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Improving T-Cell Activation and
Serial Killing Through Metabolic
Modulation

Introduction

T cells are an essential part of the anti-cancer immune response, particularly cytotoxic CD8* T cells,
which can recognize and destroy malignant cells. Harnessing the killing potential of T cells through
immunotherapy has revolutionized cancer treatment and significantly improved patient survival
outcomes ! T cell-based immunotherapies take several different forms, including checkpoint inhibitors
(which block the binding of inhibitory proteins to T cell inhibitory receptors) and chimeric antigen
receptor (CAR)-T cells (in which cells are engineered to express synthetic antigen receptors that direct
and enhance cancer cell targeting).

Despite the successes of T cell immunotherapies, the tumor microenvironment (TME) poses a

key barrier to efficient anti-tumor responses, limiting the success of CAR T cells against solid
tumors. T cell metabolic fitness is essential to meet the demands of mounting an appropriate
immune response, and to ensure survival, expansion and differentiation. While strong stimulation
can promote fitness by enhancing survival and effector functions, over-stimulation can result in

an exhausted, non-functional phenotype. The TME is highly hostile to immune cells and creates a
nutrient-deficient environment that inhibits the metabolism, and therefore functions, of T cell-based
immunotherapies.?2 Subsequently, T cells — and T cell-based immunotherapies — become exhausted,
showing overexpression of inhibitory receptors, metabolic dysfunction, decreased cytokine
production and reduced cytolytic activity.2

Recent research has shown that the inhibitory effects of the TME on immunotherapy effectiveness
could be counteracted by engineering T cell metabolism to improve persistence and fitness.
Strategies include adjusting cytokine profiles during manufacture and manipulation of T-cell
differentiation to improve persistence in CAR T cells.4> Combination of checkpoint therapies with
other synergistic metabolic drugs, or with other immunotherapies such as CAR T cells or cancer
vaccines, is also being attempted.©

If the efficacy of immunotherapies is to be improved through metabolic modulation, then highly
accurate measuring of T cell metabolism and persistence is of the utmost importance. This editorial
will discuss how T cell metabolism is being evaluated and manipulated for the improvement of T
cell-based immunotherapies, and the platforms — both established and novel — involved in advancing
this field.
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Boosting T cell activation, persistence
and serial killing

In order to improve the efficiency of immunotherapies, it is
essential to fully understand the complete and changing
metabolic profiles of T cells as they develop from naive to
activated to memory phenotype. Naive and resting memory T
cells are maintained in a quiescent state. In this state, energetic
demand is low and cells rely on the tricarboxylic acid (TCA) cycle
and oxidative phosphorylation (OXPHOS) for catabolic energy
production. In this scenario, fatty acids, glucose and amino acids
are used to generate adenosine triphosphate (ATP) for energy
(Figure 1).28 However, once T cells are activated, they switch to
anabolic metabolism. In this state, glucose is fermented into
lactate by aerobic glycolysis, instead of being oxidized in the
mitochondria. Anabolism promotes cell growth and proliferation;
ATP is produced by glycolysis, and glucose, fatty acids and
amino acids are used to manufacture cellular components £
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Figure 1. The metabolic phenotypes of active and quiescent T cells.

The metabolic profiles of quiescence and activation

Maintenance of the quiescent state is an active process. It
relies on retention of the cell cycle in the GO stage with low
mitochondrial, translational and transcriptional activity.”
Signaling through molecules such as interleukin (IL)-7, is

essential for maintaining homeostasis, as engagement of
IL-7 with its receptor prevents atrophy of quiescent cells 221
Activation of particular transcription factors — such as
forkhead box class O (FOXO) family members — contributes
to T cell quiescence too, which promotes expression of
cellular activation inhibitors.2

Regulatory T (Treg) cells are also essential in maintaining T
cell quiescence through expression of co-inhibitory receptors
such as cytotoxic T lymphocyte antigen 4 (CTLA-4), depleting
proliferation-promoting cytokines and particular metabolic
signaling. 21! One of the main Teo coordinators of metabolic
control of quiescence is FOXP3, which inhibits glycolysis and
upregulates OXPHQOS, even in nutrient- or oxygen-restricted
environments 2

The switch from T cell quiescence to activation and
differentiation requires a complete shift in metabolic activity
that begins when an antigen (or a CD3/CD28 activator) is
presented to the T cell receptor (TCR) and CD28 co-receptor
(Figure 2).1224 The signaling pathways stimulated by receptor
binding induce the expression of transcription factors that
promote proliferation, initiation of the cell cycle, differentiation
and a robust increase in glycolytic activity. Of these, one

of the most crucial regulators is the mammalian target of
rapamycin (MTOR) pathway.’® In addition to the internal
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Figure 2. APC or CD3/CD28 activators induce quiescence exit and
initiate a metabolic shiftin T cells.



cellular processes, external metabolic cues also support T cell
activation, including the presence of certain cytokines (e.g., IL-
2), the availability of nutrients and redox and oxygen sensing.”

The signaling cascades initiated by TCR engagement lead
to metabolic reprogramming by changing the structure
and function of the cell's mitochondria. Early on, following
quiescence exit, activation of pyruvate dehydrogenase
kinase 1 (PDHK1) inhibits movement of pyruvate into

the mitochondria, pushing the cell towards glycolysis. ¢

In activated effector T (T,) cells, fission of cristae in the
mitochondria leads to reduced efficiency of the electron
transport chain and promotion of aerobic glycolysis, as
determined by measuring the extracellular acidification
rate (ECAR)

Reprogramming metabolism

Analysis of T cell metabolism is essential in understanding
the dynamics of T cell activation and effector functions.
Levels of glycolysis can be measured in real time as a
signature of efficient T cell activation, as the switch to
glycolysis as an energy source is directly linked to effector
function.’® As a consequence, assessment of glycolysis
and mitochondrial activity by an instrument such as

the Agilent Seahorse XF can give real-time insights into
the efficacy of T cell-based immunotherapies, and the
effects of reprogrammed metabolism to enhance immune
responses. 1812

During normal immune function, T cells undergo metabolic
reprogramming to shift from oxidative functions that support
immune surveillance, to anabolic metabolism to support
rapid growth and proliferation. This metabolic fitness, and the
ability to use surrounding nutrients are modulated by immune
checkpoints. 2 The TME is extremely disruptive to T-cell
metabolism. Rapidly proliferating tumor cells also engage

in aerobic glycolysis, depleting nutrients and consequently
limiting the metabolism and function of activated T cells.?
This depletion of glucose can also affect T-cell differentiation,
favoring Teo cells over cytotoxic T cells, and leading to an
immunosuppressive environment.22 Over time, repeated
stimulation of the TCR on cytolytic CD8* T cells leads to T cell
exhaustion, and a loss of function.?2 For CAR T cells, this can
result in inefficient or transient effects, an inability to infiltrate
solid tumors or failure to prevent relapses.

Studies have shown that assessing metabolic capacity in
real time by measuring the oxygen consumption rate (OCR)
and the ECAR of CAR T cells can predict their therapeutic
potential.2224 Several methods of metabolic reprogramming

have shown improved persistence and effector function

in T cells, including transient glucose restriction during

later rounds of proliferation to induce a shift to a more
anabolic profile, enhancing tumor clearance.?® In a recently
published Agilent AppNote, it has been shown that

arginine preconditioning enhances T cell cytotoxicity and
mitochondrial respiration.?® In addition, engineering receptor
pathways can facilitate increased persistence; for example,
blocking PPAR gamma coactivator Ta (PGC-1a)

can also prevent T cell exhaustion, by limiting the mitochon-
drial defects that eventually lead to loss of function and
self-renewal 2

Further insights into improving CAR T cell persistence have
been gained by examining the metabolic profiles of T cells
in other states, such as resting memory T (T,,) cells. Once
T,, cells are established, they can persist for extremely long
periods of time, up to the entire lifetime of the individual 2
T,, cells also exhibit greater anti-tumor responses than fully
differentiated T, cells, leading to the hypothesis that CAR T
cells would be more effective with less differentiated, more
T, like phenotypes.® Much like naive T cells, T,, cells display
aerobic metabolism, with a similar mitochondria structure
that favours OXPHOS.

Efforts to direct CAR T cells towards a T,,-like phenotype
have shown considerable success via several methods.

For example, CAR T cells engineered to express decreased
levels of coinhibitory receptors show a more memory-

like phenotype and prolonged anti-tumor activity.22 In
addition, strategies that induce an increase in mitochondrial
metabolism also increase a stem-like phenotypic state,
known as stem cell-like memory T cells (T, ). These
long-lived memory cells show enhanced self-renewal and
multipotentcy, as well as enhanced anti-tumor activity
compared to conventional T, cells.* Pharmacological
manipulation of metabolism has also shown positive results,
as cells cultured with pharmacologic inhibitors of Akt (a
serine/threonine kinase involved in transcriptional control of
glucose metabolism), exhibit improved anti-tumor immunity
with memory-like qualities.2! Expanding CAR T cells in IL-15
rich media inhibits mTORC pathway activity, resulting in less
differentiated cells that express reduced exhaustion markers,
increased anti-apoptotic qualities and increased proliferation
when activated.®

Postponing T cell exhaustion

Following the peak of effector function, T cells may become
exhausted and nonresponsive. This occurs through chronic
stimulation with antigens, for example from chronic viral



infection, or prolonged stimulation with tumour antigens
coupled with the inibitory TME in cancer (Figure 3).
Exhausted T cells show metabolic insufficiency, which
results in the inability to respond to further antigen
appearances, reduced cytokine production and loss of
self-renewal 2234 As with the other stages of the T cell life
cycle, this too comes with its own metabolic profile, namely
a reduction in glycolysis, impaired mitochondrial dynamics
and a greatly reduced spare respiratory capacity (SRC) —
the amount of extra ATP that can be produced by OXPHOS
to meet sudden demand.’2 The status of T cells can be
assessed by measuring metabolic activity, or by examining
markers on the T cell surface using flow cytometry, as
coinhibitory receptors are upregulated as T cells move

into exhaustion.®®

Figure 3. The life cycle of a T cell and corresponding metabolic profiles.

In the pursuit of improved efficacy and prolonged survival
for CAR T cells, T cell exhaustion is an essential factor

to consider. However, since exhaustion protects T_ cells
from overstimulation-induced death, impairing exhaustion
may also limit persistence, so a balance must be struck to
optimize immunotherapies.?¢ Several methods have been
explored to stave off T cell exhaustion, including use of
co-stimulatory domains in the CAR molecule and culturing
cells with different cytokines.% One of the most widely
used co-stimulatory domains is 4-1BB, which is highly
expressed on exhausted T cells. Use of 4-1BB co-stimulation
has been shown to increase mitochondrial capacity and
provide a strong anti-tumor response when combined with
immune checkpoint inhibitors.?? When 4-1BB domains are

incorporated into CAR molecules, CAR T-cell persistence

is increased in populations of central memory T cells, with
significantly enhanced respiratory capacity and mitochondrial
biogenesis, as measured using a Seahorse XF analyzer

Cytokines including IL-2, IL-7, IL-15 and IL-21 have been
explored for the enrichment of CAR T cell culture medium.4
CAR T cell populations must proliferate to large numbers

in order to mount a full anti-tumor response. Currently, ex
vivo proliferation strategies are based around IL-2, but this
cytokine also drives the cells towards terminal differentiation
and imminent exhaustion, limiting their effectiveness.
Alternative approaches are being explored, such as the use
of IL-21, which promotes a more quiescent-like state, using
OXPHOS for energy and prolonging cell survival 2

The importance of CAR T cell serial killing

Cytoxic T lymphocytes (CTLS) kill target cells through cell-to-
cell interaction and the delivery of cytolytic enzymes, and are
able to engage with multiple target cells in a serial manner.
Highly motile in vivo CTLs have been estimated to kill up to
20 target cells per day, requiring persistence and prolonged
metabolic fitness.“2 The most efficient and effective CAR T
cells must not only be capable of persisting for prolonged
periods of time and avoiding exhaustion, but they must also
be capable of continued serial killing. Cytolytic kinetics and
the rate of serial killing can be assessed using real-time cell
analysis systems, such as the xCELLigence RTCA technology.
For example, a study performed using solid tumor cells
showed that engagement of CARs by antigens showed equal
rates of serial killing when compared to TCR engagement.
However, after 20 hours, this killing became limited as CARs
were downregulated, suggesting that serial killing needs

to be combined with improved CAR persistence to boost
therapeutic efficacy.#: One such method could be the use of
co-stimulatory domains. In addition to 4-1BB co-stimulatory
domains being incorporated into CAR molecules, research
has also shown that expressing 4-1BB ligand (4-1BBL) on the
surface of CAR T cells increases their ability for serial tumor
cell killing in a cellular impedance-based cytotoxicity assay.*

Previous research has shown that long-term effector
functions can also be supported by arming activated T cells
with bispecific antibodies 4344 This strategy of arming effector
cells with tumor-specific antibodies can be extended to CAR T
cells. A study in which CAR T cells were loaded with bispecific
antibodies targeting two common tumor antigens showed
that the CAR T cells were able to successfully carry out serial
killing of target cells for up to 19 days and 4 rounds of killing,
without becoming exhausted.*®



Circumventing the immunosuppressive TME

The immunosuppressive, hypoxic environment of the TME
severely inhibits the fitness and function of in vivo T cells,
through a number of mechanisms, including nutrient limiting
and boosting T function. This effect extends to CAR T cell
therapies, and despite their successes for hematological
cancers, the TME continues to limit progress of CAR T cell
therapies for solid tumors. Early onset T cell exhaustion can
occur in solid tumors due to overstimulation coupled with a
nutrient-depleted environment, though several avenues are
being explored in an effort to counteract the effects of the
TME.2 For example, real-time cell killing assays have shown
that synthetic cytokine receptor signaling can push T cells
towards a more persistent, stem-like phenotype, resulting

in improved anti-tumor responses in difficult-to-treat solid
tumor models.# Again, expression of co-stimulatory domain
4-1BB on CAR T cells improves tumor infiltration, and the
mitochondrial changes induced by the domain support

the resistance of CAR T cells to the TME, particularly when
combined with immune checkpoint inhibitors.#

The TME plays host to a wide range of immunomodulatory
factors which, along with the lack of nutrients and oxygen,
downregulate T cell effector functions. T cells play a
substantial role in this, by secreting immunosuppressive
cytokines such as IL-10 and transforming growth factor

B (TGF-B) and expressing inhibitory cell-surface proteins
such as CTLA-4. Production of these T cells is promoted
by factors such as the metabolic enzyme indoleamine
2,3-dioxygenase (IDO), which is highly expressed in the
TME 4 Limiting these immunosuppressive factors could
be an alternative method for enhancing immunotherapy
effectiveness in solid tumor cancers. So far, the use of
CRISPR/Cas9 to knock out the TGF-B receptor gene on
CAR T cells has shown success. Knockout cells continued
to show long-term, serial cytotoxic effects in a real-time
cellular impedance-based assay even when exposed to high
levels of TGF-B, outperforming CAR T cells still expressing
the receptor.#®

Across the spectrum of research to support the optimization
of T-cell based immunotherapies, the key themes are
supporting T-cell activation, remodelling metabolic capa-
bilities and preventing exhaustion in order to prolong
persistence and serial killing. With such a diverse body

of research, a versatile and comprehensive range of
instruments is required to support the ongoing improvement
of cancer immunotherapies and patient survival.

The complete Agilent solution for CART
cell optimization

Cell-based immunotherapies such as CAR T cells are

“living drugs” with complex, multifaceted mechanisms of
action. Throughout research and process development,
they are required to meet defined safety, purity and potency
requirements, making the collection of robust, accurate data
essential. Analysis and modulation of T-cell metabolism
and persistence can help to reach these requirements and
produce more efficacious immunotherapies. However,
numerous investigations resulting in multiple data sets can
be complicated, and tax available resources. Agilent offers
a complete range of solutions to simplify and enhance
workflows for T cell-based immunotherapy research and
process development. From essential instruments in
immunometabolism with unquestionable pedigree such

as the Seahorse XF analyzers, to innovative xCELLigence
Real-Time Cell Analyzers, NovoCyte flow cytometers and
Cytation Imaging Readers, Agilent instruments can help
accelerate and advance discoveries, process development,
manufacturing, QC release and meet approval criteria.

Seahorse XF analyzers

The metabolic profiles of T cells change significantly over
the course of quiescence, activation, killing and exhaustion.
Analysis and modulation of these changes can provide
insights into the cells’ ability to proliferate, differentiate and
carry out effector functions. The Seahorse XF technology

is an all-in-one, live cell metabolic assay platform that can
perform automatic, real-time measurements of oxygen
consumption rate (OCR), proton efflux rate (PER) and

ECAR, as well as calculate the rates of ATP production from
mitochondrial respiration and glycolysis, thereby providing a
complete assessment of cell bioenergetics. The extremely
high sensitivity of the Seahorse XF technology allows the
measurement of OCR even at very low levels, enabling
accurate assessment of even quiescent cell types. Since its
launch in 2006, the Seahorse has been used in over 17,000
peer-reviewed publications and is is a key contributor to

the current understanding of immunometabolism and the
recognition of the fundamental role of the metabolic changes
that occur during T cell activation and differentiation 425

Seahorse XF technology and assay kits enable
straightforward and precise measurement of metabolic
activity in T cell and CAR T cell function, offering profound
insights into their metabolic roles. For instance, the Seahorse



XF T Cell Metabolic Profiling kit facilitates comprehensive
and robust analysis of T cell metabolism by simultaneously
measuring glycolytic and mitochondrial activity in real

time under basal and stressed conditions (Figure 4). The
XF Human T Cell Activation Assay kit provides a rapid and
standardized method to assess early metabolic responses
associated with activation in human T cells, aiding in the
understanding of the initial activation dynamics and

the impact of test compounds on both naive and activated
T cells®

XxCELLigence RTCA analyzers

Persistence and survival alone are not sole determinants of
an efficient for an efficient CAR T cell therapy. Cells must be
able to enact serial killing and maintain effector functions
long term without entering an exhausted state. In addition,
accurate potency data is essential to meet approval criteria.

+  Label-free multiparametric
measurements

+ Automated port injections

- Real-time kinetic measurements

-+ Glycolytic activity

—
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+ Validated kits and reagents

Cellular Metabolic Profile

+ Immune Cell Metabolic Fitness

+  Cell Bioenergetic demand

+  Metabolic Poise (glycolytic vs. aerobic)
+ Spare respiratory capacity

Cellular impedance assays are an increasingly popular
method of measuring potency, and overcome many of the
challenges of other traditional endpoint assays, as they do
not require radiation, are label-free and non-invasive. The
Agilent xCELLigence Real-Time Cell Analysis (RTCA) platform
offers a robust, simple and automated solution for cellular
impedance assays. The system measures quantitative, real-
time kinetics, allowing the continuous measurement of both
proliferation and long-term potency of CAR T cells, generating
a more comprehensive insight into T cell function and serial
killing than endpoint assays (Figure 5). The 21 CFR Part 11
compliant RTCA Software Pro is intuitive and easy-to-use, and
its Immunotherapy module enables measurement of cytolysis
of target tumor cells in a highly automated fashion.

To help tackle the barriers to effective immunotherapy posed
by solid tumors, an extravasation assay workflow has been
developed using the XxCELLigence RCTA platform.

« Advanced Data Analysis tools
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Figure 4. The Agilent Seahorse XF T Cell Metabolic Profiling Kit: Designed for T cells.



Workflow

XxCELLigence RTCA Immune Cell-Mediated Killing Assay (Serial Killing)
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Figure 5. The xCELLigence RTCA immune cell-mediated serial killing assay workflow.

This simulates an extracellular membrane layer, successfully
replicating conditions for invasion and cytotoxicity of CAR

T cells in solid tumors .= In addition, the latest xCELLigence
RTCA eSight combines impedance technology with live cell
imaging, allowing continuous, label-free visualization of T cell
anti-tumor activity. The eSight can automatically recognize
markers of immune cell activation such as clustering,
allowing researchers to track cells for real-time monitoring
and analysis.*?

NovoCyte flow cytometers

Over a decade of development in flow cytometry has given
rise to the NovoCyte range of flow cytometers, including

the NovoCyte Penteon, NovoCyte Quanteon, NovoCyte
Advanteon and Novocyte Opteon. These instruments offer

a highly sensitive, highly flexible method of analyzing T cell
activation, proliferation and differentiation. With up to 5 lasers
accommodating up to 73 different fluorescence channels,
NovoCyte flow cytometers can process both FACS tubes and
up to 384-well plates. The accompanying 21 CFR Part 11
compliant software, NovoExpress, is intuitive and industry-
leading, providing an easy-to-use interface and exceptional
data acquisition, analysis and reporting.

NovoCyte flow cytometers offer a range of capabilities
to enhance T cell research and immunotherapeutic

development, such as automated cell cycle analysis. The
fluorescent dye carboxyfluorescein succinimidyl ester (CFSE)
is transferred to daughter cells, and enables tracking of cell
proliferation and survival, which is automatically calculated
using the NovoExpress software = Flow cytometry assays
can be performed to analyze T cell activation, differentiation
and exhaustion markers, providing insight into the status of T
cells and the effects of metabolic manipulation.®

Automated live-cell imaging microplate
reader systems

Effective immunotherapies cannot be developed without
robust orthogonal approaches that support an in-depth
understanding of the cellular mechanisms of immune cells
and their interactions with tumor cells. Agilent microplate
readers provide intuitive, well-established platforms for
quantifying immune cell activation via ELISA and other
assay formats, while Agilent liquid handlers and automation
solutions support increased throughput and reliability.
Agilent’s automated imaging systems, including the BioTek
Lionheart FX automated microscope and the Cytation live-cell
imaging systems, offer high-throughput solutions to address
the needs of both routine experiments and sophisticated,
mechanistic experimental design. These imaging systems
are able to efficiently capture a large sample field of view,
including entire well areas in 384-well microplates, in a single




image. Flexible kinetic imaging protocols allow user-defined
intervals and duration to generate complete profiles of T

cell activation and efficacy. The accompanying software
automatically calculates and reports key metrics for immune
cell activation such as clustering and target cell killing.

In addition, brightfield and widefield imaging are supported
for 3D cell culture models to give more detailed insight into
cell behavior and survival.

Conclusion

T-cell based immunotherapies have shown great success,

but still have challenges to overcome, such as treatments for
solid tumors, and prolonging effective killing and persistence.
As CAR T-cell therapies continue to develop further, metabolic
manipulation could be the key to overcoming these limitations,
supported by rapid, automated and highly accurate analysis of
metabolism and serial killing. One such example is the recent
development of metabolically enhanced CAR T cells armed with
bispecific antibodies, developed and evaluated using a workflow
incorporating the Agilent Seahorse XF, the xCELLigence RCTA
and the NovoCyte flow cytometer. The study showed that these
cells were safe, effective serial killers of solid tumor targets,

XCELLigence RTCA eSight

Real-time kinetic analysis of cell killing
combined with live cell imaging

= L

NovoCyte Quanteon
flow cytometer

Multiparametric immunophenotyping by flow cytometry

-

Figure 6. End-to-end solutions from Agilent.

and demonstrated the ability of the Agilent portfolio to support
research breakthroughs and engineer improved therapies.®

Agilent offers end-to-end solutions for T cell immunotherapies,
ranging from foundational research into T cell metabolism,
through process development, to potency assays to meet
approval criteria for clinical release (Figure 6). Both as a whole
and individually, these instruments can support a comprehensive
understanding of T cell functionality and the creation of life-
saving novel therapeutics.

Explore the Agilent
portfolio to optimize
your CAR T cell development
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