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Abstract: Immune cell aging is associated with compromised cancer immunosurveillance and reduced efficacy

of some cancer immunotherapies. The ability to reverse immune cell aging to obtain more efficient anti-tumour

reactive T cells would provide obvious benefits in clinical treatment. This could be achieved by acting on key

fundamental cellular processes including metabolism and autophagy, which may subsequently influence T

cell differentiation and effector functions. Polyamines, which can induce autophagy, have been shown both to

enhance mitochondrial activity and have a direct effect on T cells. First by improving effector functions in CD8

T cells and, second, by regulating CD4 T cell differentiation. However, the exact interconnections between

autophagy, mitochondrial activity and T-cell function remain to be elucidated. Most of the data on these

fundamental processes have been collected from non-human systems, but fewer clinical data are available.

We herein discuss the main evidence and speculate on the eventual benefit of affecting metabolism in an aged

immune system to improve immunotherapy outcome.
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1. Introduction

he role of the immune system in preventing
cancer is well recognized, however, as any
organ, this system is compromised by aging
which can reduce its capacity to control cancer
development and affect treatments in general'’,
An aging adaptive immune system is characterized

by increasing malfunction and autoimmunity, probably
resulting from a change in immune cell composition™
and a loss in quality of immune response. Several
hallmarks of T cell aging have been described,
including thymic involution, loss of proteostatis,
genetic alterations, inflammaging, T cell receptor

(TCR) repertoire reduction, lack of plasticity and
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naive- memory imbalance, T cell senescence, and
mitochondrial dysfunction (reviewed™ ®!). The aging
immune system generally responds more poorly to
vaccination (flu, Covid), however, in some cases
age seems to have no effect on treatment outcome
as recently reported for CD19 Chimeric antigen
receptor (CAR) T cell treatment of B-cell lymphoma'.
Surprisingly, certain types of immunotherapies like
immune checkpoint inhibitors seem to be as, or even
more, efficient, in older patients[ﬂ’ [ but this represents
an exception. The reasons for these discrepancies in
treatment response are not fully understood. Preclinical
data suggest that the composition of T cell populations
might be the cause: a higher Treg to CD8 T cell
ratio in younger patients, or an enhanced memory to
naive T cell ratio in elderly patients, which remains
plausible. On the other hand, certain age-associated
traits of the immune system have also been associated
with increased risk of adverse events'!. In murine
cancer models, CD4 T cells in aged mice treated with
anti-PD-1 causing immune-related adverse events,
were found to secrete more IL-21 which upregulated
the B-cell homing chemokine CXCL13 and lead to
autoimmune pathogenicity'”. Systemic increase of
CXCL13 and CD4 T cell-associated IL-21 expression
also correlated with immune-related adverse events in
patients.

The tumour microenvironment (TME) plays an
essential role in tumour growth and therapy resistance.
Numerous non-malignant cells in the tumour stroma,
e.g. immune cells, fibroblasts, endothelial cells,
contribute to tumour progression. Aging also clearly
influences the behaviour of the TME™.,

The effects of aging are very rarely considered
when performing preclinical experiments and novel
immunotherapies may therefore not be designed in an
optimal manner for older patients who represent the
majority of cancer patients treated.

2. Can we simply reverse the aging of the
immune system to improve the effect of
cancer treatment?

Autophagy has received considerable attention in
recent years in connection with aging and disease.
It is a cellular process through which damaged or
dysfunctional cellular components are broken down
and recycled. These resulting subproducts can then

be used as fuel to produce catabolic energy. Thus,
autophagy is mainly a protective activity to cells
and compromised autophagy is a hallmark of aging.
Autophagy has tissue-specific roles in regulating aging
and tissues degenerate at different pace”.

Autophagy, and in particular the balance between
mammalian target of rapamycin (mTOR) and AMP-
activated protein kinase (AMPK) activation, is essential
in regulating the differentiation and metabolism
of immune cells. When T cells are activated and
receive co-stimulation through CD28, the PI3K-AKT-
mTOR signalling, the autophagic flux is reduced and
accompanied by increased cellular glycolytic activity,
inducing T cell proliferation and a pro-inflammatory
phenotype'”. Memory T cells continue to depend
on this CD28-mediated signalling pathway, but also
use additional mechanisms to increase glycolysis.
Moreover, memory cells take up glucose faster than
naive cells and more efficiently use this glucose for
fatty acid synthesis when rechallenged with antigen™".

Highly glycolytic activated T cells cannot maintain
cellular energy levels in environments with low glucose
availability such as the TME. Consequently, in order
to proceed to efficient catabolic metabolism, T cells
need to dip into their reserves. This will be executed by
activating the key metabolic regulator AMPK which
will stimulate autophagy through inhibition of mTOR,
and promote the oxidative phosphorylation (OXPHOS)-
dependent function of non- or anti-inflammatory T
cells. Since autophagy is affected in aged T cells, their
responsiveness upon activation might be more affected
by a hostile TME.

Thus, it is legitimate to ask whether autophagy could
be used to metabolically regulate and protect anti-
tumour immune cells in cancer treatment in vivo or
for ex vivo production of more efficient, and also more
persistent therapeutic cells.

Modulating the T cell metabolism is a clear aim to
improve anti-tumour T cell function; however, whether
this can be done through simply increasing autophagy
remains an open question. Drugs modulating autophagy
are likely to also exert other effects on immune cells.

There are several ongoing therapeutic efforts to
modulate autophagy and delay aging"” .

Different types of interventions including dietary
restriction, exercise and supplementation with small
chemical compounds, such as spermidine, have been
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shown to stimulate autophagy"’. The majority of this
evidence, however, comes from experiments in yeast,
flies, worms and rodents. Although autophagy is a
fundamental cellular process that is highly conserved
between species, this still requires further testing in
humans for successful clinical interventions.

3. Enhancing the anti-tumour effect of T
cells

A recent article showed that a naturally occurring
polyamine, spermidine, which is also known to be
an activator of autophagy, improved CD8 T cell anti-
tumour function in aging mice!'”. Spermidine levels
decrease with age, and spermidine supplementation
in animals has been shown to improve anti-tumour
immunity, but here Al-Habsi and colleagues showed
that spermidine addition synergized with anti-PD-L1
treatment and enhanced CDS8 T cell tumour infiltration,
proliferation, and IFN-y secretion iz vivo in tumour-
bearing mice. They isolated naive and memory CD8 T
cells from tumour draining lymph nodes and showed
that the spermidine addition enhanced mitochondrial
activity. Using a Seahorse XF instrument (Agilent
Technologies), the authors measured the oxygen
consumption rate (OCR) and extracellular acidification
rate (EACR) reflecting OXPHOS and glycolysis,
respectively. CD8 T cells from the TDLN of aged mice
treated with spermidine and anti-PD-L1 demonstrated
increased OXPHOS and mitochondrial ATP production.

Despite the observed changes in mitochondrial
activity and that spermidine is known to increase
autophagy, the authors did not detect an increase in
autophagy-related proteins or changes in mitochondrial
morphology one hour after addition, however, this may
have been too early. Using mice with T-cell specific
deletion of a subunit of the mitochondrial trifunctional
protein (MTA), the enhancing effects of spermidine on
fatty acid oxidation and anti-tumour immunity were
prevented. This study provided additional mechanistic
insight into the effect of spermidine on CD8 T cells.
However, whether this is ultimately due to autophagy
and its anti-aging properties or also dependent on other
mechanisms is not yet clear. The anti-tumour effects
of spermidine supplement in vivo are likely to depend
on a range of additional mechanisms, including direct
effects on cancer cells, reduced inflammaging, and
increased T cell stemness.

SmartAge, a randomized, placebo-controlled trial
in Germany, tested the effect of long-term spermidine
supplement in 100 individuals of 60-90 years old with
cognitive decline'’. Possible beneficial effects on
verbal memory and inflammation were observed in
exploratory analyses, but spermidine supplementation
did not otherwise induce any significant changes in
memory performance or any other neuropsychological,
behavioral, or physiological parameters measured.
These individuals did not have cancer, and any positive
effects on memory and inflammation will have to be
validated in future studies at higher dosages.

A recent pre-clinical study, however, tested how
in vitro pretreatment of CART cells with spermidine
affected their phenotype and anti-lymphoma efficacy
in vitro and in vivo, Nevertheless, as mentioned
before, aging was not correlated to reduced response
in lymphoma CAR therapy', and these experiments
should be repeated with CARs targeting solid
tumours, preferentially in the presence of a strongly
immunosuppressive TME. Although preliminary, the
results of this study indicated that spermidine pre-
treatment could enhance the CART cell cytotoxicity
and provide a higher proportion of central memory T
cells, in line with previous reports'.

In contrast to these above results, a report published
during the preparation of this manuscript showed that
tumour cell-derived spermidine inhibited CD8 T cell
anti-tumour responses through downregulation of
cholesterol in the cell membrane, thereby reducing
TCR clustering!®. The contradictory results may be
related to the doses of spermidine used in the different
studies and warrant further investigation.

Another downside of applying drugs that increase
autophagy in cancer patients is that the effects are
not necessarily specific. These drugs can also act on
cancer cells to augment autophagy, leading to increased
tumour growth and therapy resistance (reviewed
in""™). It may therefore be a preferable option to treat T
cells ex vivo with autophagy increasing drugs prior to
administering T cell based therapies.

4. What about CD4 T cells?

As an additional layer to this complexity, the cancer
immunotherapy field has traditionally mostly focused
on CD8 T cells. The role of CD4 T cells has primarily
been thought to mediate anti-tumour immunity by
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providing help for CD8 CTL and antibody responses.
Nevertheless, CD4 T cells are the main organizers
of adaptive immune responses and it has become
increasingly clear that CD4 T cells play a critical role
in not only developing and sustaining effective anti-
tumour immunity, but also as anti-tumor effector cells
in their own right"*"!"”). CD4 T helper (Th) cells are
plastic and can differentiate into multiple subsets
(e.g. Thl, Th2, Th17, Treg) with various functions to
regulate immunity against various types of infections,
or cancer. With age, there is a change in plasticity
and CD4 T cells seem to be pushed towards extreme
regulatory and effector phenotypes”™”. Age-associated
clonal expansion of cytotoxic CD4 T cells has been
identified in human supercentenarians and could thus
be an adaptation of the immune system to achieve
exceptional longevity '), As CD4 T cells regulate
immunity, they also promote aging in other immune
cell compartments and regulating their phenotype and
function could broadly affect immunity.

Spermidine was recently shown to regulate the
metabolism and anti-tumour functions of CD8 T
cells"”, but polyamine metabolism has also been
shown to control the ability of CD4 T cells to
polarize into different functional subsets””. During
polyamine synthesis, the rate limiting enzyme ornithine
decarboxylase (ODC) convert the amino acid ornithine
into putrescine which can then be metabolized to the
polyamines spermidine and eventually spermine.
Puleston and colleagues showed that loss of polyamine
synthesis profoundly affected the CD4 Th lineage
commitment™. They found that polyamine influx
from the microenvironment and the levels of various
cytokines present during activation may contribute
significantly to intracellular polyamine levels. They
also found that histone acetylation played a key
role in how polyamine metabolism regulated the T
cell epigenome which they suggested to be driven
through the tricarboxylic acid (TCA) cycle. Also
acting through inhibition of histone deacetylases,
lactate was recently found to increase stemness in
CD8 T cells with an increase in the transcription factor
TCF-1%", Puleston and colleagues further found that
polyamine metabolism limited ectopic expression of
Th cell lineage transcription factors and cytokines, and
therefore reduced polyamine synthesis or bioavailability
in disease settings or in aging, could promote lack of

CD4 Th cell plasticity, pushing the cells into more
extreme regulatory and effector phenotypes”™. The
effect of polyamine supplementation on CD4 T cells

. . . . 24
subsets in vivo is still unclear, however?".

5. Conclusions

The induction of autophagy or a metabolic switch to
increased fatty acid oxidation by supplementation of
polyamines like spermidine could be an important way to
achieve longevity and to enhance anti-tumour immunity.

Exactly how the processes of autophagy, polyamine
metabolism and T cell function are linked still needs to
be further studied. Most of these fundamental processes
have been evaluated in non-human models.

Even in the same cell lineage, we know that essential
metabolic processes can play different roles depending
on the functional program they initiate and their
microenvironment.

There are few controlled studies on polyamine
supplementation in humans and in cancer patients. It is
so far unknown if exogenous addition of polyamines
or other metabolic modulators (Figure 1) can just
temporarily modulate T cell metabolism and induce
autophagy to improve immune cell effector functions,
or if this could actually rejuvenate T cells more
permanently. Other signs of reduced aging in these
T cells should be investigated, including phenotype
with differentiation markers, poor response to stress,
epigenetic alterations, and telomere attrition.

Apoptotic
T cells
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T cells
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Figure 1. Rejuvenation and enhanced activation of immune

cells by metabolic modulators. Created using Biorender.com.
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Treating CAR- or TCR-modified T cells with
metabolic modulators prior to injection into patients is
an appealing idea, but this may not sufficiently boost
the cells with improved effector functions or resistance
to a solid TME to see clinical differences. However,
if this could lead to more permanent changes in T cell
stemness, it could have great potential to improve
adoptive T cell therapy.
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