





Systemic lupus erythematosus

Figure 1

Identification of p.Asp40Tyr and p.Glu92Leufs*6 SATT variants segregating with disease status in each family. (A and B) Pedigree

information of two unrelated African—American families containing SLE-affected sibpairs and Sanger sequencing data that confirmed Mendelian
inheritance of either p.Glu92Leufs*6 or p.Asp40Tyr variant of X-linked SAT7 in each family. AoD, age of diagnosis; P, proband. p.Asp40Tyr is identified
as rs1016338251 by human longevity company, but no annotation of any individual is available. (C) Locations of the p.Asp40Tyr (NM_002970:
¢.118G>T, ChrX(GRCh38):g.23783709G>T) and p.Glu92Leufs*6 (NM_002970: ¢.272_273dup, ChrX(GRCh38):9.23785397-23785398dup) SATT
variants and the corresponding sequences based on human reference genome build GRCh38/hg38. (D and E) The genomic segment containing
p.Aspd0Tyr cloned into the minigene assay vector resulted in aberrantly spliced transcripts in transfected 293T and Hela cell lines. A schematic
representation of the p.Asp40Tyr minigene plasmid and electrophoresed RT-PCR products from 293T cells transfected with a minigene plasmid with
either Asp40-containing or Tyr40-containing genomic segment (D). The percentage of each spliced transcript from three independent transfection

experiments is depicted. Data are mean+SD (E). WT, wild type.

elevated BUN, anti-dsDNA antibodies, ANA antibodies, protein-
uria, increased serum creatinine levels, accelerated glomeru-
lonephritis and increased glomerular deposition of IgG and
complement C3. These lupus manifestations were also posi-
tively correlated with increased IFN-I scores (figure 2E). Sar1™
Glu92Leufs’ chifted immune phenotypes in spleen cells. Changes
in the myeloid compartment included elevated macrophages
(CD3°CD19"CD11b"F4/80%) in 10-week-old male KI mice
(figure 2B) and elevated proportions and cell numbers of plas-
macytoid dendritic cells (pDCs, CD3~CD19~CD11¢™B220™").
These changes likely contribute to the upregulated IFN-I scores
in 5- and 10-week-old male KI mice (figure 2B and D).

While the AC-treated Saz1PC"2'%°¢ male mice had elevated
Th17, Tph and age-associated B cells (ABCs) indicative of

extrafollicular activation, the female mice showed elevated T
follicular helper cells (Tfh), Tfh/T follicular regulatory (Tfr)
ratio, marginal zone B cells (MZ), follicular B cells (FO) and
germinal centre (GC) B cell responses characterised by activated
adaptive immunity and follicular humoral responses (online
supplemental figure 8).

Bone marrow (BM)-isolated Sat1P-Glu92Leufs*6

spontaneous NETosis and autophagy defect

While SAT1 is fairly ubiquitously expressed, it is enriched in
neutrophils of both human and mouse immune systems™ 2!
(online supplemental figure 10). We hypothesised that SAT1
expression is important in neutrophil functions. We observed

neutrophils show
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Systemic lupus erythematosus

Renal disorder Immunological disorder

Cellular casts ANA, anti-dsDNA, anti-Smith, anti-
CL, anti-Ro, anti-RNP; low C3, C4
ANA, anti-dsDNA, anti-Smith, anti-
CL, anti-Ro, anti-RNP; low C3

ANA, anti-dsDNA; low C3, C4

Proteinuria

Proteinuria; renal biopsy: membranous
proliferative GN (Class V)

Renal failure

Proteinuria; renal biopsy: focal Anti-dsDNA; ANA>1:1280

proliferative GN (Class IIl)

Table 1  Summary of clinical features in affected males from two families with SAT7 mutations
Patient (gender) Family (ethnic origin) Age of onset  Brief clinical symptoms
3 (M) Family #1 (AA) 6y Malar rash, non-erosive arthritis,
serositis, pleuritis and pericarditis
4. (M) Family #1 (AA) 7y Malar rash, photosensitivity,
leucopenia, lymphopaenia
7 (M) Family #2 (AA) 12y Non-erosive arthritis, anaemia,
fatigue
14y
8 (M) Family #2 (AA) 8y CNS lupus, non-erosive arthritis
14y Vasculitis affecting the eyes, 2/2

Diffuse lupus glomerulonephritis with ~ Anti-dsDNA, anti-Smith, anti-RNP,

crescents anti-B2GPI and anti-CL

AA, African American; ANA, anti-nuclear antibody; anti-CL, anti-cardiolipin; anti-dsDNA, anti-double-stranded DNA; anti-RNP, anti-ribonucleoprotein; anti-B2GPI, anti-32

glycoprotein | ; CNS, central nervous system; GN, glomerulonephritis; y, years old.

that BM-isolated neutrophils from 5-week-old male KI mice had
decreased cell numbers and percentages compared with the WT
littermates (figure 3A). These KI neutrophils undergo sponta-
neous NETosis without phorbol myristate acetate (PMA) stim-
ulation (figure 3B). They released oxidised mitochondrial DNA
(mtDNA) into culture supernatants indicated by an increased
ratio of mitochondrial (16s) to chromosomal (18s) DNA in anti-
8-OHdG immunoprecipitated total oxidised DNA (figure 3B).
These observed phenotypes resemble manifestations in patients
with SLE, including neutropaenia, spontaneous NETosis and
release of oxidised DNA from mitochondria that elicit anti-
dsDNA responses.**

BM-isolated Saz 17-C1"2Lu5°6 heutrophils showed decreased AC
ingestion at two time points using flowcytometry and confocal
assays (figure 3C). Next, we performed immunoblot analysis to
evaluate relative levels of LC3B, p62 and LAMP1 in BM-isolated
neutrophils from 5-week-old WT and KI mice, with or without
PMA administration. Compared with upregulated autophagy in
PMA-stimulated WT neutrophils, p62 (an autophagosome cargo
protein) was increased, and LC3-II (activated form of LC3) was
reduced in KI neutrophils together with decreased LAMP1 levels
(figure 3D). Using Autophagy RFP-GFP-LC3B Tandem Sensor,
PMA-stimulated WT neutrophils exhibited elevated ratios of
RFP (acid-insensitive) to GFP (acid-sensitive) indicative of auto-
phagic flux with LC3B accumulation in acidic autophagolysomes
compared with KI (figure 3E).

Mice with the p.Glu92Leufs*6 variant exhibit perturbed
Foxp3-related T-cell subsets

Recent publications report the critical role of polyamine metab-
olism in maintaining fidelity of T-cell lineage via epigenome
regulation.”*?® Given that the p.Glu92Leufs*6 LOF variant
likely disturbs cellular polyamine homeostasis, we tested the
differentiation of Foxp3-related T cell subsets from thymocytes
and spleen cells. Compared with their WT counterpart, KI
thymocytes had significantly decreased proportions of natural
Treg cells at 5 weeks, a decreased trend at 10weeks (online
supplemental figure 9B) and a trend towards increased percent-
ages of CD4 +CD25+ T cells at 5§ weeks (online supplemental
figure 9A). In spleen cells, the percentage of CD4 +Foxp3+
including T regulatory (Tregs) and Tfr subsets was decreased
in 10-week-old KI male mice (online supplemental figure 9C),
resulting in an increased ratio of Tfh to Tfr compared with
the WT littermates, a ratio that promotes humoral immune
responses.

Plasma polyamine profiles of patients with SLE and
correlated with elevated disease activities in patients with
SLE

To assess if our findings are relevant to patients with SLE, we
measured the levels of polyamine metabolites in treatment-
naive, newly diagnosed patients with SLE. Figure 4A depicts
polyamine metabolic pathways and intermediate metabolites.
The percentage composition of nine polyamines was measured
in plasma obtained from 26 patients with SLE and 20 healthy
controls (HCs) (online supplemental material table 6, 7).
In patients with SLE, putrescine, N'-acetylspermidine and
S-adenosyl-L-methionine were significantly increased, while
levels of spermidine and spermine were significantly decreased
compared with HCs (figure 4B). We explored potential links
between proportions of polyamines and SLE manifestations.
Plasma levels of putrescine acid were negatively correlated with
cell-free DNA levels (r=—0.6, p=0.01) and positively correlated
with proportion of Tph cells (r=0.7, p=0.03). Spermidine
levels correlated with levels of anti-dsDNA antibody (r=—0.42,
p=0.04), proportion of CD4+Foxp3+ cells (r=0.48, p=0.02)
and Tth cells (r=0.53, p=0.04). Spermine levels correlated with
neutrophil count (r=-0.66, p<0.01), titres of anti-dsDNA anti-
bodies (r=-0.46, p=0.02) and proportion of CD4+Foxp3+
cells (r=0.60, p<0.01) (figure 4C). Other correlations are
shown in online supplemental material Table 8.

DISCUSSION

To the best of our knowledge, we show, for the first time, that LOF
SAT1 variants are likely monogenic causes of SLE by identifying
two potential LOF variants (p.Asp40Tyr and p.Glu92Leufs*6)
that segregate with SLE in two unrelated families following the
X-linked recessive inheritance model. Functional studies demon-
strated that the p.Asp40Tyr variant caused aberrantly spliced,
deleterious SAT1 transcripts. The hemizygous expression of the
p-Glu92Leufs*6 variant in young C57BL/6] male mice induced
glomerulonephritis, splenomegaly, the production of IgG anti-
dsDNA antibodies, elevated type I IFN-scores, reduced numbers
and proportions of BM-isolated neutrophils, decreased phagocy-
tosis of ACs and autophagic flux by neutrophils, increased spon-
taneous NETosis and release of oxidised mitochondrial DNA,
and decreased proportions of Foxp3 +CD4+ T cells. Given
that these features are commonly found in patients with SLE,
recapitulating human SLE by a Mendelian inherited single LOF
SAT1 variant on a non-autoimmune mouse background showed
that it is a new monogenic cause for lupus. Similar to young
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Figure 2 The young Sat

1P Glu92Leufs

"6 KI male and female mice spontaneously develop lupus-like autoimmune disorder. (A) Haematoxylin-eosin-
stained kidney sections from female (5 weeks old) and male Sat7PS"“9L4s"6 K| mice and WT littermates that were naive (5, 10 or 52 weeks old),
or injected with either phosphate buffer saline (PBS) or apoptotic cells (ACs) starting at 10 weeks old and sacrificed at 20 weeks old. Bar: 50 ym.

(B) Gating strategy and percentage of plasmacytoid dendritic cells (pDCs) (CD3°CD19-CD11c™B220") and macrophages (CD3CD19-CD11b"F4/80")
in spleen cells from 5-week-old and 10-week-old naive male mice, respectively. Open circle, WT mice; closed circle, KI littermates. Data are mean=SD.
Mann-Whitney U test. (C) Inmunofluorescent staining of mouse immunoglobulin G (IgG) and complement 3 (C3) depositions in the frozen kidney

sections of Sat7PE%2eu" famale KI mice, male KI and WT littermates. Bar: 50 um. (D) Levels of spleen index, type | IFN scores, serum IgG anti-dsDNA,

proteinuria and blood urea nitrogen (BUN) in 5-week-old to 52-week-old female KI mice, male KI and WT littermates. Open circle, male WT mice;
closed circle, male KI mice. Black, 5-week-old mice; purple, 10-week-old mice; green, 20-week-old mice injected with PBS; red, 20-week-old mice
injected with ACs; blue, 52-week-old mice. Data are mean+SD. Yellow closed circle, 5-week-old female KI mice. Mann-Whitney U test. (E) Correlation
analysis of levels of IgG deposition in the kidney, proteinuria, serum anti-dsDNA and BUN with type I IFN scores in splenocytes of 5-week-old to
52-week-old KI mice. Closed box depicts statistically significant correlation. White box, male WT mice; black box, male KI mice; grey box, female KI
mice. KI, knock in; WT, wild type.
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Figure 3 Decreased levels and defective functions of bone marrow (BM)-isolated neutrophils from young male Sat7P¢u%2Leus"6 mice, (A) Gating
strategy, decreased percentage and cell numbers of BM-isolated neutrophils (CD11b*LY6G*LY6C™) in 5-week-old male KI mice compared with their
WT littermates. Data are mean+SD. Mann-Whitney U test. (B) (left) Representative images of the neutrophil extracellular traps (NET) induced by
PMA in BM-isolated neutrophils. (right) Quantitation of mitochondrial (76S; officially known as MT-RNR2) and chromosomal (78S; officially known
as RNA18S5) DNA in the immuno-precipitated total oxidised DNA from overnight culture supernatants of BM-isolated neutrophils of either WT or KI
littermates incubated in the absence (spontaneous NETosis) or presence of PMA (induced NETosis). Green immunofluorescence represents neutrophil
elastase and blue represents DNA (Hoechst_33342) of confocal images. Bar: 10 ym; PMA, phorbol myristate acetate, 100 nM; incubation time, 24
hours. Data are mean=SD. Mann-Whitney U test. (C) Defective engulfment of cell tracker-labelled apoptotic cells (ACs) by BM-isolated neutrophils
from 5-week-old male KI mice after 30 or 60 min co-cultures assessed by either flow cytometry or confocal microscopy; BM-isolated neutrophils:
AC=1:5. Cyto D, cytochalasin D, an inhibitor of actin polymerisation, at 10 pM; bar: 10 ym. Data are mean+SD. Unpaired t-test. (D) Representative
Western blot of LC3B, p62 (an autophagosome cargo protein), LAMP1 and B-actin, and quantification of relative levels of LC3B-I to LC3B-I, and
relative levels of p62 or LAMP1 to B-actin in PMA-stimulated groups. PMA, 100 nM; bar: 10 pm; incubation time, 4 hours. Data are mean=SD.
Unpaired t-test. (E) Decreased levels of autophagic flux in PMA-treated BM-isolated neutrophils from 5-week-old male KI mice. The left panel depicts
representative fluorescence images of autophagic flux assays using an RFP-GFP-LC3B tandem construct that only the GFP signal could be quenched
by the acidic lysosomal pH, and the right panel depicts relative ratios of RFP: GFP in each group. Bar: 10 ym; PMA, 100 nM; incubation time, 16 hours.

Data are mean=SD. Unpaired t-test. K, knock in; WT, wild type.

hemizygous male KI mice, young homozygous female mice also
exhibited lupus-like kidney features. By using both in vivo and
in vitro studies, we showed defects in both innate (neutrophils)
and adaptive immunity (T cells) induced by the p.Glu92Leufs*6
variant revealing a novel role of polyamine metabolism as a risk
for SLE.

Monogenic forms of lupus or lupus-like syndromes are the
most straightforward approach to unravel the molecular patho-
genesis of childhood-onset SLE, especially in those with a more
severe phenotype, with a family history of SLE, or from consan-
guineous marriages.® %’ *® Recent advances in next-generation
sequencing continues allow discovery of single gene rare variants

that cause SLE/SLE-like syndromes, which are either inherited
in an autosomal dominant/ recessive manner or occur due to de
novo mutations.”” >’ While SAT1 is an IFN-I-inducible gene,** !
the clinical characteristics of patients carrying the p.Asp40Tyr
and p.Glu92Leufs*6 variants of the SATT fulfil more than four
ACR criteria of SLE (table 1), which differ from patients with
some monogenic interferonopathies, who show clinical signs of
lupus but do not fulfil classification criteria for SLE. The known
causes for monogenic interferonopathies, including mutations
in TREX1, SAMHD1, ADAR, IFIH1, and RNASEH2A/2B/2C,
which disrupt functions of gene products participating in prote-
asome degradation and cytoplasmic RNA and DNA sensing
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Figure 4 Plasma concentration of nine metabolites related to polyamine homeostasis in treatment-naive patients affected with SLE and in
age-matched and sex-matched healthy controls (HCs). (A) The polyamine metabolism pathway. (B) Quantification of nine polyamine metabolites
(ng/100 pL) found in fasting plasma samples of treatment-naive, newly diagnosed patients with SLE (n=26) and age-matched and sex-matched HCs
(n=20). Open circle, health control; closed circle, patient with SLE. Data are mean+SD. Mann-Whiney U test. (C) Pearson correlations of polyamine
concentrations (SPM and SPD, spermine and spermidine, respectively) with counts of blood neutrophils, percentages of Tth and CD4 +Foxp3+T cells,
serum levels of cell-free DNA and IgG anti-double-strand DNA antibodies in treatment-naive patients with SLE (n=26). Closed circle and orange
line, spermidine; triangle and black line, spermine. Each symbol represents a sample from one individual subject. ARG1, arginase 1; CoA, coenzyme
A; dcSAM, decarboxylated S-adenosylmethionine; DHPS, deoxyhypusine synthase; DOHH, deoxyhypusine hydroxylase; elF5A, eukaryotic initiation
factor 5A; elF5AH, eukaryotic initiation factor 5A hypusination; PAOX, peroxisomal N(1)-acetyl-spermine/spermidine oxidase; MTA, 5’-Deoxy-5"-
methylthioadenosine; ODC1, ornithine decarboxylase 1; SAM, S-adenosylmethionine; SAT1, spermine/spermidine N1-acetyltransferase 1; SLE, systemic
lupus erythematosus; SMOX, spermine oxidase; SMS, spermine synthase; SRM, spermidine synthase; TCA, tricarboxylic acid cycle.
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pathways.>* ¥ Whole genome sequencing and WES appli-
cations in multi-case families with SLE identified a growing
number of rare, likely pathogenic variants, but none clearly
fulfilled a Mendelian inheritance pattern and/or demonstrated
causality in vivo.**® Higher genetic load for SLE, measured
by individual polygenic risk scores (PRS; calculated from the
effect size and number of common risk alleles), was reported in
childhood-onset more than adult-onset patients with SLE and
in non-European ancestry more than European ancestry.”” *
Our study design that focused on the combined high genetic
load of childhood-onset, familial SLE, male lupus and African—
American ancestry>>™! contributed to our identification of the
two rare LOF variants of SATT in these two unrelated families.
These findings exhibit an X-linked recessive inheritance model,
in that the single copy of a KI frameshift variant is sufficient to
induce murine lupus in young male mice on a non-autoimmune
C57BL/6] background.

To assess if SAT1 variants were enriched in patients with SLE
in addition to these two LOF rare variants, we sequenced SAT1
coding regionsin 562 SLE DNA samples enriched in male patients
(422/562, 75.1%) and multiplex family cases (65/562, 11.6%).
While we identified 3 additional rare variants and 12 common
variants, none were predicted pathogenic, suggesting that the
two identified LOF SAT1 variants were unique (online supple-
mental material table 4 and 5). Most known LOF SAT1 vari-
ants in the gnomAD database (with an average 50X sequencing
depth) are located in coding regions of non-canonical tran-
scripts that are expressed at low levels across all tissues'* (online
supplemental figure 1), implicating strong selection against LOF
mutations in the highly expressed transcript. Given that both
p-Asp40Tyr (in exon 2) and p.Glu92Leufs*6 (in exon 4) are
located in highly conserved coding regions of SAT1 and are not
present in >200 000 individuals characterised in the gnomAD,
TOPMed'' and 1000 Genomes database,* these two variants
were ultra-rare and highly penetrant in families with patients,
especially in male paediatric lupus.

How does this p.Glu92Leufs*6 variant of SAT1 affect the
autoimmune responses? In the normal C57BL/6] background,
the young male and female KI mice spontaneously developed
lupus-like autoimmune disorders. While SAT1 has a broad spec-
trum of expression in many tissues and cell types, its expres-
sion in the immune system is mainly enriched in neutrophils in
humans and C57BL/6 mice (online supplemental figure 10).2° !
We extended this study and found neutrophil defects, including
decreased cell numbers and aberrant functions in young KI mice.
These KI BM-isolated neutrophils spontaneously released NETs
enriched in oxidised mtDNA (figure 3B), which were features
previously described in neutrophils from patients with SLE
that could elicit IgG anti-dsDNA production and activate type
I IFN responses (figure 2D).* ** While mechanisms underlying
decreased neutrophil counts were not characterised, it is plau-
sible that autoantibodies and type I IFN in young KI male mice
could cooperatively induce neutrophil ferroptosis and sponta-
neous NETosis as shown in murine and human lupus individ-
uals.? ¥ % A well-established phagocyte defect in SLE is the
impaired clearance of ACs (termed efferocytosis), which results
in accumulated AC metabolites in various tissues as a source of
self-antigens that could promote inflammation and the develop-
ment of SLE.* *® We observed impaired KI neutrophil clearance
of ACs via LC3-associated phagocytosis (LAP) (figure 3D and E)
suggesting that a functional LAP is necessary to inhibit autoin-
flammatory, lupus-like responses to dying cells.* Additionally, it
is plausible that dysfunctional SSAT1 encoded by Saz1P-C92beufs’s
could perturb polyamine import and accumulation resulting in

diminished polyamine-mediated anti-inflammatory responses
during efferocytosis.*®

To our knowledge, none of monogenic lupus and SLE GWAS-
defined risk loci have pointed to a role of polyamine metabolism
in lupus pathogenesis.' > Early connections between polyam-
ines and lupus pathogenesis were shown using an inhibitor of
polyamine synthesis that could reduce T-cell proliferation and
prolong survival of lupus-prone MRL-Ipr/lpr mice’! ** and
could reduce pokeweed mitogen-induced cell proliferation
and production of IgM and IgG in PBMC cultures.”* Emerging
evidence supports inverse correlations between polyamine levels
and the extent of autoimmunity and inflammation.** Our find-
ings of decreased plasma levels of spermidine and spermine
in untreated, newly diagnosed patients with SLE (figure 4)
confirmed reduced levels previously reported in Korean patients
with SLE.* Recently, polyamine spermidine was shown to
mediate metabolic and epigenetic regulation through transla-
tion factor eukaryotic translation initiation factor 5A-1 (eIF5A)
hypusination governing the ability of CD4 + T cells to develop
into specific functional subsets.>* Additionally, the polyamine
pathway is required for Th17 induction and Treg suppression.®
These pivotal roles of polyamine metabolism in the differentia-
tion of CD4 + T cells could help explain our observed decreased
proportions of Foxp3 + T cells (including Treg and Tfr cells) in
young naive KI mice and increased proportions of Tfh and Tfh/
Tfr ratios in AC-induced exacerbated autoimmune disease of KI
mice (online supplemental figure 9).

Interestingly, even though young, naive, B6 KI mice of both
sexes developed spontaneous lupus-like kidney disorder, it
did not progress into proliferative lupus-like kidney disease as
they aged (figure 2). As bioactive polycations, polyamines bind
nucleic acid and proteins and promote cell proliferation, it is
plausible that the rapid growth phase early in life activates Saz1
expression. The maintenance phase of the adult mice kept on
a normal chow diet confers relative low activation of SSAT1
enzyme activity, and B6 mice are a relatively lupus-resistant strain
bred in a specific pathogen-free environment.*® **=7 Adminis-
tration of syngeneic apoptotic thymocytes is established as an
immune challenge that can induce mild lupus features in non-
autoimmune mice and robust lupus-like autoimmunity in geneti-
cally predisposed mice.'® ' When we perturbed the 10-week-old
male and female KI mice with increased exposure to syngeneic
ACs, robust production of IgG anti-dsDNA diffuse proliferative
glomerulonephritis, and proteinuria ensued, demonstrating the
capability of the Saz1PCM2u°¢ yariant to confer lupus-like
disease on immune activation. Of note, male KI mice appeared
to have elevated extrafollicular immune activation and female
KI mice more robust follicular humoral responses (figure 2
and online supplemental figure 8). The sex difference effect of
Sat1 on activated B cells is consistent with the mechanisms that
fine-tuned B-cell physiology imparts on sexual dimorphism in
humoral responses and autoimmunity.*®

Limitations of this study include the followings: (1) The highly
penetrant LOF SAT1 variants are ultra-rare as we found only two
familial variants in our study sample of 562 patients with SLE
enriched in male, childhood-onset and family history of SLE. (2)
The lack of cell sources from the two families and insufficient
BM-isolated neutrophils from Saz1PC"92Le8°6 mice prevented
direct measurements of intracellular polyamine metabolites.

In summary, we showed, for the first time, SAT1 is a novel
candidate causative gene of SLE by identifying two potentially
LOF variants (p.Asp40Tyr and p.Glu92Leufs*6), which segre-
gated with the SLE disease status in two unrelated African—Amer-
ican families. Functional studies demonstrated that mice carrying
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the p.Glu92Leufs*6 variant exhibit lupus-like features, including
immune cell dysplasia and dysfunction using both in vivo and in
vitro studies. Our findings support LOF SAT1 variants as new
monogenic causes for SLE and highlight the pathogenic role of
disturbed polyamine metabolism in developing SLE.
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