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Abstract

Systemic lupus erythematosus (SLE) mediated by a single gene mutation is rare but gives insights into the disease pathogenesis. The present report

from Xu, et al. that SLE is caused by the loss-of-function of spermidine/spermine N l-acetyltransferase (SAT1) gene provides unprecedented evidence

that polyamine metabolism, rather than glucose or lipid metabolism, is directly associated with the development of SLE. The functional significance

of polyamines in SLE is a contentious issue. In this short commentary, the relevance of polyamine metabolism in the immune system is summarized

and how polyamines link to SLE is discussed.
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Introduction

Systemic lupus erythematosus (SLE) is a multisystem autoimmune
disease characterized by multiple organ inflammation mediated
through immune complex of autoantibodies [1]. Disease
pathogenesis involves a variety of factors such as gender,
environment, and genetic background. In recent years, genome-
wide association study (GWAS) has identified various genes
susceptible to SLE [2], and genetic risk score, calculated from
multiple risk gene combinations, could predict disease onset and
renal involvement [3]. However, each risk gene alone is not strong
enough to predict disease. In contrast, monogenic or inherited
lupus, SLE caused by a single gene mutation, is rare but could
be a great help for understanding disease pathogenesis by the
facilitation of reverse translational research. Major genetic variants
in monogenic lupus are those related to autoantigen processing
and inflammatory response regulation, such as DNA degrading
enzymes, apoptosis, and interferon signaling [4]. The present study
is novel as well as important in that the loss-of-function mutation
of the X-chromosome-related gene spermidine/spermine NI1-
acertyltransferase (SAT1) causes childhood-onset SLE, which
has not been ever reported as a risk gene before [5]. While SAT1
is a polyamine metabolism-regulating gene, the importance of
polyamine in immune cell function has been proven recently [6,7].
Here, the implication of polyamine metabolism in the immune
system is briefly summarized, and how this genetic abnormality is

involved in disease pathogenesis is discussed.

Biological function of polyamines in immune
cells

Polyamines are aliphatic polycations present in all cells and play
an important role in mediating biological functions necessary
for cellular growth and survival [8]. Putrescine (Put), Spermidine
(Spd) and Spermine (Spm) are naturally occurring polyamines, and
the arginine-ornithine-Put synthesis pathway is the ratelimiting
step. Polyamine production is primarily regulated by ornithine
decarboxylase (ODC), and ODC transcription is controlled
by ¢Myc, a critical regulator of cellular growth and metabolic
reprogramming [9]. The importance of polyamine biosynthesis is
clear from the fact that ODC-deficient mice are embryonic lethal
and the growth of heterozygous mice is severely impaired [10].
Polyamines have diverse functions, including the regulation of
ion channels, maintenance of chromatin structure, stabilization
of DNA replication, transcription, translation, and they are also
closely involved in cell death processes such as apoptosis and
ferroptosis. Moreover, polyamines are known to function as a free

radical scavenger, protecting cells from oxidative stress [11].

The first report on the role of polyamines in the immune
system was in 1977, it was shown that both innate and acquired
immunity were inhibited by exogenous polyamine administration
[12]. Subsequent studies have revealed a variety of physiological
activities beyond immunosuppression. Recently, polyamine

metabolism is reported to be important for effector Tecell
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differentiation and function. Wagner A, et al. (2021) reported
that polyamine metabolism was enhanced in pathogenic Th17
cells, and deletion or pharmacological inhibition of genes for
polyamine synthesis alleviated autoimmune diseases [6]. Puleston
DJ, et al. (2021) demonstrated that normal T cell differentiation
was perturbated when enzymes for polyamine synthesis were
depleted, and inflammatory T cells were increased [7]. Although
these two reports share the same point of view that polyamines
are important for normal effector T cell differentiation, they have
different observations when polyamine synthesis is inhibited: one
shows that the Th17/Treg balance is disrupted and Tregs become
significant, and the other shows that Th17 is decreased but IFNG
production tends to increase. Conversely, Carriche GM, et al.
(2021) demonstrated that Spd administration suppressed Th17
differentiation and enhanced Treg differentiation [13]. These
discrepancies indicate that polyamines may exert different effects

dependent on cellular conditions.

Polyamines have been reported to act not only on lymphocytes but
also on monocytes/macrophages and dendritic cells. Addition
of spermine to human monocytes/macrophages inhibits the
induction of inflammatory cytokines such as TNFA, IL-1 and
IL-6 in response to LPS stimulation. In dendritic cells, Spd
induces the expression of indoleamine 2,3-dioxygenase 1 (IDO1),
which is involved in suppressive dendritic cell function [8]. Thus,
the actions of polyamines in myeloid cells are mainly explained
by their immunosuppressive mechanisms. Interestingly, a recent
report demonstrates that when macrophages engulf apoptotic
cells, exogenously imported polyamines, but not polyamines from
retention of apoptotic cell metabolites, play a role for suppressing

the induction of inflammatory responses [14].

SAT1 deficiency and lupus

SAT1, located on the X chromosome, is a catabolic enzyme in
polyamine metabolism. SAT1 is a polyamine acetylase, together
with polyamine oxidation by spermine oxidase (SMOX), is
responsible for the polyamine catabolic pathway. Nl-acetylated
polyamines by SATT1 are either excreted from the cells or returned
to polyamines if they are oxidized. A variety of transcriptional
regulatory systems for SAT1 have been reported, including Nrf-2,
NFkB, p53, and interferon signaling [11]. Increased polyamine
catabolism such as pharmacological induction of SAT1 has anti-
tumor effect through polyamine depletion, resulting in reduced
cell growth and survival [15]. SAT1 overexpression has also
been found to induce mitochondrial alterations, apoptosis and
ferroptosis. By contrast, deletion of either SAT1 or SMOX alone
was shown to result in a mild phenotype. SAT I-deficient mice
have been reported to develop insulin resistance at 12 months
of age, with no effect on development or growth, even though
organ polyamine levels are increased [16]. On the other hand,
deletion of both SAT1 and SMOX has been shown to cause severe

neurological symptoms [17].

In the current report, the authors identified two novel
hemizygous SAT1 mutations in two families of male patients
with childhood-onset hereditary SLE: The p.Asp40Tyr mutation
is a spliced donor site mutation that results in splicing defects.
The other, p.Glu92Leufs*6, is likely to cause mRNA decay. Both
mutations are loss-of-function mutations. They also generated
SAT1 p.Glu92Leufs*6 knock-in mice and found that 10-week-
old knockin male mice potentially exhibit SLE-ike clinical
findings and lupus nephritis. These mice had reduced neutrophil
counts, potentially predisposing them to NETosis with impaired
autophagy function. In addition, they found that the number
of regulatory T cells was also decreased. However, the SLE-like

lesions in these mice were mild and not progressive [5].
Discussion
Controversies of polyamines in autoimmune diseases

As described above, biological functions of polyamines in the
regulation of CD4+Th cell differentiation remain controversial.
Treatmentwith ODC inhibitor reduces experimental autoimmune
encephalomyelitis (EAE) by a decrease in pathogenic IL-17 positive
T cells and an increase in Tregs [6]. In contrast, adoptive transfer
of T cells lacking ODC into RAG1 mice resulted in exacerbation
of autoimmune enteritis, accompanied by an increase in [FNg-
positive inflammatory T cells [7]. These inconsistent results may
be related to a combination of factors, including temporal and
quantitative issues in which cells require endogenous polyamines,
such as during differentiation and proliferation, and the ability to

take up exogenous polyamines.

The first report on SLE was that administration of a polyamine
synthesis inhibitor suppressed T cell proliferation and reduced
lupus lesions in MRL/Ipr mice, a mouse model of SLE, although
the mechanism has not been elucidated [18]. This seems to be
contrary to the theory of current report. Furthermore, it was
reported that polyamine levels of Spm, SpD, N 1-acetylspermidine,
and Nl-acetylcadaverin are significantly lower in human SLE
blood than in healthy controls [19], while sera from SLE patients
in the present paper showed that Put and Nl-acetylspermidine
were clearly elevated. However, data from both of these studies are
concentrations of polyamines in blood and do not reflect tissue

amount or intracellular polyamines.

Possible links between polyamines and SLE
Stabilization of NETs by polyamines

Neutrophil extracellular traps (NETs) are aggregates containing
nucleoproteins and other proteins released from neutrophils,
which induce cell death (NETosis). Dysregulation of NETosis
has also been implicated in autoimmune diseases, including SLE
[20]. Brooks hypothesized that increased polyamines induce the
formation of nuclear aggregates of polyamines (NAPs), which
stabilize nucleoproteins, and can also activate peptidylarginine

deiminase 4 (PAD4), an enzyme important in NETosis, leading to
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NETosis that releases NAPs (NAPs in NETs), thereby contributing
to prolonged autoantigen exposure [21]. This hypothesis has
been partially proven to be correct by the report that chlorinated
polyamines forms NET-conjugate by cross-linking of NET-specific
proteins, which leads to the stability of NET and is essential for its
biological function [22].

SAT1 p.Glu92Leufs*6 knock-in mice exhibit a potentially NETosis-
prone neutrophil trait accompanied with reduced number of
peripheral neutrophils. They found that SAT is strongly expressed
on neutrophils [5]. The increase in intracellular polyamines due
to inactivation of SAT1 may contribute to enhanced autoantigen

exposure and activation of NETosis signals.

Polyamine-induced Z-DNA formation as an
autoantigenic trait

In mammalian cells, polyamines are 90% bound to RNA and
DNA. One effect of polyamines on DNA structure is a transition
from the normal right-handed double helix structure (B-DNA) to
left-handed (ZDNA) Z-DNA. Z-DNA can be recognized by ZDNA
binding protein 1 (ZBP1) in the cytoplasm and could induce
inflammatory responses [23]. ZDNA/Z-RNA, is recognized and

edited for silencing by adenosine deaminase acting on RNA type
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I (ADAR1). In particular, ADAR1 dysfunction or gene deficiency
induces Z-RNA-mediated interferon responses that leads to the
severe autoimmune disease, Aicardi-Goutieres syndrome [24].
Increased Spm stabilizes Z-DNA along with NAP, and could be
immunogenic. Anti-Z-DNA antibodies have been found to occur
in human SLE and mouse models of SLE, suggesting that ZDNA

is a structure that can induce an autoimmune-responses.

Conclusion

Polyamines are essential for cell activity and survival, and
disturbances in their homeostasis may contribute to the
development of SLE. Possible mechanisms by which perturbation
of polyamine metabolism leads to autoimmunity are summarized
in Figure-1. Although the importance of polyamines in immune
cells has been demonstrated, further investigation is needed,
as inhibition of polyamine synthesis can either exacerbate or
alleviate lymphocytic inflammation. Increased NETosis by
SAT I-deficiency is described, however, it is likely but has not yet
been directly illustrated that stabilization of NETs and ZDNA
by polyamine could induce autoimmunity. In any case, the fact
that polyamines are linked to SLE is a definite milestone toward

elucidating the mechanism of disease pathogenesis.
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Figure 1: Increased intracellular polyamines through SAT1 loss-of-function increase ZDNA, NAPs and could activate PAD4 leading to

NETosis. Stable NETs by NAPs tends to induce autoimmune responses. Red arrows and inhibitor are possible alterations with SAT1

deficiency. NAP: nuclear aggregates of polyamine, PAD4: peptidylarginine deiminase 4, NET: neutrophil extracellular trap.
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