-
lyze metabolic changes in different cell types and stages
of cell development through pseudotemporal analysis in
immunometabolism research.

Integration of multiplexed single-cell approaches
Cell signaling and epigenetic, transcriptional and meta-
bolic pathways are integrated to regulate cell func-
tion. By combining high-precision genome-sequencing
approaches, we obtained highly reliable cell lineage trees
that revealed cell genetic variants, and these variants can
be measured as cell clonal markers to track cell dynamics.
Several newly developed multiplex single-cell tech-
niques are currently under investigation. Proximity
extension assays (PEAs) provide details of protein and
transcript abundance in the same single cell at the same
time on the basis of oligonucleotide-labeled antibody
measurements [156, 157]. Based on the oligonucleotide-
labeled antibody method, a high-throughput scRNA-seq
method called cellular indexing of transcriptomes and
epitopes by sequencing (CITE-seq) has been established.
As a multimodal data analysis platform, CITE-seq inte-
grates surface cell protein and transcriptome measure-
ments and provides more detailed characterization of
cellular phenotypes (natural killer [NK] cell, T cell, etc.)
than transcriptome measurements alone [158, 159].
Insertion sequencing (IN-seq), another integrated tech-
nology for massive and parallel recording of scRNA-seq
data and intracellular protein activity, can be broadly
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applied for elucidating integrated transcriptional and
intracellular maps and defining new immune subsets
[160]. By sequencing TCR RNA transcripts and tracing
them in the study of clonal dynamics, clonotypes and
phenotypes can be directly compared.

On the basis of scRNA-seq and scTCR-seq, two dif-
ferent TIL populations with distinctive gene expres-
sion profiles have been found to be associated with the
persistence of TILs in a patient [161, 162]. Wenru Su
et al. applied scRNA-seq, cytometry by time of flight
(CyTOF), a single-cell assay for transposase-accessible
chromatin sequencing (scATAC-seq) and single-cell
paired T/B-cell receptor sequencing (scTCR/BCR-seq)
to compare the properties of peripheral blood mononu-
clear cells (PBMCs) in young and old adults with SARS-
CoV-2 infection. The study revealed that T cells showed
decreased diversity and increased phenotype switching,
from Ty and T\ cells to T, exhausted and Tregs during
aging [163]. By multiplexing these single-cell techniques,
data in addition to those of the transcriptome can be
acquired, and particular advances in genomic, chromatin,
methylation and proteomic assays can be used to define
new cell populations and explore their specific functions
in the immune system.

Currently, single-cell multiplex approaches provide
unique opportunities to determine common principles of
immunometabolic heterogeneity in the immune system.
With technological development, the spatial omics of
single cells in an original tissue can enable the determi-
nation of cell—cell interactions and microenvironmental
influences on the cellular state. Moreover, computational
models can be optimized to predict cellular phenotypes
more accurately. Given certain caveats, the information
obtained through single-cell research has introduced the
possibility of improving CAR-T therapies against can-
cers by manipulating the expression of key metabolism-
related genes, proteins or metabolites, leading to CAR-T
cell products better suited for immunotherapy.

In addition to conventional mitochondrial techniques,
such as a Seahorse analysis and live-mitochondria stain-
ing, novel techniques based on mitochondria analysis
are currently under investigation. Mitochondrial muta-
tion analysis combined with single-cell genomics allows
lineage tracing [164]. Lareau et al. [165] developed a
mtscATAC-seq method that combines high-confidence
mtDNA mutations with the concomitant accessible chro-
matin profile. mtscATAC-seq enables researchers to link
epigenomic variability to subclonal evolution and infer
the dynamics of differentiating hematopoietic cells. Fur-
thermore, new mitochondria-related techniques can
be used to discover intercellular interactions and reveal
pathological mechanisms [166]. By using field-emission
scanning electron microscopy and mitochondrial transfer
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tracing, the nanotube-mediated transfer of mitochondria
from immune cells to cancer cells has been characterized;
in summary, this transfer enhanced the metabolism of
cancer cells and depleted that of immune cells [167].

Conclusion

Recent studies have indicated that metabolic pathways
not only provide building blocks for T-and CAR-T cell
during fate determination but also exert a significant
influence on the outcomes of CAR-T cell therapy. Indeed,
immunometabolism as a systematic science would be a
promising field for future research to better understand
regulatory mechanisms of CAR-T cells. Understand-
ing the spatiotemporal aspect of CAR-T cell metabolism
requires the further development of more novel tech-
nologies in the effort to improve CAR-T cell function
and treatment outcomes. “Omics” technologies pertain
the entire set of molecules present at the cellular level
or within an organism under a specific set of conditions.
Combining those technologies with single-cell tech-
nology like microfluidics, high-resolution imaging etc.,
metabolic research has entered the era of multi-omics at
single-cell level.
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respiratory capacity; ACC: Acetyl-CoA carboxylase; a-KG: Alpha-ketoglutarate;
GLS: Glutaminase; TH1: T helper 1 cell; MS: Mass spectrometry; tRNA: Transfer
RNA; H,0,: Hydrogen peroxide; NFAT: Nuclear factor of activated T cell; CLL:
Chronic lymphocytic leukemia; MT: Mitochondria-targeted; N-AC: N-acetyl-
cysteine; OCR: Oxygen consumption rate; NR: Nicotinamide ribose; NADH:
Nicotinamide adenine dinucleotide; scRNA-seq: Single-cell RNA sequenc-

ing; CE-ESI-MS: Capillary electrophoresis—electrospray ionization-mass
spectrometry; nano-LC-MS: Nanoscale liquid chromatography coupled to
mass spectrometry; PEA: Proximity extension assay; CyTOF: Cytometry by time
of flight; scATAC-seq;: Single-cell assay for transposase-accessible chromatin
sequencing; scTCR/BCR-seq: Single-cell paired T/B cell receptor sequencing;
PBMC: Peripheral blood mononuclear cell.
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