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Abstract: Polyamines are ubiquitous, amine-rich molecules with diverse processes in biology. Recent
work has highlighted that polyamines exert profound roles on the mammalian immune system,
particularly inflammation and cancer. The mechanisms by which they control immunity are still being
described. In the context of inflammation and autoimmunity, polyamine levels inversely correlate
to autoimmune phenotypes, with lower polyamine levels associated with higher inflammatory
responses. Conversely, in the context of cancer, polyamines and polyamine biosynthetic genes
positively correlate with the severity of malignancy. Blockade of polyamine metabolism in cancer
results in reduced tumor growth, and the effects appear to be mediated by an increase in T-cell
infiltration and a pro-inflammatory phenotype of macrophages. These studies suggest that polyamine
depletion leads to inflammation and that polyamine enrichment potentiates myeloid cell immune
suppression. Indeed, combinatorial treatment with polyamine blockade and immunotherapy has
shown efficacy in pre-clinical models of cancer. Considering the efficacy of immunotherapies is linked
to autoimmune sequelae in humans, termed immune-adverse related events (iAREs), this suggests
that polyamine levels may govern the inflammatory response to immunotherapies. This review
proposes that polyamine metabolism acts to balance autoimmune inflammation and anti-tumor
immunity and that polyamine levels can be used to monitor immune responses and responsiveness
to immunotherapy.
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1. Introduction

Polyamines are highly charged aliphatic polycations present in all living organisms.
Polyamines are so fundamental to mammalian biology that depletion leads to total arrest
in translation and proliferation of all cells [1]. One explanation for polyamines’ ubiquitous
role is their positive charge, which gives them a proclivity to bind to DNA, RNA, and
nuclear proteins. The mechanisms by which polyamines promote cellular proliferation
are manifold. Polyamines facilitate proliferative processes by modifying the chromosomal
structure, influencing protein/DNA interactions, and likely through other mechanisms
that are still unknown [2]. Another role in proliferation for polyamines is as a substrate in
the hypusination of the transcription factor EIF5a. EIF5a is an ancient transcription factor
found across all archaea and eukaryotes, and the only polyamine-covalent modification
described to date [3], key in regulating cellular translation [4,5]. They also play an important
role in the apoptotic processes within a cell. Early studies identified polyamines promote
mitochondrial cytochrome c release [6], and more recent work has demonstrated that
p53-mediated ferroptosis is directly controlled by polyamine catabolism [7]. Therefore,
polyamines are central to the proliferation and survival of all cells in most lifeforms.
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Beyond their fundamental roles in cellular proliferation, transcriptional activation and
cell survival, polyamines also support roles in diverse biological processes in the CNS. Due
to the high polyamine concentration seen in the mammalian brain, research has focused on
their role in the CNS [8]. Evidentiary for their influence on global CNS function, increased
levels of polyamines are associated with suicidal completion [9]. In fact, recent studies
have indicated that polyamines can promote longevity and cognitive function [10-12].
In these studies, the authors demonstrate spermidine administration from exogenous
sources, including the diet [12], leads to enhanced neurocognitive function through the
induction of protective autophagy and increased mitochondrial function. In maintaining
CNS homeostasis, they mainly function as regulators on neurotransmitter metabolism [13]
or—in the case of agmatine—may be a neurotransmitter in and of itself [14]. Furthermore,
the positive charge of polyamines regulates ion channels by inhibiting inward rectifying
potassium channels [15] that can modulate N-methyl- aspartate receptor function [16].

In mammalian cells, there have been three major polyamines identified: putrescine,
spermidine, and spermine [17]. The metabolic precursor of all polyamines is ornithine,
which is exclusively generated by the catabolism of arginine by the enzymes arginase (Argl
and Arg?2) and Glycine Amidinotransferase (Gatm) [18]. Ornithine is decarboxylated by
the enzyme Ornithine decarboxylase 1 (Odcl), a primordial enzyme that catalyzes the
production of putrescine through the conversion of ornithine. Odcl is directly regulated
through the actions of activating and inhibiting enzymes Azin and Oaz, respectively [19].
The longer chain polyamines, spermidine and spermine, are produced through the trans-
fers of an aminopropyl moiety of decarboxylated S-adenosylmethionine (dcSAM) to the
secondary amines of putrescine [20].

Polyamine metabolism is tightly controlled within cells and can be catabolized by
two independent metabolic processes. In one pathway, spermine can be converted di-
rectly to spermidine through the enzyme spermine oxidase [21], which generates reactive
oxygen species (ROS) as a byproduct of polyamine catabolism. A second pathway is
regulated by the enzyme spermidine/spermine-N-acetyltransferase (SAT1), producing
N-acetylspermidine and N-acetylspermine, leading to its expulsion from the cell [22]. The
acetylated polyamines can then form putrescine through oxidative deamination reactions
catalyzed by polyamine oxidase, which also generate ROS as a byproduct. Importantly,
polyamines can be acquired from the extracellular environment by all domains of life and
rescue the proliferation of cells where synthesis is inhibited [23].

Beyond the myriad of roles that polyamines have in basic cellular biology, polyamines
have an ever-increasing appreciation for their role in immune biology. The basic premise of
polyamines influencing immunity can be traced back to a seminal study in Nature from
1977 [24]. In this pioneering work, they found that exogenous polyamine administration
inhibited both innate and adaptive immune responses of murine splenocytes. At the time,
they did not quite know what polyamines were inhibiting or why, but they knew the
levels were increased in environments where the immune system was suppressed (fetal
tissue, malignant tissues, and reproductive fluids). After 45 years of intensive research and
thousands of studies published, we are still learning new and surprising ways these small
positively charged molecules exert influence on both autoimmunity and cancer. While the
broad strokes of this initial observation remain true (i.e., polyamines are immunosuppres-
sive), there are still significant discrepancies between cell types and disease states that have
furthered our understanding of polyamine function in immunity. Below, we will discuss
the current landscape of polyamines in autoimmunity, immune suppression, and finally
how immunotherapies may regulate these processes.

2. The Role of Polyamines in Autoimmunity: Differences in Cell Types and
Disease Models

2.1. A Controversy Regarding CD4+ T-Cells

The first indications that polyamines exert a role in autoimmune diseases was de-
scribed in a pair of papers examining the polyamine inhibitor (2R,5R)-6-heptyne-2,5-
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diamine or difluoromethyl ornithine (DFMO) on T-cells in lupus-like disease in mice [25-27].
In these initial studies, inhibition of polyamine synthesis led to a reduction in T-cell prolif-
eration and lupus-like symptoms in mice. Subsequent literature has hypothesized various
mechanisms regarding the role of polyamines in lupus pathogenesis [28,29], but no evidence
has emerged to support these theories. Recently, polyamines have been shown to con-
tribute to T-cell-mediated autoimmunity. A study highlighted the central role of polyamine
metabolism on the pathogenic fate of Th17 cells in autoimmune pathology [30]. In this work,
the authors found that pathogenic Th17 cells have an upregulated polyamine metabolism
and that genetic knockout or pharmacologic inhibition of polyamine metabolism resulted
in attenuation of autoimmunity. As the Th17/Treg fate is reciprocally regulated [31], the
authors also found that inhibition of polyamine synthesis resulted in a skewing towards a
regulatory T-cell phenotype, supporting their protective role in autoimmunity. Another
recent study supports this phenomenon, showing coordinated blockade of polyamine
uptake and synthesis prevented T-cell-mediated inflammation in mouse models of exper-
imental autoimmune encephalomyelitis [32] (EAE). Together, these results indicate that
polyamines work to promote the induction of autoimmune-like phenotypes caused by
T-cells (Figure 1A, right panel).
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Figure 1. Overall role of polyamines in inflammatory processes of immune subsets. Sparked by three
high-impact publications, the role of polyamine on CD4+ T-cell physiology is highly controversial (A).
In the first publication, (i) blockade of polyamine synthesis led to unstable lineage fidelity, resulting in
uncontrolled inflammation. In the other publications, (ii) polyamine blockade led to the amelioration
of experimental autoimmune encephalomyelitis (EAE) by preventing inflammatory Th17 pathogen-
esis and inducing a regulatory T-cell phenotype. In the only study to date that directly examines
polyamine function in CD8+ T-cells, the authors found thorough CRISPR screening that the deletion
of ODC1 led to enhanced cytotoxicity and the degranulation of T-cells (B). In myeloid lineage, cells
and microglia polyamines are uniformly associated with inhibition of inflammation and autoimmune
phenotypes (C). In dendritic cells (DCs), a metabolic positive feedforward loop instigated by IFN-y
and/or TGF-b results in a tolerogenic phenotype (D). Blockade of many aspects of this pathway in
DCs leads to increased autoimmune inflammation. Figure created with BioRender.com.
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Conversely, another impactful publication by the Pearce laboratory indicated that
polyamine metabolism plays a key role in regulating the helper T cell (Th) epigenome to
prevent autoimmunity [33]. They determined that the prevention of polyamine synthesis
through ODC1 inhibition results in disturbed Th lineage fidelity and the induction of an
irregular inflammatory T-cell phenotype. Mechanistically, the lack of polyamines prevents
EIF5a hypusination, leading to perturbation of the proper acquisition of Th phenotypes.
This was further validated by knocking out the gene responsible for hypusination in CD4+
T-cells, resulting in uncontrolled inflammation (Figure 1A, left panel). Another study
suggests the anti-inflammatory role of polyamines in T-cells and indicates that spermidine
can induce anti-inflammatory responses by enhancing Treg cell development [34]. In
this study, they found that spermidine administration induced Treg development from
Naive CD4+ lymphocytes, which was regulated by autophagic flux. The mixed results
from these studies demonstrate how little is known about polyamine biology in T-cell
pathophysiology.

It is clear based on the studies above that there is significant controversy into the
roles polyamines play in the context of CD4+ T-cell-dependent immune responses. While
precise answers will require significantly more research, there are discrepancies in the
experimental approach that can contribute to the differences in results. In Puleston [33]
and Wagner [30] et al., they both show that in vitro CD4+ polarization is effected by ODC1
knockout, whereas Wu et al. [32] show that natural levels of Th subsets and Tregs are
unchanged in vivo, suggesting that ODC1 may control CD4+ Th differentiation rather than
development. Further support comes with the fact that the adoptive transfer of naive CD4+
ODC1 KO T-cells into Rag?/? mice resulted in colitis. The ablation of the enzyme responsible
for polyamine-mediated hypusination (DOHH) resulted in a total loss of Th-lineage fidelity
leading to colitis. However, Wagner et al. demonstrated that CD4-perturbation of ODC1
led to a deficiency of Th17 polarization in vitro, and instead, they observed a shift towards
the Treg phenotype. Supporting this observation, pharmacologic inhibition of ODC1 led
to a decrease in EAE pathology. These results are similar but somewhat at odds with Wu
et al. in that they had to coordinately block both polyamine synthesis and uptake to inhibit
an EAE phenotype [32]. The fact that CD4 deficiency of polyamine metabolism leads
to uncontrolled inflammation in the gut [33], whereas the same deficiency inhibits CNS-
inflammatory pathology, which suggests that polyamine metabolism may play divergent
roles in Th-function depending on the location of the disease.

2.2. CD8* T-Cells

There is significantly less information known about how polyamine metabolism
influences CD8" T-cell functionality (Figure 1B). The critical insight came from a recent
study where authors performed an in vivo CRISPR screen on antigen-specific CD8" T-cells
to examine regulators of T-cell infiltration into triple-negative breast cancer (TNBC). In
this study, they found that ODC1 was one of their top guides enriched in tumoral CD8*
T-cells, indicating a loss of ODC1-enhanced antigen-specific T-cell killing of tumors [35].
Surprisingly, they found that knockout of ODC1 led to increased degranulation by CD8*
T-cells, leading to enhanced tumor clearance. When comparing these results to the papers
examining ODC function in CD4* T-cell immunity, it is clear there is a compartmental
difference in how polyamines influence different T-cell subsets.

Unsurprisingly, arginine is the principal carbon donor of T-cell polyamines [32,33]. In
these works, the authors demonstrated that arginine catabolism supports T-cell activation,
proliferation, and differentiation through polyamine biosynthesis. However, these same
studies indicate glutamine is a minor carbon donor of polyamine synthesis in T-cells [32,33].
As Myc is one of the top upregulated transcription factors known to elevate glycolysis
and glutaminolysis in activation-induced T-cell growth and proliferation, this suggests
glutaminolysis may increase polyamine levels to meet T-cell proliferation requirements [36].
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2.3. Myeloid Cells

While the evidence for the role of polyamines in T-cell function related to inflammation
and autoimmunity are varied, the role of polyamines in monocytes/macrophages is better
defined (Figure 1C, left panel). The first study to examine this in detail, Zhang et al. demon-
strated that spermine addition could potently inhibit LPS induction of TNF-a, IL-1, IL-6,
CCL3, and CCL4 in human monocytes/macrophages [37]. Subsequent work by the same
scientists found that monocytes/macrophages upregulated polyamine synthesis to prevent
TNF-« and nitric oxide (NO) production [38], supporting previous work demonstrating
that polyamines inhibit NOS activity in the rat CNS [39]. From a pathophysiological
perspective, another group demonstrated the anti-inflammatory role of spermidine on
myeloid cells in mouse models of experimental autoimmune encephalomyelitis (EAE), an
experimental corollary to multiple sclerosis. In this study, spermidine administration in
drinking water was reported to alleviate EAE symptoms by decreasing the expression of
Argl in macrophages and pro-inflammatory cytokines. [40]. These authors also found that
polyamines inhibit NO generation by bone marrow-derived macrophages (BMDMs), sup-
porting a previous study that demonstrated that polyamines could prevent inflammatory
activation of microglia by LPS [41]. These studies may explain why macrophage depletion
was initially described to prevent EAE induction in mice [42].

2.4. Microglia

Another myeloid immune subset involved in autoimmunity, particularly of the CNS, is
microglia. Microglia are myeloid cells derived from yolk-sac progenitors that are long-lived
in CNS tissues [43]. The specific role of microglial polyamine metabolism in autoimmune
pathology is not known; however, in a model of LPS-induced CNS pathology, spermidine
was shown to be critical in limiting inflammation [41]. In recent studies of retinal inflam-
mation, authors found that pharmacologic inhibition of polyamine catabolism prevents
microglial activation and subsequent retinal vascular damage [44,45] (Figure 1C, right
panel). Importantly, while microglia are developmentally distinct from circulating myeloid
cells, the experimental ablation of microglia results in the infiltration of peripheral myeloid
cells with a similar (but not identical) transcriptomic program as the original microglia [46].
Therefore, the role of polyamines in microglial inflammation may largely overlap with their
roles in peripheral myeloid cells.

2.5. Dendpritic Cells

The role of polyamines in preventing myeloid-driven inflammation has recently been
extended to the functionality of dendritic cells (DC) (Figure 1E). Under typical inflam-
matory conditions, type 1 interferons stimulate dendritic cell activation, which promotes
Toll-like receptor 7 (TLR7) upregulation in IFN primed DCs (IFN-DCs) and leads to further
inflammation [47,48]. To counter this activation, polyamines prevent glycolytic pheno-
types and resultant over-activation of DCs primed by IFN. This paper uniquely found that
upregulation of transcription factor FOXO3 was responsible for limiting DC activation,
attenuating disease severity in a mouse model of psoriasis [49]. In another recent study,
Mondanelli et al. found that Arg-1-mediated the generation of polyamines was necessary
for the induction of Indoleamine 2,3-dioxygenase (IDO1) expression in DCs, in which IDO1
is a prototypical effector of immunosuppression [50]. In this study, exogenous polyamines
produced by MDSCs were sufficient to induce immunosuppression of DCs in models of
skin inflammation. Mechanistically, this was attributed to the activation of SRC kinase by
polyamines which promotes IDO1-mediated immunosuppressive activities. In a subse-
quent review, the authors synthesize the aforementioned studies and demonstrate a positive
feedback loop connecting both IDO and polyamine metabolism [51]. They propose that
polyamines generated from the TME induce IDO expression, which generates kynurenines
that bind to the aryl-hydrocarbon receptor (Ahr). Ahr signaling results in upregulation of
both FOXO3a and ODC1, leading to a positive feedback loop of immunosuppression. As
most tumors overexpress Myc, which is known to promote both AhR and ODC1 activity,
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this suggests tumors may be the “spark” by which immunosuppression is ignited in DCs.
Conversely, the inability to activate this pathway may underlie autoimmune pathology pro-
motion by DCs. A comprehensive overview of each study and their relevant observations
can be found in Table S1.

2.6. Clinical Observations of Polyamines in Autoimmunity

Human clinical data also suggest that polyamine levels are decreased in autoim-
mune disease and inflammation. Polyamine levels of N1-acetylcadaverine, spermidine,
N1-acetylspermidine, and spermine are significantly reduced in Systemic lupus erythe-
matosus (SLE) patients when compared to healthy controls [52]. In addition, comparisons
of polyamine metabolites in Graves’ disease (GD), Hashimoto’s thyroiditis (HT), and thy-
roid autoantibody-positive (pTAb) patients suggest that low spermine is related to thyroid
autoimmunity [53]. In summation, decreases in polyamine synthesis or bioavailability
can lead to both inflammation and autoimmunity. While myeloid cells” inflammatory
phenotypes appear to be uniformly inhibited by polyamines, their role in T-cell-mediated
autoimmunity is still under investigation.

3. The Role of Polyamines in Cancer Immunosuppression
3.1. Polyamines Are Elevated across Most Cancers

Considering the observation that polyamines act to prevent autoimmune inflamma-
tion, one could propose that this phenomenon is occurring in tumors to prevent anti-tumor
immunity. Indeed, there is a wealth of literature over the past 40 years to indicate that
polyamines are relevant in malignancies. Original studies from the 1980’s demonstrated
the increased amounts of polyamines in patients with malignancies when compared to
healthy patients. Specifically, researchers found increased polyamine levels in the CSF
of brain tumor patients [54], colon cancer tissues [55], and blood/plasma of melanoma
patients [56]. However, measurements of polyamine levels in the circulating fluids are
unreliable, and later studies have measured ODC1 activity as a proxy for the polyamine
metabolic phenotype in brain tumors [57], colorectal cancer [58], breast cancer [59,60],
endometrial cancer [61], and neuroblastoma [62]. In fact, many of these studies identify
a positive correlation between disease severity and ODC1 levels [58,61,62]. One mecha-
nistic underpinning of ODC1 upregulation in malignant cells is that its activity is directly
regulated by Myc [63], a transcription factor overexpressed in many cancers. In fact, Myc
overexpression is a central determinant in the oncogenesis of neuroblastoma [62], which
may explain the strong connection between Myc and polyamine biology in these tumors.
An overview of polyamine measurements in both autoimmunity and cancer in humans can
be found in Table S2.

3.2. Pharmacologic Inhibition of Polyamines Is an Effective Chemo and Immunotherapy for
Solid Tumors

Considering the significant role of polyamines in tumor biology, pharmacologic and
genetic targeting of this axis has been aggressively utilized as a method for treating tu-
mors. The most utilized inhibitor of polyamine biosynthesis is difluoromethylornithine
(DFMO), an ornithine analogue originally utilized to treat various trypanosoma species in
African sleeping sickness [64]. Many studies have attempted to utilize polyamine blockade
as antineoplastic therapy, in which robust anti-tumor results typically occur in combina-
tion with polyamine uptake inhibitors [23,65,66]. The explanation for the inclusion of
polyamine uptake inhibitors in DFMO administration is because polyamines have a series
of transporters dedicated to uptake in cells [67], which can rescue the effects of DFMO
administration [68,69]. In neuroblastoma, recent work has shown that the combination treat-
ment of polyamine uptake inhibitor and DFMO results in a dramatic reduction in tumor
size in xenograft models [70], leading to the initiation of a number of clinical trials (Clinical-
Trials.gov Identifiers: NCT02395666, NCT04301843, NCT02679144) and publications [71,72].
While these studies mainly focus on the direct antineoplastic effects of polyamine block-
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ade, several studies, including our own, have found that polyamine blockade leads to an
increase in CD8" T-cell infiltration and inflammatory phenotype in tumors [73-75].

In the first seminal study, Hayes et al. revealed that treatment with a combination
of polyamine uptake (DFMO) and synthesis (AMXT-1501) leads to a reversal of immune
suppression in mouse models of melanoma [74]. In a subsequent study of mouse models
in melanoma and colon carcinoma cancer, they showed that treatment with a polyamine
blockade resulted in increased Granzyme B* Ifn-y* CD8" T-cell infiltration and a con-
comitant decrease in immunosuppressive myeloid cells [75]. These results are consistent
with the results of our recent study where polyamine blockade promoted CD8" T-cell
infiltration and worked in concert with anti-PD1 or anti-PDL1 immunotherapy to further
promote animal survival in mouse models of glioblastoma [73]. The combinatorial effect
of polyamine blockade and checkpoint immunotherapy was also demonstrated in mouse
models of mammary carcinogenesis [76]. The results of these studies clearly demonstrate
that polyamine blockade can alter the TME to promote immune functionality. An overview
of the results for polyamine therapy in cancer can be found in Table S3.

3.3. Pharmacologic Blockade of Polyamine Metabolism Targets Immunosuppressive Myeloid Cells
in Tumors

A mechanistic explanation for the phenomenon of polyamine blockade inducing anti-
tumor immunity has come from recent insights into the immune microenvironment of solid
tumors. A hallmark of the tumor microenvironment is the recruitment of immunosuppres-
sive myeloid cells (also called Tumor-associated macrophages—TAMs; Myeloid-derived
suppressor cells—MDSCs; or Monocyte-derived macrophages—MDM, depending on the
publication), which are a pleiotropic and genetically diverse set of innate immune cells
found in most solid tumors [77]. These cells exist across a functional spectrum, with one
end being pro-inflammatory and the other end being reparative or immunosuppressive.
This topic has been extensively reviewed in previous publications [78-80]. It comes as no
surprise that within tumors, myeloid cells exist typically towards the immunosuppressive
edge of this spectrum [77], particularly in CNS tumors, where they are the most abun-
dant infiltrating immune cells [81-84]. Canonically, the reparative/immunosuppressive
phenotype is defined by cellular expression of Arginase-1 [85] (Argl), which generates
ornithine from arginine [86]. The enzymatic reactions catalyzed by Argl and Glycine
Amidinotransferase [87] (Gatm) are the sole sources of ornithine generation in cells, which
is then catalyzed by ODC1 to produce the initial polyamine putrescine [88]. Therefore,
the identity of the reparative/immunosuppressive phenotype of myeloid cells is directly
linked to polyamine generation (Figure 2A).

To determine if polyamine generation underlies the immunosuppressive or “repara-
tive” phenotype of myeloid cells, the Wilson laboratory generated conditional knockouts
of ODC in myeloid cells utilizing LysM-Cre as a driver of ODC-flox-mediated recombi-
nation [89]. These mice exhibit more pro-inflammatory macrophages in the gut [89], also
shown in models of colitis-associated carcinogenesis [90]. Similarly, we have shown a spe-
cific reduction in TAMCs in murine models of GBM treated with polyamine inhibition [73].
Together, these data point to the effects of polyamine inhibition on the myeloid component
of the TME.
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Figure 2. Myeloid-linked mechanisms by which polyamines promote immunosuppression in cancer.

Polyamine Transfer Survival under Acidity

While the mechanisms are still being uncovered, there are several potential mechanisms for why
polyamine accumulation in myeloid cells is immunosuppressive (A). One hypothesis is that the
propensity of alternatively activated macrophages to consume arginine, the precursor to polyamines,
deplete arginine from the inflammatory microenvironment sequestering it from T-cells that need it
for activation/function (B). Another proposed mechanism is that polyamine generation by myeloid
cells directly feeds tumors as they actively take-up polyamines (C). Another mechanistic study
indicated that polyamines drive mitochondrial gene expression and promote the metabolic phenotype
associated with alternatively activated macrophages (D). We have recently shown that polyamine can
be used as a mechanism to buffer intracellular pH to allow for the survival and function of myeloid
cells in brain tumors (E). Despite the growing list of mechanisms by which polyamines promote
immune suppression in myeloid cells, much of the biology is still yet to be determined. Figure created
with BioRender.com.

What exactly polyamines are doing in the myeloid cells to promote immune sup-
pression is not concretely established, but there are several viable theories to explain why
they are so important for myeloid function (Figure 2). One prominent hypothesis is the
metabolic competition for arginine between immune cells in the tumor (Figure 2B). Geiger
et al. demonstrated that arginine uptake is critical for T-cell proliferation and effector
functions [91] and that arginine depletion induces further MDSC recruitment while also
inhibiting T-cell proliferation [92]. A second possibility is the transfer of polyamines from
myeloid cells directly to tumors (Figure 2C). As polyamines are fundamentally required
for cellular proliferation, myeloid cells may simply act as feeder cells for growing tu-
mors. There is substantial evidence that polyamines are actively taken up by malignant
tissues, which is particularly relevant during the inhibition of de novo polyamine synthe-
sis [66,70,93]. A third possibility comes from the Pearce laboratory, where they found that
polyamine-mediated hypusination of EIF5a directly controls mitochondrial transcription
and translation of proteins which control the electron transport chain (ETC) and tricar-
boxylic acid (TCA) cycle [94] (Figure 2D). In this study, they argue that polyamines made by
IL-4 induced macrophages maintain the metabolic phenotype of an alternatively activated
macrophage by promoting oxidative phosphorylation and the TCA cycle. Finally, the
basic nature of polyamines allows myeloid cells to buffer themselves in the acidic pH envi-
ronments present in the TME, promoting metabolic and immunosuppressive phenotypes
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(Figure 2E). Our lab has shown this phenomenon in glioblastoma [73], consistent with
previous work that has shown polyamine pH buffering in leukemic cancer cells [95]. It is
likely that all these processes occur simultaneously in varying degrees within the tumor
environment.

4. Do Polyamines Prevent Autoimmune-Mediated Eradication of Tumor Tissues?

As discussed, polyamines play an important immunoregulatory role in the homeosta-
sis of tissues. While not always consistent, most research indicates the presence of increased
polyamines to be associated with the prevention of autoimmunity, inflammation, and brain-
associated pathologies. Similarly, the presence of increased polyamines is associated with
immunosuppression and tumor progression. This begs the question: if polyamine blockade
can promote anti-tumor immune responses, is it doing so via the promotion of autoimmu-
nity? Indeed, the question of whether autoimmunity is required for anti-tumor immunity
is still an ongoing issue of debate. An early study performed by Miska et al. [96] examined
this question utilizing two different models of autoimmunity /cancer in which T-cells had
specificity for both normal tissue (pancreas) and tumor (pancreatic or melanoma cell lines).
In these experiments, they found that diabetogenic T-cells were efficient at destroying islets
while tumors were able to use regulatory T-cells (Tregs) to prevent their own destruction.
Importantly, treatment with Anti-CTLA4 overcame this tumor resistance and promoted
tumor regression. The results of this work indicate that some level of autoimmunity may
be required to elicit potent anti-tumor immunity.

In seminal NEJM studies on combinatorial checkpoint immunotherapy for melanoma
(CTLA4 * PD1 blockade), it was found that immune adverse related events (iAREs) were
significantly enhanced in dual therapy patients, resulting in discontinuation of combina-
torial therapy [97,98]. The types of immune adverse events were diverse, with grade 3 or
grade 4 colitis, diarrhea, and liver ALT levels being the most prominent. After these trials,
multiple studies have shown that patients with the most iAREs have the best prognostic
outcomes. The positive connection between iAREs and progression-free survival (PFS),
Overall Response Rate (ORR), and overall survival (OS) is supported by multiple studies.
For example, work performed by Berner et al. showed PD-1-elicited dermatological iAREs
were significantly more frequent in patients with complete or partial remission (68.2%)
compared to those with progressive or stable disease (19.6%) [99]. This trend has been
reproducible and is mostly associated with blockade of the PD/PD-L1 axis rather than
CTLA4 blockade [100,101]. For further reading, an in-depth review of checkpoint blockade
and iARESs has been recently published [102].

These iAREs can either be a result of a directed T-cell response against shared tu-
mor/normal tissue antigens or a broad and non-targeted increase in inflammation. Dis-
secting the two possibilities is a challenging effort, but there is evidence for both processes
occurring. One severe iARE, myocarditis, indicates a role for both T-cells and inflammatory
monocytes [103]. The work by Berner et al. supports the first hypothesis, as they found nine
antigens shared between both the tumor and skin tissue [99]. Furthermore, many iAREs
are associated with B and T-cell responses [104,105]. However, some studies also point
the finger at myeloid-driven inflammation as a source of iAREs. A recent study indicated
that PD-L1 blockade, contrary to PD-1 blockade, induced an inflammatory phenotype of
myeloid cells [106]. This idea is supported by a study of responder vs. non-responders in
metastatic melanoma, in which the authors show that myeloid-attracting chemokines are
upregulated in non-responding patients [107]. Overall, these data support the notion that
the myeloid monocyte compartment is critical to the effectiveness of immunotherapy for
tumors. Considering the influence of the myeloid compartment on immunotherapeutic ef-
ficacy, it is possible the levels of circulating (or tumoral) polyamines might act as metabolic
determinants of responsiveness to immunotherapy. Furthermore, considering there are
several clinical trials utilizing polyamine inhibition as a cancer therapy, emerging data
suggest these therapies may benefit from examining their effects on the immune landscape,
as it may provide critical clues as to the utility of immunotherapies in cancer.



Cells 2022, 11, 896 10 of 17

In summation, these studies demonstrate a cycle in which polyamines control the bal-
ance of inflammation and immunosuppression (Figure 3). When an inflammatory stimulus
is generated, myeloid cells are recruited from the blood and exhibit a pro-inflammatory
phenotype characterized by lymphocyte activation and tissue destruction (Figure 3A).
The result of ongoing inflammation and apoptotic-body clearance results in the immune
suppressive (or pro-resolving) phenotype of myeloid cells (Figure 3B). This phenotype
is characterized by immunosuppressive signals and polyamine generation [108]. Thus,
in autoimmunity, if polyamine generation is insufficient, myeloid cells may be unable
to restrain inflammation. Conversely, many tumors promote the polyamine metabolic
phenotype, and the continuous recruitment of myeloid cells by the tumors [109,110] fa-
cilitates both tumor growth and therapeutic resistance [111-114] (Reviewed extensively
in [115-117]) (Figure 3C). Thus, a polyamine blockade may a relevant strategy to enhance
immunotherapeutic efficacy, possibly through the enhancement of autoimmunity.

Blood Lymphocyte activation
Monocyte
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macrophage . P
Tissue/Tumor \\\ " Inflammatory signals

Tissue destruction or

tumor killing
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Figure 3. Polyamines maintain the delicate balance of immunity and tolerance by myeloid cells.
In typical scenarios, inflammation is a transient process, by which immunogenic signals eliciting a
response are cleared. In order to slow down these processes, the immune system has several internal
checkpoints meant to prevent uncontrolled immunity from occurring. These processes occur over
time, with an initial wave of inflammation followed by upregulation of checkpoints designed to put
the brakes on the immune system (A). For myeloid cells, this switch to a pro-resolution phenotype
is associated with arginase-1 metabolism, ODC1 activity, and ultimately polyamine synthesis. This
response is stimulated by the phagocytosis of apoptotic bodies, which act as a source for arginine and
nucleotides for these cells to suppress and proliferate, respectively (B). It is likely that tumors take
advantage of this process as the tumor continues to grow by providing chronic inflammatory signals
to recruit myeloid cells and then providing apoptotic bodies (and other immunomodulatory signals)
to promote their M2-like or pro-resolving phenotype (C). From the perspective of polyamines, they
increase as the cell goes from an inflammatory phenotype to a pro-resolution or immunosuppressive
phenotype. Thus, a deficiency in polyamine levels may perpetuate inflammation, while conversely,
excessive levels promote tumorigenesis and immunosuppression. Figure created with BioRender.com.
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5. Limitations and Future Directions

A significant limitation of these studies is the discordance between the observation
of exogenous/circulating polyamines and intracellular polyamine biology. Clinical obser-
vations of polyamine levels in autoimmunity are mainly in systemic circulation without
direct measurement of tissues. Therefore, there is a distinct lack of understanding regarding
the contribution of exogenous polyamines compared to intracellular polyamines in both
auto-immune pathologies. Future work will need to be conducted to examine how different
subsets of immune cells respond to polyamine blockade in vivo and how this relates to
disease outcomes.

Another fascinating limitation of previous work is that there appear to be other path-
ways of polyamine synthesis in mammalian tissues that cannot be attributed to typical
biosynthetic pathways associated with agmatine metabolism [118]. In the future, uncover-
ing these mechanisms and understanding how it is involved in immunity will be critical
to our understanding of how polyamines control immunity. Related to this limitation is a
lack of consensus regarding polyamine transport in cells. There have been several potential
transporters indicated in the transport of polyamines, and they differ based on which
polyamine is measured, whether import or export is being tested, and what cellular popu-
lation is being studied [67,119,120]. A complete understanding of polyamine transporters
and the context in which they function (particularly in malignancy) will be critical in future
work aimed at modifying the polyamine metabolism as a therapeutic approach.

Another limitation of previous research is the degradation of exogenous polyamines by
degradative enzymes. Recent studies have demonstrated that the copper-containing bovine
serum amine oxidase in fetal bovine serum could oxidize exogenously added polyamines
and results in cytotoxicity-inducing products, including hydrogen peroxide, ammonia,
and reactive aldehydes [121]. Importantly, this is known to induce cellular toxicity [122],
which may explain the previously reported role of polyamine in inducing cytotoxicity
in vitro [123,124]. In the future, scientists must consider these effects when interpreting
in vitro exogenous polyamine supplementation data.

6. Concluding Remarks

It is fascinating that despite being the first metabolites ever discovered, there is still so
much information to learn about polyamines. Even less is known about how polyamine lev-
els may act as a proxy for understanding the immunological state of a disease or therapeutic
response. Despite our limited knowledge, it is clear that polyamine metabolism plays an
essential role in the balance between autoimmunity /inflammation and immunosuppres-
sion. This work suggests that monitoring polyamine levels either in circulation or in tissues
may be used as a prognostic marker for both autoimmunity and immunotherapy. Perhaps
increased levels of circulating polyamine may portend resistance to immunotherapies. Or
conversely, reduced polyamine levels may indicate a patient will have more severe iAREs
when being treated for immunotherapies. In summation, the measurement of polyamine
metabolism may be a valuable tool to understand a broad spectrum of human immunology
and responses to therapies for disease.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells11050896 /51, Table S1: The influence of polyamine on different immune subsets and in-
flammatory pathologies. Table S2: Clinical correlates of polyamines in autoimmunity and malignancy.
Table S3: Studies/clinical trials examining polyamine inhibition as an anti-cancer therapeutic

Author Contributions: Writing—review and editing, T.-y.C., A.Z. and ].M.; funding acquisition J.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health (NIH) grant number
(1IR01NS115955-01) to J.M and M.S.L. .M. also received a sub-award from NIH/NCI (P50CA221747)
SPORE for Translational Approaches to Brain Cancer, which supported this work.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/cells11050896/s1
https://www.mdpi.com/article/10.3390/cells11050896/s1

Cells 2022, 11, 896 12 of 17

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Mandal, S.; Mandal, A.; Johansson, H.E.; Orjalo, A.V.; Park, M.H. Depletion of cellular polyamines, spermidine and spermine,
causes a total arrest in translation and growth in mammalian cells. Proc. Natl. Acad. Sci. USA 2013, 110, 2169-2174. [CrossRef]
[PubMed]

Thomas, T. Polyamines in cell growth and cell death: Molecular mechanisms and therapeutic applications. Cell. Mol. Life Sci.
2001, 58, 244-258. [CrossRef] [PubMed]

Park, M.H.; Nishimura, K.; Zanelli, C.F,; Valentini, S.R. Functional significance of eI[F5A and its hypusine modification in
eukaryotes. Amino Acids 2010, 38, 491-500. [CrossRef] [PubMed]

Ude, S.; Lassak, J.; Starosta, A.L.; Kraxenberger, T.; Wilson, D.N.; Jung, K. Translation Elongation Factor EF-P Alleviates Ribosome
Stalling at Polyproline Stretches. Science 2013, 339, 82-85. [CrossRef]

Doerfel, L.K.; Wohlgemuth, I.; Kothe, C.; Peske, F; Urlaub, H.; Rodnina, M.V. EF-P Is Essential for Rapid Synthesis of Proteins
Containing Consecutive Proline Residues. Science 2013, 339, 85-88. [CrossRef]

Stefanelli, C.; Stanic, I.; Zini, M.; Bonavita, F.; Flamigni, F.,; Zambonin, L.; Landi, L.; Pignatti, C.; Guarnieri, C.; Caldarera, C.
Polyamines directly induce release of cytochrome c from heart mitochondria. Biochem. J. 2000, 347, 875-880. [CrossRef]

Ou, Y.;; Wang, S.-J.; Li, D.; Chu, B.; Gu, W. Activation of SAT1 engages polyamine metabolism with p53-mediated ferroptotic
responses. Proc. Natl. Acad. Sci. USA 2016, 113, E6806-E6812. [CrossRef]

Li, J.; Doyle, K M.; Tatlisumak, T. Polyamines in the brain: Distribution, biological interactions, and their potential therapeutic
role in brain ischaemia. Curr. Med. Chem. 2007, 14, 1807-1813. [CrossRef]

Chen, G.G.; Fiori, LM.; Moquin, L.; Gratton, A.; Mamer, O.; Mechawar, N.; Turecki, G. Evidence of Altered Polyamine
Concentrations in Cerebral Cortex of Suicide Completers. Neuropsychopharmacology 2010, 35, 1477-1484. [CrossRef]

Eisenberg, T.; Knauer, H.; Schauer, A; Biittner, S.; Ruckenstuhl, C.; Carmona-Gutierrez, D.; Ring, ].; Schroeder, S.; Magnes, C.;
Antonacci, L.; et al. Induction of autophagy by spermidine promotes longevity. Nat. Cell Biol. 2009, 11, 1305-1314. [CrossRef]
Sigrist, S.J.; Carmona-Gutierrez, D.; Gupta, V.K,; Bhukel, A.; Mertel, S.; Eisenberg, T.; Madeo, F. Spermidine-triggered autophagy
ameliorates memory during aging. Autophagy 2013, 10, 178-179. [CrossRef] [PubMed]

Schroeder, S.; Hofer, S.J.; Zimmermann, A.; Pechlaner, R.; Dammbrueck, C.; Pendl, T.; Marcello, G.M.; Pogatschnigg, V.; Bergmann,
M.; Miiller, M,; et al. Dietary spermidine improves cognitive function. Cell Rep. 2021, 35, 108985. [CrossRef] [PubMed]
Sanchez-Jiménez, F.; Ruiz-Pérez, M.V.; Urdiales, J.L.; Medina, M.A. Pharmacological potential of biogenic amine-polyamine
interactions beyond neurotransmission. Br. J. Pharmacol. 2013, 170, 4-16. [CrossRef] [PubMed]

Reis, D.J.; Regunathan, S. Is agmatine a novel neurotransmitter in brain? Trends Pharmacol. Sci. 2000, 21, 187-193. [CrossRef]
Kurata, H.; Marton, L.J.; Nichols, C.G. The Polyamine Binding Site in Inward Rectifier K* Channels. J. Gen. Physiol. 2006, 127,
467-480. [CrossRef]

Williams, K.; Romano, C.; Dichter, M.A.; Molinoff, P.B. Modulation of the NMDA receptor by polyamines. Life Sci. 1991, 48,
469-498. [CrossRef]

Pegg, A.E. Mammalian polyamine metabolism and function. IUBMB Life 2009, 61, 880-894. [CrossRef]

Michel, T. R is for arginine: Metabolism of arginine takes off again, in new directions. Circulation 2013, 128, 1400-1404. [CrossRef]
Tulluri, V.; Nemmara, V.V. Role of Antizyme Inhibitor Proteins in Cancers and Beyond. OncoTargets Ther. 2021, ume 14, 667—-682.
[CrossRef]

Soulet, D.; Rivest, S. Polyamines play a critical role in the control of the innate immune response in the mouse central nervous
system. J. Cell Biol. 2003, 162, 257-268. [CrossRef]

Wang, Y.; Devereux, W.; Woster, P.; Stewart, T.M.; Hacker, A.; Casero, R. Cloning and characterization of a human polyamine
oxidase that is inducible by polyamine analogue exposure. Cancer Res. 2001, 61, 5370-5373. [PubMed]

Kramer, D.L.; Diegelman, P; Jell, ].; Vujcic, S.; Merali, S.; Porter, C.W. Polyamine Acetylation Modulates Polyamine Metabolic
Flux, a Prelude to Broader Metabolic Consequences. ]. Biol. Chem. 2008, 283, 4241-4251. [CrossRef] [PubMed]

Samal, K.; Zhao, P.; Kendzicky, A.; Yco, L.P; McClung, H.; Gerner, E.; Burns, M.; Bachmann, A.S.; Sholler, G. AMXT-1501, a novel
polyamine transport inhibitor, synergizes with DFMO in inhibiting neuroblastoma cell proliferation by targeting both ornithine
decarboxylase and polyamine transport. Int. |. Cancer 2013, 133, 1323-1333. [CrossRef] [PubMed]

Byrd, W].; Jacobs, D.M.; Amoss, M.S. Synthetic polyamines added to cultures containing bovine sera reversibly inhibit in vitro
parameters of immunity. Nature 1977, 267, 621-623. [CrossRef]

Claverie, N.; Pasquali, J.L.; Mamont, P.S.; Danzin, C.; Weil-Bousson, M.; Siat, M. Immunosuppressive effects of (2R,5R)-6-heptyne-
2,5-diamine, an inhibitor of polyamine synthesis: II. Beneficial effects on the development of a lupus-like disease in MRL-1pr/lpr
mice. Clin. Exp. Immunol. 1988, 72, 293-298.


http://doi.org/10.1073/pnas.1219002110
http://www.ncbi.nlm.nih.gov/pubmed/23345430
http://doi.org/10.1007/PL00000852
http://www.ncbi.nlm.nih.gov/pubmed/11289306
http://doi.org/10.1007/s00726-009-0408-7
http://www.ncbi.nlm.nih.gov/pubmed/19997760
http://doi.org/10.1126/science.1228985
http://doi.org/10.1126/science.1229017
http://doi.org/10.1042/bj3470875
http://doi.org/10.1073/pnas.1607152113
http://doi.org/10.2174/092986707781058841
http://doi.org/10.1038/npp.2010.17
http://doi.org/10.1038/ncb1975
http://doi.org/10.4161/auto.26918
http://www.ncbi.nlm.nih.gov/pubmed/24262970
http://doi.org/10.1016/j.celrep.2021.108985
http://www.ncbi.nlm.nih.gov/pubmed/33852843
http://doi.org/10.1111/bph.12109
http://www.ncbi.nlm.nih.gov/pubmed/23347064
http://doi.org/10.1016/S0165-6147(00)01460-7
http://doi.org/10.1085/jgp.200509467
http://doi.org/10.1016/0024-3205(91)90463-L
http://doi.org/10.1002/iub.230
http://doi.org/10.1161/CIRCULATIONAHA.113.005924
http://doi.org/10.2147/OTT.S281157
http://doi.org/10.1083/jcb.200301097
http://www.ncbi.nlm.nih.gov/pubmed/11454677
http://doi.org/10.1074/jbc.M706806200
http://www.ncbi.nlm.nih.gov/pubmed/18089555
http://doi.org/10.1002/ijc.28139
http://www.ncbi.nlm.nih.gov/pubmed/23457004
http://doi.org/10.1038/267621a0

Cells 2022, 11, 896 13 of 17

26.

27.
28.
29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Pasquali, J.L.; Mamont, P.S.; Weryha, A.; Knapp, A.M.; Blervaque, A.; Siat, M. Immunosuppressive effects of (2R,5R)-6-heptyne-
2,5-diamine an inhibitor of polyamine synthesis: I. Effects on mitogen-induced immunoglobulin production in human cultured
lymphocytes. Clin. Exp. Immunol. 1988, 72, 141-144.

Thomas, T.J.; Messner, R.P. Beneficial effects of a polyamine biosynthesis inhibitor on lupus in MRL-1pr/lpr mice. Clin. Exp.
Immunol. 1989, 78, 239-244.

Brooks, W.H. Increased Polyamines Alter Chromatin and Stabilize Autoantigens in Autoimmune Diseases. Front. Immunol. 2013,
4,91. [CrossRef]

Brooks, W.H. Autoimmune Diseases and Polyamines. Clin. Rev. Allergy Immunol. 2012, 42, 58-70. [CrossRef]

Wagner, A.; Wang, C.; Fessler, J.; DeTomaso, D.; Avila-Pacheco, J.; Kaminski, J.; Zaghouani, S.; Christian, E.; Thakore, P;
Schellhaass, B.; et al. Metabolic modeling of single Th17 cells reveals regulators of autoimmunity. Cell 2021, 184, 4168-4185.e21.
[CrossRef]

Barbi, J.; Pardoll, D.; Pan, F. Metabolic control of the Treg/Th17 axis. Immunol. Rev. 2013, 252, 52-77. [CrossRef] [PubMed]

Wu, R;; Chen, X.; Kang, S.; Wang, T.; Gnanaprakasam, J.R.; Yao, Y.; Liu, L.; Fan, G.; Burns, M.R.; Wang, R. De novo synthesis and
salvage pathway coordinately regulate polyamine homeostasis and determine T cell proliferation and function. Sci. Adv. 2020, 6,
eabc4275. [CrossRef] [PubMed]

Puleston, D.].; Baixauli, F.; Sanin, D.E.; Edwards-Hicks, J.; Villa, M.; Kabat, A.M.; Kaminski, M.M.; Stanckzak, M.; Weiss, H.].;
Grzes, KM,; et al. Polyamine metabolism is a central determinant of helper T cell lineage fidelity. Cell 2021, 184, 4186—4202.e20.
[CrossRef] [PubMed]

Carriche, G.M.; Almeida, L.; Sttive, P.; Velasquez, L.; Dhillon-LaBrooy, A.; Roy, U.; Lindenberg, M.; Strowig, T.; Plaza-Sirvent,
C.; Schmitz, I.; et al. Regulating T-cell differentiation through the polyamine spermidine. J. Allergy Clin. Immunol. 2021, 147,
335-348.e11. [CrossRef]

Dong, M.B.; Wang, G.; Chow, R.; Ye, L.; Zhu, L.; Dai, X,; Park, J.; Kim, H.R.; Errami, Y.; Guzman, C.D.; et al. Systematic
Immunotherapy Target Discovery Using Genome-Scale In Vivo CRISPR Screens in CD8 T Cells. Cell 2019, 178, 1189-1204.e23.
[CrossRef]

Wang, R.; Dillon, C.P; Shi, L.Z; Milasta, S.; Carter, R.; Finkelstein, D.; McCormick, L.L.; Fitzgerald, P.; Chi, H.; Munger, J.; et al.
The Transcription Factor Myc Controls Metabolic Reprogramming upon T Lymphocyte Activation. Immunity 2011, 35, 871-882.
[CrossRef]

Zhang, M.; Caragine, T.; Wang, H.; Cohen, P.S.; Botchkina, G.; Soda, K.; Bianchi, M.; Ulrich, P.; Cerami, A.; Sherry, B.; et al.
Spermine Inhibits Proinflammatory Cytokine Synthesis in Human Mononuclear Cells: A Counterregulatory Mechanism that
Restrains the Immune Response. |. Exp. Med. 1997, 185, 1759-1768. [CrossRef]

Zhang, M.; Borovikova, L.V.; Wang, H.; Metz, C.; Tracey, K.J. Spermine Inhibition of Monocyte Activation and Inflammation. Mol.
Med. 1999, 5, 595-605. [CrossRef]

Hu, J.; Mahmoud, M.I; El-Fakahany, E.E. Polyamines inhibit nitric oxide synthase in rat cerebellum. Neurosci. Lett. 1994, 175,
41-45. [CrossRef]

Yang, Q.; Zheng, C.; Cao, J.; Cao, G.; Shou, P; Lin, L.; Velletri, T.; Jiang, M.; Chen, Q.; Han, Y.; et al. Spermidine alleviates
experimental autoimmune encephalomyelitis through inducing inhibitory macrophages. Cell Death Differ. 2016, 23, 1850-1861.
[CrossRef]

Choi, Y.H.; Park, H.Y. Anti-inflammatory effects of spermidine in lipopolysaccharide-stimulated BV2 microglial cells. ]. Biomed.
Sci. 2012, 19, 31. [CrossRef] [PubMed]

Huitinga, I.; Van Rooijen, N.; De Groot, C.J.; Uitdehaag, B.M.; Dijkstra, C.D. Suppression of experimental allergic encephalomyeli-
tis in Lewis rats after elimination of macrophages. J. Exp. Med. 1990, 172, 1025-1033. [CrossRef]

Ginhoux, F; Lim, S.; Hoeffel, G.; Low, D.; Huber, T. Origin and differentiation of microglia. Front. Cell Neurosci. 2013, 7, 45.
[CrossRef] [PubMed]

Patel, C.; Xu, Z.; Shosha, E.; Xing, J.; Lucas, R.; Caldwell, R.; Narayanan, S. Treatment with polyamine oxidase inhibitor reduces
microglial activation and limits vascular injury in ischemic retinopathy. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2016, 1862,
1628-1639. [CrossRef] [PubMed]

Pichavaram, P.; Palani, C.D.; Patel, C.; Xu, Z.; Shosha, E.; Fouda, A.; Caldwell, R.; Narayanan, S.P. Targeting Polyamine Oxidase
to Prevent Excitotoxicity-Induced Retinal Neurodegeneration. Front. Neurosci. 2018, 12, 956. [CrossRef] [PubMed]

Bruttger, J.; Karram, K.; Wortge, S.; Regen, T.; Marini, F.; Hoppmann, N.; Klein, M.; Blank, T.; Yona, S.; Wolf, Y.; et al. Genetic
Cell Ablation Reveals Clusters of Local Self-Renewing Microglia in the Mammalian Central Nervous System. Immunity 2015, 43,
92-106. [CrossRef] [PubMed]

Montoya, M.; Schiavoni, G.; Mattei, F; Gresser, I.; Belardelli, E.; Borrow, P; Tough, D.E. Type I interferons produced by dendritic
cells promote their phenotypic and functional activation. Blood 2002, 99, 3263-3271. [CrossRef] [PubMed]

Mohty, M.; Vialle-Castellano, A.; Nunes, J.; Isnardon, D.; Olive, D.; Gaugler, B. IFN-« Skews Monocyte Differentiation into
Toll-Like Receptor 7-Expressing Dendritic Cells with Potent Functional Activities. J. Immunol. 2003, 171, 3385-3393. [CrossRef]
Li, G; Ding, H.; Yu, X;; Meng, Y.; Li, J.; Guo, Q.; Zhou, H.; Shen, N. Spermidine Suppresses Inflammatory DC Function by
Activating the FOXO3 Pathway and Counteracts Autoimmunity. iScience 2020, 23, 100807. [CrossRef]


http://doi.org/10.3389/fimmu.2013.00091
http://doi.org/10.1007/s12016-011-8290-y
http://doi.org/10.1016/j.cell.2021.05.045
http://doi.org/10.1111/imr.12029
http://www.ncbi.nlm.nih.gov/pubmed/23405895
http://doi.org/10.1126/sciadv.abc4275
http://www.ncbi.nlm.nih.gov/pubmed/33328226
http://doi.org/10.1016/j.cell.2021.06.007
http://www.ncbi.nlm.nih.gov/pubmed/34216540
http://doi.org/10.1016/j.jaci.2020.04.037
http://doi.org/10.1016/j.cell.2019.07.044
http://doi.org/10.1016/j.immuni.2011.09.021
http://doi.org/10.1084/jem.185.10.1759
http://doi.org/10.1007/BF03402072
http://doi.org/10.1016/0304-3940(94)91073-1
http://doi.org/10.1038/cdd.2016.71
http://doi.org/10.1186/1423-0127-19-31
http://www.ncbi.nlm.nih.gov/pubmed/22433014
http://doi.org/10.1084/jem.172.4.1025
http://doi.org/10.3389/fncel.2013.00045
http://www.ncbi.nlm.nih.gov/pubmed/23616747
http://doi.org/10.1016/j.bbadis.2016.05.020
http://www.ncbi.nlm.nih.gov/pubmed/27239699
http://doi.org/10.3389/fnins.2018.00956
http://www.ncbi.nlm.nih.gov/pubmed/30686964
http://doi.org/10.1016/j.immuni.2015.06.012
http://www.ncbi.nlm.nih.gov/pubmed/26163371
http://doi.org/10.1182/blood.V99.9.3263
http://www.ncbi.nlm.nih.gov/pubmed/11964292
http://doi.org/10.4049/jimmunol.171.7.3385
http://doi.org/10.1016/j.isci.2019.100807

Cells 2022, 11, 896 14 of 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Mondanelli, G.; Bianchi, R.; Pallotta, M.T.; Orabona, C.; Albini, E.; Iacono, A.; Belladonna, M.L.; Vacca, C.; Fallarino, E,;
Macchiarulo, A.; et al. A Relay Pathway between Arginine and Tryptophan Metabolism Confers Immunosuppressive Properties
on Dendritic Cells. Immunity 2017, 46, 233-244. [CrossRef]

Proietti, E.; Rossini, S.; Grohmann, U.; Mondanelli, G. Polyamines and Kynurenines at the Intersection of Inmune Modulation.
Trends Immunol. 2020, 41, 1037-1050. [CrossRef] [PubMed]

Kim, H.A,; Lee, H.S,; Shin, TH.; Jung, ].Y.; Baek, W.Y; Park, H.].; Lee, G.; Paik, M.].; Suh, C.H. Polyamine patterns in plasma of
patients with systemic Lupus Erythematosus and fever. Lupus 2018, 27, 930-938. [CrossRef] [PubMed]

Song, J.; Shan, Z.; Mao, J.; Teng, W. Serum polyamine metabolic profile in autoimmune thyroid disease patients. Clin. Endocrinol.
2019, 90, 727-736. [CrossRef] [PubMed]

Moulinoux, J.-P.; Quemener, V.; Le Calve, M.; Chatel, M.; Darcel, F. Polyamines in human brain tumors. A correlative study
between tumor, cerebrospinal fluid and red blood cell free polyamine levels. J. Newuro-Oncol. 1984, 2, 153-158. [CrossRef] [PubMed]
Upp, J.R,, Jr.; Saydjari, R.; Townsend, C.M., Jr.; Singh, P.; Barranco, S.C.; Thompson, J.C. Polyamine Levels and Gastrin Receptors
in Colon Cancers. Ann. Surg. 1988, 207, 662-669. [CrossRef]

Desser, H.; Klaring, W.; Luger, T.; Gebhart, W. [Polyamine levels in blood and plasma of patients with malignant melanomal].
Onkologie 1982, 5, 36-37, 40—41. [CrossRef] [PubMed]

Ernestus, R.-I.; Rohn, G.; Schroder, R.; Els, T.; Klekner, A.; Paschen, W.; Klug, N. Polyamine metabolism in brain tumours:
Diagnostic relevance of quantitative biochemistry. J. Neurol. Neurosurg. Psychiatry 2001, 71, 88-92. [CrossRef]

Hoshino, Y.; Terashima, S.; Teranishi, Y.; Terashima, M.; Kogure, M.; Saitoh, T.; Osuka, E.; Kashimura, S.; Saze, Z.; Gotoh, M.
Ornithine decarboxylase activity as a prognostic marker for colorectal cancer. Fukushima |. Med. Sci. 2007, 53, 1-9. [CrossRef]
Leveque, J.; Bansard, J.Y.; Watier, E.; Catros-Quemener, V.; Havouis, R.; Moulinoux, J.P.; Grall, ].Y.; Seiler, N. Polyamines in human
breast cancer and its relations to classical prognostic features: Clinical implications. Anticancer Res. 1999, 19, 2275-2279.
Caniizares, F; Salinas, J.; Heras, M.D.L.; Diaz, ].; Tovar, L.; Martinez, P.; Pefiafiel, R. Prognostic value of ornithine decarboxylase
and polyamines in human breast cancer: Correlation with clinicopathologic parameters. Clin. Cancer Res. 1999, 5, 2035-2041.
Kim, H.I; Schultz, C.R.; Buras, A.L.; Friedman, E.; Fedorko, A.; Seamon, L.; Chandramouli, G.V.R.; Maxwell, G.L.; Bachmann,
A.S.; Risinger, ].I. Ornithine decarboxylase as a therapeutic target for endometrial cancer. PLoS ONE 2017, 12, e0189044. [CrossRef]
[PubMed]

Hogarty, M.D.; Norris, M.D.; Davis, K.; Liu, X.; Evageliou, N.F.,; Hayes, C.S.; Pawel, B.; Guo, R.; Zhao, H.; Sekyere, E.; et al. ODC1
Is a Critical Determinant of MYCN Oncogenesis and a Therapeutic Target in Neuroblastoma. Cancer Res. 2008, 68, 9735-9745.
[CrossRef] [PubMed]

Bello-Fernandez, C.; Packham, G.; Cleveland, J.L. The ornithine decarboxylase gene is a transcriptional target of c-Myc. Proc. Natl.
Acad. Sci. USA 1993, 90, 7804-7808. [CrossRef] [PubMed]

Van Nieuwenhove, S.; Schechter, P.; Declercq, J.; Boné, G.; Burke, J.; Sjoerdsma, A. Treatment of gambiense sleeping sickness in
the Sudan with oral DFMO (DL-«-difluoromethylornithine), an inhibitor of ornithine decarboxylase; first field trial. Trans. R. Soc.
Trop. Med. Hyg. 1985, 79, 692—698. [CrossRef]

Gitto, S.B.; Pandey, V.; Oyer, ].L.; Copik, A.J.; Hogan, E.C.; Phanstiel, 1.O.; Altomare, D.A. Difluoromethylornithine Combined
with a Polyamine Transport Inhibitor Is Effective against Gemcitabine Resistant Pancreatic Cancer. Mol. Pharm. 2018, 15, 369-376.
[CrossRef]

Khan, A.; Gamble, L.D.; Upton, D.H.; Ung, C.; Yu, D.M.T,; Ehteda, A.; Pandher, R.; Mayoh, C.; Hébert, S.; Jabado, N.; et al. Dual
targeting of polyamine synthesis and uptake in diffuse intrinsic pontine gliomas. Nat. Commun. 2021, 12, 971. [CrossRef]
Sala-Rabanal, M.; Li, D.C.; Dake, G.R.; Kurata, H.T.; Inyushin, M.; Skatchkov, S.N.; Nichols, C.G. Polyamine Transport by the
Polyspecific Organic Cation Transporters OCT1, OCT2, and OCT3. Mol. Pharm. 2013, 10, 1450-1458. [CrossRef]
Malpica-Nieves, C.J.; Rivera-Aponte, D.E.; Tejeda-Bayron, FA.; Mayor, A.M.; Phanstiel, O.; Veh, R.W.; Eaton, M.].; Skatchkov, S.N.
The involvement of polyamine uptake and synthesis pathways in the proliferation of neonatal astrocytes. Amino Acids 2020, 52,
1169-1180. [CrossRef]

Malpica-Nieves, C.J.; Rivera, Y.; Rivera-Aponte, D.E.; Phanstiel, O.; Veh, R.W.; Eaton, M.].; Skatchkov, S.N. Uptake of Biotinylated
Spermine in Astrocytes: Effect of Cx43 siRNA, HIV-Tat Protein and Polyamine Transport Inhibitor on Polyamine Uptake.
Biomolecules 2021, 11, 1187. [CrossRef]

Gamble, L.D.; Purgato, S.; Murray, J.; Xiao, L.; Yu, D.M.T.; Hanssen, K.M.; Giorgi, EM.; Carter, D.R.; Gifford, A.]J.; Valli, E.;
et al. Inhibition of polyamine synthesis and uptake reduces tumor progression and prolongs survival in mouse models of
neuroblastoma. Sci. Transl. Med. 2019, 11, eaaul099. [CrossRef]

Sholler, G.L.S.; Ferguson, W.; Bergendahl, G.; Bond, J.P.; Neville, K.; Eslin, D.; Brown, V.; Roberts, W.; Wada, R K.; Oesterheld, J.;
et al. Maintenance DFMO Increases Survival in High Risk Neuroblastoma. Sci. Rep. 2018, 8, 14445. [CrossRef]

Lewis, E.C.; Do, ] M.K,; Ferguson, W.; Eslin, D.; Brown, V.I; Msn, G.B.; Roberts, W.; Wada, R K.; Oesterheld, J.; Mitchell, D.; et al.
A subset analysis of a phase II trial evaluating the use of DFMO as maintenance therapy for high-risk neuroblastoma. Int. J.
Cancer 2020, 147, 3152-3159. [CrossRef] [PubMed]

Miska, J.; Rashidi, A.; Lee-Chang, C.; Gao, P.; Lopez-Rosas, A.; Zhang, P.; Burga, R.; Castro, B.; Xiao, T.; Han, Y.; et al. Polyamines
drive myeloid cell survival by buffering intracellular pH to promote immunosuppression in glioblastoma. Sci. Adv. 2021,
7, €abc8929. [CrossRef] [PubMed]


http://doi.org/10.1016/j.immuni.2017.01.005
http://doi.org/10.1016/j.it.2020.09.007
http://www.ncbi.nlm.nih.gov/pubmed/33055013
http://doi.org/10.1177/0961203317751860
http://www.ncbi.nlm.nih.gov/pubmed/29308729
http://doi.org/10.1111/cen.13946
http://www.ncbi.nlm.nih.gov/pubmed/30725486
http://doi.org/10.1007/BF00177902
http://www.ncbi.nlm.nih.gov/pubmed/6481427
http://doi.org/10.1097/00000658-198806000-00004
http://doi.org/10.1159/000214963 
http://www.ncbi.nlm.nih.gov/pubmed/7041033
http://doi.org/10.1136/jnnp.71.1.88
http://doi.org/10.5387/fms.53.1
http://doi.org/10.1371/journal.pone.0189044
http://www.ncbi.nlm.nih.gov/pubmed/29240775
http://doi.org/10.1158/0008-5472.CAN-07-6866
http://www.ncbi.nlm.nih.gov/pubmed/19047152
http://doi.org/10.1073/pnas.90.16.7804
http://www.ncbi.nlm.nih.gov/pubmed/8356088
http://doi.org/10.1016/0035-9203(85)90195-6
http://doi.org/10.1021/acs.molpharmaceut.7b00718
http://doi.org/10.1038/s41467-021-20896-z
http://doi.org/10.1021/mp400024d
http://doi.org/10.1007/s00726-020-02881-w
http://doi.org/10.3390/biom11081187
http://doi.org/10.1126/scitranslmed.aau1099
http://doi.org/10.1038/s41598-018-32659-w
http://doi.org/10.1002/ijc.33044
http://www.ncbi.nlm.nih.gov/pubmed/32391579
http://doi.org/10.1126/sciadv.abc8929
http://www.ncbi.nlm.nih.gov/pubmed/33597238

Cells 2022, 11, 896 15 of 17

74.

75.

76.

77.
78.
79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Hayes, C.S.; Shicora, A.C.; Keough, M.P; Snook, A.; Burns, M.R.; Gilmour, S.K. Polyamine-Blocking Therapy Reverses Immuno-
suppression in the Tumor Microenvironment. Cancer Immunol. Res. 2014, 2, 274-285. [CrossRef] [PubMed]

Alexander, E.T.; Minton, A.; Peters, M.C.; Phanstiel, O., IV; Gilmour, S.K. A novel polyamine blockade therapy activates an
anti-tumor immune response. Oncotarget 2017, 8, 84140-84152. [CrossRef] [PubMed]

Alexander, E.T.; Mariner, K.; Donnelly, J.; Phanstiel, O.; Gilmour, S.K. Polyamine Blocking Therapy Decreases Survival of
Tumor-Infiltrating Immunosuppressive Myeloid Cells and Enhances the Antitumor Efficacy of PD-1 Blockade. Mol. Cancer Ther.
2020, 19, 2012-2022. [CrossRef] [PubMed]

Cheng, S.; Li, Z.; Gao, R.; Xing, B.; Gao, Y,; Yang, Y.; Qin, S.; Zhang, L.; Ouyang, H.; Du, P; et al. A pan-cancer single-cell
transcriptional atlas of tumor infiltrating myeloid cells. Cell 2021, 184, 792-809.e23. [CrossRef] [PubMed]

Yunna, C.; Mengru, H.; Lei, W.; Weidong, C. Macrophage M1/M2 polarization. Eur. ]. Pharmacol. 2020, 877, 173090. [CrossRef]
Mosser, D.M.; Edwards, ].P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008, 8, 958-969. [CrossRef]
Kiss, M.; Van Gassen, S.; Movahedi, K.; Saeys, Y.; Laoui, D. Myeloid cell heterogeneity in cancer: Not a single cell alike. Cell.
Immunol. 2018, 330, 188-201. [CrossRef]

Thorsson, V.; Gibbs, D.L.; Brown, S.D.; Wolf, D.; Bortone, D.S.; Ou Yang, T.-H.; Porta-Pardo, E.; Gao, G.E,; Plaisier, C.L.; Eddy,
J.A.; et al. The Immune Landscape of Cancer. Immunity 2018, 48, 812-830.e14, Erratum in Immunity 2019, 51, 411-412. [CrossRef]
[PubMed]

Antonios, ].P.; Soto, H.; Everson, R.G.; Moughon, D.; Orpilla, J.R.; Shin, N.P.; Sedighim, S.; Treger, J.; Odesa, S.; Tucker, A.; et al.
Immunosuppressive tumor-infiltrating myeloid cells mediate adaptive immune resistance via a PD-1/PD-L1 mechanism in
glioblastoma. Neuro-Oncol. 2017, 19, 796-807. [CrossRef] [PubMed]

Friebel, E.; Kapolou, K.; Unger, S.; Nufiez, N.G.; Utz, S.; Rushing, E.J.; Regli, L.; Weller, M.; Greter, M.; Tugues, S.; et al. Single-Cell
Mapping of Human Brain Cancer Reveals Tumor-Specific Instruction of Tissue-Invading Leukocytes. Cell 2020, 181, 1626-1642.e20.
[CrossRef] [PubMed]

Klemm, F.; Maas, R.R.; Bowman, R.L.; Kornete, M.; Soukup, K.; Nassiri, S.; Brouland, J.-P.; Iacobuzio-Donahue, C.A.; Brennan,
C.; Tabar, V.; et al. Interrogation of the Microenvironmental Landscape in Brain Tumors Reveals Disease-Specific Alterations of
Immune Cells. Cell 2020, 181, 1643-1660.e17. [CrossRef]

Caldwell, RW.; Rodriguez, P.C.; Toque, H.A.; Narayanan, S.P. Arginase: A Multifaceted Enzyme Important in Health and Disease.
Physiol. Rev. 2018, 98, 641-665. [CrossRef]

Grzywa, T.M.; Sosnowska, A.; Matryba, P.; Rydzynska, Z.; Jasinski, M.; Nowis, D.; Golab, J. Myeloid Cell-Derived Arginase in
Cancer Immune Response. Front. Immunol. 2020, 11, 938. [CrossRef]

Humm, A.; Fritsche, E.; Steinbacher, S.; Huber, R. Crystal structure and mechanism of human L-arginine:glycine amidinotrans-
ferase: A mitochondrial enzyme involved in creatine biosynthesis. EMBO J. 1997, 16, 3373-3385. [CrossRef]

Brooks, H.B.; Phillips, M.A. Characterization of the Reaction Mechanism for Trypanosoma brucei Ornithine Decarboxylase by
Multiwavelength Stopped-Flow Spectroscopy. Biochemistry 1997, 36, 15147-15155. [CrossRef]

Hardbower, D.M.; Asim, M.; Luis, P.B.; Singh, K.; Barry, D.P; Yang, C.; Steeves, M.A.; Cleveland, J.L.; Schneider, C.; Piazuelo,
M.B.; et al. Ornithine decarboxylase regulates M1 macrophage activation and mucosal inflammation via histone modifications.
Proc. Natl. Acad. Sci. USA 2017, 114, E751-E760. [CrossRef]

Singh, K.; Coburn, L.A.; Asim, M,; Barry, D.; Allaman, M.M.; Shi, C.; Washington, K.; Gobert, A.P.; Wilson, K.T. Tul857—Ornithine
Decarboxylase in Macrophages Exacerbates Acute Colitis and Colitis-Associated Carcinogenesis by Impairing M1 Innate Inmune
Responses. Gastroenterology 2018, 154, S-1039. [CrossRef]

Geiger, R.; Rieckmann, J.C.; Wolf, T.; Basso, C.; Feng, Y.; Fuhrer, T.; Kogadeeva, M.; Picotti, P.; Meissner, F.; Mann, M.; et al.
L-Arginine Modulates T Cell Metabolism and Enhances Survival and Anti-tumor Activity. Cell 2016, 167, 829-842.€13. [CrossRef]
[PubMed]

Fletcher, M.; Ramirez, M.E,; Sierra, R.A.; Raber, P; Thevenot, P.; Al-Khami, A.A.; Sanchez-Pino, D.; Hernandez, C.; Wyczechowska,
D.D.; Ochoa, A.C.; et al. L-Arginine Depletion Blunts Antitumor T-cell Responses by Inducing Myeloid-Derived Suppressor Cells.
Cancer Res. 2015, 75, 275-283. [CrossRef]

Corral, M.; Wallace, H.M. Upregulation of Polyamine Transport in Human Colorectal Cancer Cells. Biomolecules 2020, 10, 499.
[CrossRef]

Puleston, D.J.; Buck, M.D.; Geltink, R.IK.; Kyle, R.L.; Caputa, G.; O’Sullivan, D.; Cameron, A.M.; Castoldi, A.; Musa, Y.; Kabat,
A.M,; et al. Polyamines and elF5A Hypusination Modulate Mitochondrial Respiration and Macrophage Activation. Cell Metab.
2019, 30, 352-363.€8. [CrossRef] [PubMed]

Poulin, R.; Pegg, A.E. Stable intracellular acidification upon polyamine depletion induced by a-difluoromethylornithine or
N',N'2-bis(ethyl)spermine in L1210 leukaemia cells. Biochem. J. 1995, 312, 749-756. [CrossRef] [PubMed]

Miska, J.; Bas, E.; Devarajan, P; Chen, Z. Autoimmunity-mediated antitumor immunity: Tumor as an immunoprivileged self. Eur.
J. Immunol. 2012, 42, 2584-2596. [CrossRef]

Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.;
Rutkowski, P; et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N. Engl. J. Med. 2015, 373,
23-34. [CrossRef]


http://doi.org/10.1158/2326-6066.CIR-13-0120-T
http://www.ncbi.nlm.nih.gov/pubmed/24778323
http://doi.org/10.18632/oncotarget.20493
http://www.ncbi.nlm.nih.gov/pubmed/29137411
http://doi.org/10.1158/1535-7163.MCT-19-1116
http://www.ncbi.nlm.nih.gov/pubmed/32747421
http://doi.org/10.1016/j.cell.2021.01.010
http://www.ncbi.nlm.nih.gov/pubmed/33545035
http://doi.org/10.1016/j.ejphar.2020.173090
http://doi.org/10.1038/nri2448
http://doi.org/10.1016/j.cellimm.2018.02.008
http://doi.org/10.1016/j.immuni.2018.03.023
http://www.ncbi.nlm.nih.gov/pubmed/29628290
http://doi.org/10.1093/neuonc/now287
http://www.ncbi.nlm.nih.gov/pubmed/28115578
http://doi.org/10.1016/j.cell.2020.04.055
http://www.ncbi.nlm.nih.gov/pubmed/32470397
http://doi.org/10.1016/j.cell.2020.05.007
http://doi.org/10.1152/physrev.00037.2016
http://doi.org/10.3389/fimmu.2020.00938
http://doi.org/10.1093/emboj/16.12.3373
http://doi.org/10.1021/bi971652b
http://doi.org/10.1073/pnas.1614958114
http://doi.org/10.1016/S0016-5085(18)33483-8
http://doi.org/10.1016/j.cell.2016.09.031
http://www.ncbi.nlm.nih.gov/pubmed/27745970
http://doi.org/10.1158/0008-5472.CAN-14-1491
http://doi.org/10.3390/biom10040499
http://doi.org/10.1016/j.cmet.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31130465
http://doi.org/10.1042/bj3120749
http://www.ncbi.nlm.nih.gov/pubmed/8554515
http://doi.org/10.1002/eji.201242590
http://doi.org/10.1056/NEJMoa1504030

Cells 2022, 11, 896 16 of 17

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

Wolchok, J.D.; Chiarion-Sileni, V.; Gonzalez, R.; Rutkowski, P.; Grob, ]J.-].; Cowey, C.L.; Lao, C.D.; Wagstaff, J.; Schadendorf, D.;
Ferrucci, PF; et al. Overall Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. ]. Med. 2017,
377,1345-1356. [CrossRef]

Berner, F.; Bomze, D.; Diem, S.; Ali, O.H.; Fassler, M.; Ring, S.; Niederer, R.; Ackermann, C.J.; Baumgaertner, P.; Pikor, N.; et al.
Association of Checkpoint Inhibitor-Induced Toxic Effects With Shared Cancer and Tissue Antigens in Non-Small Cell Lung
Cancer. JAMA Oncol. 2019, 5, 1043-1047. [CrossRef]

Zhou, X; Yao, Z.; Yang, H.; Liang, N.; Zhang, X.; Zhang, F. Are immune-related adverse events associated with the efficacy of
immune checkpoint inhibitors in patients with cancer? A systematic review and meta-analysis. BMC Med. 2020, 18, 84. [CrossRef]
Das, S.; Johnson, D.B. Inmune-related adverse events and anti-tumor efficacy of immune checkpoint inhibitors. J. Immunother.
Cancer 2019, 7, 306. [CrossRef]

Ramos-Casals, M.; Brahmer, J.R.; Callahan, M.K.; Flores-Chavez, A.; Keegan, N.; Khamashta, M.A.; Lambotte, O.; Mariette,
X.; Prat, A.; Sudrez-Almazor, M.E. Immune-related adverse events of checkpoint inhibitors. Nat. Rev. Dis. Prim. 2020, 6, 38.
[CrossRef] [PubMed]

Johnson, D.B.; Balko, ].M.; Compton, M.L.; Chalkias, S.; Gorham, J.; Xu, Y.; Hicks, M.; Puzanov, I.; Alexander, M.R.; Bloomer, T.L.;
et al. Fulminant Myocarditis with Combination Immune Checkpoint Blockade. N. Engl. ]. Med. 2016, 375, 1749-1755. [CrossRef]
Kim, K.H.; Hur, J.Y,; Cho, J.; Ku, B.M.; Koh, J.; Koh, J.Y.; Sun, J.-M.; Lee, S.-H.; Ahn, ].S.; Park, K.; et al. Immune-related adverse
events are clustered into distinct subtypes by T-cell profiling before and early after anti-PD-1 treatment. Oncolmmunology 2020, 9,
1722023. [CrossRef] [PubMed]

Liu, X.; Shi, Y;; Zhang, D.; Zhou, Q.; Liu, J.; Chen, M.,; Xu, Y.; Zhao, J.; Zhong, W.; Wang, M. Risk factors for immune-related
adverse events: What have we learned and what lies ahead? Biomark. Res. 2021, 9, 79. [CrossRef]

Bar, N.; Costa, F;; Das, R.; Duffy, A.; Samur, M.; McCachren, S.; Gettinger, S.N.; Neparidze, N.; Parker, T.L.; Bailur, J.K.; et al.
Differential effects of PD-L1 versus PD-1 blockade on myeloid inflammation in human cancer. JCI Insight 2020, 5, 129353.
[CrossRef] [PubMed]

Hugo, W.; Zaretsky, ].M.; Sun, L.; Song, C.; Moreno, B.H.; Hu-Lieskovan, S.; Berent-Maoz, B.; Pang, J.; Chmielowski, B.; Cherry,
G.; et al. Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma. Cell 2016, 165, 35-44.
[CrossRef] [PubMed]

Yurdagul, A.; Subramanian, M.; Wang, X.; Crown, S.B.; Ilkayeva, O.R.; Darville, L.; Kolluru, G.K.; Rymond, C.C.; Gerlach, B.D;
Zheng, Z.; et al. Macrophage Metabolism of Apoptotic Cell-Derived Arginine Promotes Continual Efferocytosis and Resolution
of Injury. Cell Metab. 2020, 31, 518-533.€10. [CrossRef]

Chang, A.L.; Miska, J.; Wainwright, D.A.; Dey, M.; Rivetta, C.V.; Yu, D.; Kanojia, D.; Pituch, K.C.; Qiao, J.; Pytel, P; et al.
CCL2 Produced by the Glioma Microenvironment Is Essential for the Recruitment of Regulatory T Cells and Myeloid-Derived
Suppressor Cells. Cancer Res. 2016, 76, 5671-5682. [CrossRef]

Hiratsuka, S.; Watanabe, A.; Aburatani, H.; Maru, Y. Tumour-mediated upregulation of chemoattractants and recruitment of
myeloid cells predetermines lung metastasis. Nat. Cell Biol. 2006, 8, 1369-1375. [CrossRef]

Zhang, P; Miska, J.; Lee-Chang, C.; Rashidi, A.; Panek, WK.; An, S.; Zannikou, M.; Lopez-Rosas, A.; Han, Y.; Xiao, T.; et al.
Therapeutic targeting of tumor-associated myeloid cells synergizes with radiation therapy for glioblastoma. Proc. Natl. Acad. Sci.
USA 2019, 116, 23714-23723. [CrossRef] [PubMed]

Shojaei, F.; Wu, X.; Malik, A.; Zhong, C.; Baldwin, M.E.; Schanz, S.; Fuh, G.; Gerber, H.-P,; Ferrara, N. Tumor refractoriness to
anti-VEGF treatment is mediated by CD11b*Gr1* myeloid cells. Nat. Biotechnol. 2007, 25, 911-920. [CrossRef]

Quail, D.F; Bowman, R.L.; Akkari, L.; Quick, M.L.; Schuhmacher, A.J.; Huse, ].T.; Holland, E.C.; Sutton, J.C.; Joyce, J.A. The tumor
microenvironment underlies acquired resistance to CSF-1R inhibition in gliomas. Science 2016, 352, aad3018. [CrossRef]
Horikawa, N.; Abiko, K.; Matsumura, N.; Baba, T.; Hamanishi, J.; Yamaguchi, K.; Murakami, R.; Taki, M.; Ukita, M.; Hosoe, Y.;
et al. Anti-VEGF therapy resistance in ovarian cancer is caused by GM-CSF-induced myeloid-derived suppressor cell recruitment.
Br. J. Cancer 2020, 122, 778-788. [CrossRef] [PubMed]

Weber, R.; Fleming, V.; Hu, X.; Nagibin, V.; Groth, C.; Altevogt, P.; Utikal, J.; Umansky, V. Myeloid-Derived Suppressor Cells
Hinder the Anti-Cancer Activity of Immune Checkpoint Inhibitors. Front. Immunol. 2018, 9, 1310. [CrossRef] [PubMed]

Law, AM.K.; Valdes-Mora, E.; Gallego-Ortega, D. Myeloid-Derived Suppressor Cells as a Therapeutic Target for Cancer. Cells
2020, 9, 561. [CrossRef] [PubMed]

Kumar, V.; Patel, S.; Tcyganov, E.; Gabrilovich, D.I. The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenviron-
ment. Trends Immunol. 2016, 37, 208-220. [CrossRef]

Laube, G.; Bernstein, H.-G. Agmatine: Multifunctional arginine metabolite and magic bullet in clinical neuroscience? Biochem. ].
2017, 474, 2619-2640. [CrossRef]

Abdulhussein, A.A.; Wallace, H.M. Polyamines and membrane transporters. Amino Acids 2014, 46, 655-660. [CrossRef]
Uemura, T.; Stringer, D.E.; Blohm-Mangone, K.A.; Gerner, E.W. Polyamine transport is mediated by both endocytic and solute
carrier transport mechanisms in the gastrointestinal tract. Am. J. Physiol. Liver Physiol. 2010, 299, G517-G522. [CrossRef] [PubMed]
Holbert, C.E.; Dunworth, M.; Foley, ].R.; Dunston, T.T.; Stewart, T.M.; Casero, R.A. Autophagy induction by exogenous polyamines
is an artifact of bovine serum amine oxidase activity in culture serum. J. Biol. Chem. 2020, 295, 9061-9068. [CrossRef] [PubMed]
Wang, L.; Liu, Y,; Qi, C.; Shen, L.; Wang, J.; Liu, X.; Zhang, N.; Bing, T.; Shangguan, D. Oxidative degradation of polyamines by
serum supplement causes cytotoxicity on cultured cells. Sci. Rep. 2018, 8, 10384. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMoa1709684
http://doi.org/10.1001/jamaoncol.2019.0402
http://doi.org/10.1186/s12916-020-01549-2
http://doi.org/10.1186/s40425-019-0805-8
http://doi.org/10.1038/s41572-020-0160-6
http://www.ncbi.nlm.nih.gov/pubmed/32382051
http://doi.org/10.1056/NEJMoa1609214
http://doi.org/10.1080/2162402X.2020.1722023
http://www.ncbi.nlm.nih.gov/pubmed/32076579
http://doi.org/10.1186/s40364-021-00314-8
http://doi.org/10.1172/jci.insight.129353
http://www.ncbi.nlm.nih.gov/pubmed/32427579
http://doi.org/10.1016/j.cell.2016.02.065
http://www.ncbi.nlm.nih.gov/pubmed/26997480
http://doi.org/10.1016/j.cmet.2020.01.001
http://doi.org/10.1158/0008-5472.CAN-16-0144
http://doi.org/10.1038/ncb1507
http://doi.org/10.1073/pnas.1906346116
http://www.ncbi.nlm.nih.gov/pubmed/31712430
http://doi.org/10.1038/nbt1323
http://doi.org/10.1126/science.aad3018
http://doi.org/10.1038/s41416-019-0725-x
http://www.ncbi.nlm.nih.gov/pubmed/31932754
http://doi.org/10.3389/fimmu.2018.01310
http://www.ncbi.nlm.nih.gov/pubmed/29942309
http://doi.org/10.3390/cells9030561
http://www.ncbi.nlm.nih.gov/pubmed/32121014
http://doi.org/10.1016/j.it.2016.01.004
http://doi.org/10.1042/BCJ20170007
http://doi.org/10.1007/s00726-013-1553-6
http://doi.org/10.1152/ajpgi.00169.2010
http://www.ncbi.nlm.nih.gov/pubmed/20522643
http://doi.org/10.1074/jbc.RA120.013867
http://www.ncbi.nlm.nih.gov/pubmed/32430398
http://doi.org/10.1038/s41598-018-28648-8
http://www.ncbi.nlm.nih.gov/pubmed/29991686

Cells 2022, 11, 896 17 of 17

123. De Vera, N.; Martinez, E.; Sanfeliu, C. Spermine induces cell death in cultured human embryonic cerebral cortical neurons
through N-methyl-D-aspartate receptor activation. J. Neurosci. Res. 2007, 86, 861-872. [CrossRef] [PubMed]

124. Chen, Y,; Zhuang, H.; Chen, X.; Shi, Z.; Wang, X. Spermidine-induced growth inhibition and apoptosis via autophagic activation
in cervical cancer. Oncol. Rep. 2018, 39, 2845-2854. [CrossRef] [PubMed]


http://doi.org/10.1002/jnr.21538
http://www.ncbi.nlm.nih.gov/pubmed/17941054
http://doi.org/10.3892/or.2018.6377
http://www.ncbi.nlm.nih.gov/pubmed/29693131

	Introduction 
	The Role of Polyamines in Autoimmunity: Differences in Cell Types and Disease Models 
	A Controversy Regarding CD4+ T-Cells 
	CD8+ T-Cells 
	Myeloid Cells 
	Microglia 
	Dendritic Cells 
	Clinical Observations of Polyamines in Autoimmunity 

	The Role of Polyamines in Cancer Immunosuppression 
	Polyamines Are Elevated across Most Cancers 
	Pharmacologic Inhibition of Polyamines Is an Effective Chemo and Immunotherapy for Solid Tumors 
	Pharmacologic Blockade of Polyamine Metabolism Targets Immunosuppressive Myeloid Cells in Tumors 

	Do Polyamines Prevent Autoimmune-Mediated Eradication of Tumor Tissues? 
	Limitations and Future Directions 
	Concluding Remarks 
	References

