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Abstract

Ferroptosis is a druggable, iron-dependent form of cell death that is characterized by lipid
peroxidation but has received little attention in lupus nephritis. Kidneys of lupus nephritis patients
and mice showed increased lipid peroxidation mainly in the tubular segments and an increase

in Acyl-CoA synthetase long-chain family member 4, a pro-ferroptosis enzyme. Nephritic mice
had an attenuated expression of SLC7A11, a cystine importer, an impaired glutathione synthesis
pathway, and low expression of glutathione peroxidase 4, a ferroptosis inhibitor. Lipidomics of
nephritic kidneys confirmed ferroptosis. Using nephrotoxic serum, we induced immune complex
glomerulonephritis in congenic mice and demonstrate that impaired iron sequestration within the
proximal tubules exacerbates ferroptosis. Lupus nephritis patient serum rendered human proximal
tubular cells susceptibility to ferroptosis which was inhibited by Liproxstatin-2, a novel ferroptosis
inhibitor. Collectively, our findings identify intra-renal ferroptosis as a pathological feature and
contributor to tubular injury in human and murine lupus nephritis.
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1. Introduction.

Nephritis complicates the course of about 50% of the patients with systemic lupus
erythematosus (SLE), resulting in increased morbidity and mortality [1-3]. With best
available therapy, the rate of complete remission for proliferative kidney disease remains
below 50% [4]. Lupus nephritis is thought to initiate in the glomeruli, but tubulointerstitial
inflammation, fibrosis, and atrophy strongly correlate with renal dysfunction, independent
of the extent of glomerular damage [5], and predict worse outcomes [6-8]. In this context,
over-absorption of IgG anti-dsDNA antibodies and albumin by proximal tubular epithelial
cells results in ROS-mediated tubular injury and interstitial inflammation [9, 10]. The
mechanisms that lead to tubular epithelial cell injury following glomerular injury in lupus
nephritis are, however, not well-defined.

Oxidative stress and ROS worsen human and animal SLE [11] and lupus nephritis [12]. Iron
accumulates in the tubular segments of human [13] and mouse kidneys in lupus nephritis
[14, 15], and plays a central role in generating ROS [16]. Multiple receptors on proximal
tubular epithelial cells import iron [13] increasing their susceptibility to iron-mediated
pathology following the loss of glomerular permeability. We, and others, have demonstrated
that pharmacological inhibition of kidney iron accumulation mitigates proximal tubular
epithelial cell injury and kidney failure in lupus nephritis, even in the presence of anti-
dsDNA antibodies and glomerular immune complexes [14, 17]. While these studies establish
the role of iron and tubular cells in the pathogenesis of lupus nephritis, the underlying
mechanisms by which iron induces this pathology remain poorly defined.

Bioavailable iron mediates the Fenton reaction to produce ROS [16]. While intracellular
iron increases DNA hydroxymethylation level in lupus CD4+ T cells and overexpression

of immune related genes [18], it also serves as a cofactor for lipoxygenases to catalyze
polyunsaturated fatty acids (PUFA) peroxidation [19]. Ferroptosis is an iron-dependent form
of regulated cell death identified by iron-catalyzed damage to the lipid membrane [20,

21]. Growing evidence has identified a central pathophysiological role for ferroptosis in
kidney injury [22], nephron loss, and tubular necrosis [23]. Lipid peroxidation, the key
feature of ferroptosis, is increased in lupus patients [24]. A recent study for the first-time
implicated lupus serum in inducing neutrophil ferroptosis in lupus and showed that selective
haploinsufficiency of the ferroptosis inhibitor glutathione peroxidase-4 (GPX4) in mouse
neutrophils recapitulated features of human SLE [25]. This study identified that lupus serum
factors like autoantibodies and type | IFNs cooperatively induce ferroptosis in neutrophils
but not in lymphocytes and monocytes. Moreover, ferroptosis-related molecular markers
were identified in the glomeruli and tubulointerstitium of lupus nephritis patients[26].
However, majority of the data is based on transcriptomics, not validated, and lacks evidence
in animal models.
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Herein, we identify ferroptosis and lipid peroxidation in human lupus nephritis biopsies

and kidneys of two spontaneous murine lupus models. We highlight the importance of iron
sequestration in kidney proximal tubules which was validated in vitro using human proximal
renal tubular cell line and siRNA knockdown studies. Finally, we demonstrate that a novel,
second-generation ferroptosis inhibitor Liproxstatin-2, reverses lupus nephritis patient (Class
IV) serum-induced ferroptosis in human proximal tubular epithelial cells.

2. Materials and Methods

2.1 Approvals

Animal studies were approved by The Animal Care and Use Committee of the University of
Florida, and human studies were performed per the Declaration of Helsinki, under protocols
approved by the University of Florida Institutional Review Board (IRB#201601162 and
IRB#201601170) after written informed consent was received from participants.

2.2 Mice

Female MRL/lpr, male FtHVfl and parental strains of (NZW X BXSB) F1 mice were
purchased from the Jackson Laboratories (Bar Harbor, USA), and PepckC"e/Wt mice were
gifts from Dr. Volker Haase (Vanderbilt University). The transgenic mice deficient in FtH1
expression only in the kidney’s proximal tubules (FtHT~/~) were generated as described in
our previous studies [27, 28]. Animals were maintained on standard chow in SPF conditions.
Tissue was collected from 4 and 16 week old (NZW X BXSB) F1 males and 8 and 20 week
old female MRL/Ipr mice.

2.3 Induction of nephrotoxic serum glomerulonephritis in mice

10-12 week old female Ft+FT~/~ and FtHPT*!* littermate control mice were preimmunized
intraperitoneally with 200 pg of sheep IgG (Serotec) in Addavax (Invivogen), followed by
intravenous injection of sheep nephrotoxic serum or normal donor sheep serum (2.5 pL of
serum per gram of mouse, Probetex, San Antonia, Tx) 4 d later as described previously [29].
Tissue was collected 14 d later.

2.4 Biochemical assays, tissue samples, and histology

Proteinuria was assessed by adding 50 L urine on Siemens Multistix 8 SG dipsticks.
Ketamine (120 mg/kg)/xylazine (12 mg/kg) mix was used to anesthetize the mice. Blood
was drawn from the axillary vein before euthanasia. Kidney slices were processesd for
gene, protein and histology as described [17]. Paraffin-embedded or cryosections of human
biopsies or mouse kidney sections (3 pm) were used for Acyl-CoA synthetase long-chain
family member 4 (ACSL4), 4-hydroxynonenal (4-HNE), a. smooth muscle actin (aSMA),
F4/80+ macrophages, CD4+ T cells and immune complexes. Details of staining and
antibodies is provided in the Supplemental Methods.

2.5 In vitro studies

HK-2 cells, a normal human proximal tubular cell line (ATCC) were used in this study.
All experiments were carried out in a medium containing 5% serum from lupus nephritis
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(Class 1V) patients or healthy donors. For gene knockdown studies, silencer select sSiRNA
for human FtH1 and negative control siRNA from ThermoFisher Scientific were used.
Liproxstain-2 a proprietary new generation ferroptosis inhibitor by ROSCUE Therapeutics
was used. Experimental details are provided in Supplemental Methods section.

Preparation of Kidney and Cell Extracts, and Western Blotting

Western blotting was performed as described in [17] and the Supplemental Methods section.

Detection of serum 1gG, 1gG2a, and anti-dsDNA antibodies.

Mouse serum 1gG and IgG2a were detected using commercial ELISA kits (ThermoFisher)
as per manufacturers’ instructions. Anti-dsDNA IgG was measured in 1:100 diluted serum
using plates coated with 50 pg/ml dsDNA as described [30].

RT-PCR

RNA isolation, cDNA synthesis and RT-PCR was performed as described in our previous
publication [17], the details of which are provided in the Supplemental Methods section.

Lipid extraction and liquid chromatograhpy-mass spectrometry

Lipids were extracted with a modified Bligh-Dyer protocol [31]. The details of sample
preparation and conditions for performing liquid chromatography-mass spectrometric
analysis are provided in the Supplemental Methods section.

2.10 Statistics

Statistical significance was determined by applying a Mann-Whitney test for groups not
passing the normality test. 1-way and 2-way analysis of variance (ANOVA) with Tukey's
or Holm-Sidak’s multiple comparisons test were used to compare more than 2 groups of
experimental conditions and represented as mean = SEM. All analyses were performed
using GraphPad Prism 9 (GraphPad Inc, San Diego, CA).

3. Results

3.1 Tubular injury is a prominent feature in lupus nephritis

We began by comparing young non-nephritic and nephritic MRL/lpr mice. Glomerular
immune complexes were observed at 8 weeks (Figure 1A) but were associated with minimal
proteinuria (Proteinuria: 8 weeks,10+6 mg/dL). However, intense glomerular and tubular
immune complexes (Figure 1B, white arrows indicate tubular immune complexes) with
severe proteinuria (Proteinuria: 20 weeks, 1775+147 mg/dL) were a feature in 20-week-old
mice. There was no histological evidence of injury (Figure 1C, Supplemental Figure 1A)
at 8 weeks. In comparison H&E staining showed a high degree of cellular infiltrates in
periglomerular and tubulointerstitial regions (Figure 1D). Tubulointerstitial injury was a
distinct and prominent feature in diseased kidneys. Multiple atrophic tubules with loss of
brush border and enlarged basement membrane, blebbed tubules, and interstitial fibrosis
were observed in nephritic kidneys (20-week-old, Figure 1D and Supplemental Figure
1B). Sensitive markers of proximal tubular injury, AMgal/and Kim1, were not detected at
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8 weeks but were significantly elevated at 20 weeks of age (Figure 1E-F). Immune cell
infiltrates composed of macrophages (Supplemental Figure 1C-D), and CD4 T cells were
also observed in the peritubular region of nephritic mice (Supplemental Figure 1E-F).

3.2 Iron accumulation signature in the kidneys of nephritic mice

Iron was not detected by Perl’s staining in non-nephritic mice (Figure 2A). However,
substantial iron deposits were observed in the tubular cells of nephritic mice (Figure 2B).
Though severely injured, glomeruli were devoid of iron deposits. Kidney gene expression
of Zip8and Zjp14, which encode for SLC39A8 and SLC39A14, the metal transporters
that mediate non-transferrin-bound iron uptake into proximal renal tubular cells [32], were
significantly decreased in nephritic mice (Figure 2C-D). There was a concomitant increase
in protein expression of ferritin heavy chain (FtH1) (Figure 2E-F). FtH1 sequesters iron
for storage within its core [33, 34]. While FtH1 is exquisitely sensitive to cellular iron,

it is independently regulated by inflammation [35]. Since glomerular injury and renal
inflammation precede tubular injury in glomerulonephritis [36], it is possible that the
observed increase in FtH1 may be driven in part by early intrarenal inflammation as well as
by iron accumulation.

3.3 Lupus nephritis kidneys display oxidative stress and distinct ferroptosis signhature

Ferroptosis is an iron-dependent form of oxidative injury primarily studied in acute tubular
injury in the kidneys [22, 37, 38]. Compared to young non-nephritic MRL/lpr females,

the kidneys of nephritic females had a higher gene expression of NAD(P)H Quinone
Dehydrogenase 1 (Mgol), heme oxygenase 1 (Hmox1), and downregulation of thioredoxin
1 (7xnrdl), the genes associated with protection against oxidative stress (Supplemental
Figure 2A-C). Increased oxidative stress was associated with a ferroptosis gene signature
(Supplemental Figure 2D-F).

SLC7A11 is responsible for cystine import into the cells [39], and cystine availability

is the rate-limiting step in the biosynthesis of glutathione (GSH)[40]. We observed that
SLC7A11 protein expression was significantly attenuated in nephritic MRL/lpr females
(Figure 3A-B). After cysteine import, Glutamate cysteine ligase (GLC) catalyzes the
ligation of glutamate and cysteine and as such is the rate-limiting enzyme in glutathione
synthesis[41]. GLC comprises two independent gene products, the glutamate-cysteine
ligase-catalytic (Gc/c) and glutamate-cysteine ligase-modifier (Gc/m) subunits. We found
lower gene expression of both Ge/lcand Ge/m in nephritic MRL/Ipr females (Figure 3C—
D), indicating low levels of reduced glutathione. In support, the expression of GPX4, a
glutathione-dependent ferroptosis inhibitor[42], was significantly attenuated in nephritic
mice (Figure 3E-F). Nephritic mice also had an elevated expression of Acyl-CoA synthetase
long-chain family member 4 (ACSL4), an essential component for the execution of
ferroptosis[43] (Figure 4A-B). ACSL4 dictates the sensitivity to ferroptosis by altering the
cells lipid composition[43]. Additionally, nephritic kidneys had a higher immunoreactivity
to 4-hydroxynonenal (4-HNE), an established lipid peroxidation marker (Figure4C-D).
4-HNE immunoreactivity was primarily observed in the kidney tubules, a region of iron
accumulation (Figure 2B).
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3.4 Lipidomics identifies a distinct profile and pattern in nephritic kidneys

Using a semi-quantitative LC-MS/MS method, we detected several lipid classes and species
in non-nephritic and nephritic kidneys. Figure 5A is the representative normal phase
LC-MS chromatogram for six major classes of phospholipids found in the kidneys. The
phosphotidylethanolamine (PE), PE(P-18:0/20:4), PE(P-18:1/20:4) and PE(P-18:0/20:4),
which are the major storage depots for arachidonic acid were significantly increased in
nephritic mice (Figure 5B-D). We also found a significant increase in the esterification

of the sn-2 chain of PE with adrenic acid (C22:4) (P-18:0/22:4), the preferred substrate

for lipid peroxidation[43] in the nephritic kidneys (Figure 5E). There was a differential
distribution of lysophosphatidylethanolamines (LPE), phosphatidylethanolamines (PE),
alkyl-phosphatidylethanolamine PE(O), and alkenyl-phosphatidylethanolamine PE(P)
between non-nephritic and nephritic kidneys as depicted in the heat maps (Supplemental
Figure 3A-D). These heat maps are represented as a means of pattern recognition, utilizing
a color-code display of most differentially expressed species within in each class of lipids
(Supplemental Figure 3E).

3.5 Kidney tubular injury and ferroptosis feature in lupus nephritis of different etiologies

Male (NZW X BXSB) F1 mice carry two copies of the 7/r7gene and develop proliferative
nephritis by 16 weeks of age with clinical features of lupus (Supplemental Figure 4A)
[44]. While not as severe as MRL/Ipr females, the males presented renal pathology with
glomerular and tubular injury. Increased gene expression of Ngal/and Kim1 (Supplemental
Figure 4B-F) indicated damage to the proximal tubular cells with elevated oxidative stress
(Supplemental Figure 4G-I). These mice also had reduced gene expression of both Gc/c
and Gc/m, indicating an impaired glutathione synthesis pathway with concomitant decrease
in the protein expression of GPX4 (Supplemental Figure 5A-D). In addition, we also
observed an increased gene expression of Acs/4 and Aimif2 (Supplemental Figure 5E-F).
These observations collectively identify tubular injury, impaired glutathione synthesis, and
ferroptosis as a common denominator in models with different lupus nephritis etiology.

3.6 Impaired iron handling in kidney proximal tubular cells worsens tubular injury in the
setting of primary glomerulonephritis

FtH1 levels were increased in nephritic mice (Figure 2E—F), but the functional importance
of FtH1 in glomerulonephritis is unknown. Since iron deposits are not observed in the
glomeruli of multiple glomerulopathies [13], including lupus nephritis (Figure 2), we choose
to investigate role of FtH1 in the tubular segment of the kidney. Unlike the distal renal
tubules, proximal tubular epithelial cells have a high abundance of FtH1 [13, 45]. Therefore,
we induced nephrotoxic serum-induced glomerulonephritis[46] in transgenic mice deficient
in FrH1 expression only in the proximal tubules of the kidney (Ft-T~/7). This tool

permits us to tease out the fine molecular mechanisms of proximal tubular epithelial

cell (PTEC) pathology following glomerular injury using mice lacking a particular gene
selectively in their PTEC in settings of immune complex-mediated lupus-like nephritis. The
genotype of the FtHT~/~ and FtHPT*!* littermate control mice is shown in Supplemental
Figure 6A. Fourteen days following induction of glomerulonephritis, there was comparable
proteinuria and glomerular immune complex deposits in FtHT~/~ and FtHPT* mice
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(Supplemental Figure 6B-D). Similar to spontaneous lupus nephritis, the glomeruli were
devoid of observable iron deposits (Supplemental Figure 6E—F). However, following the
injection of nephrotoxic serum, dense but comparable Perl’s detectable iron deposits were
observed in both the £t T/~ and FtH°7/* mice (Supplemental Figure 6E—F, inset). As
there was no injury in normal sheep serum (NSS) injected FtHPT** and £t T/~ and mice
(Supplemental Figure 6B), iron deposits were not observed in the kidneys (data not shown).
Hematoxylin-Eosin staining revealed extensive immune infiltrates in FtHPT* and FtF T/~
mice (Figure 6A—-B). However, compared to nephrotoxic serum injected FtH°7** littermate
controls, FtH 7=/~ mice had significantly more tubular epithelial cell necrosis (dark pink
fragmented cytoplasm with no nuclei) with denudation of the basement membrane, tubular
casts, dilatation, luminal debris (Figure 6A-B). To identify if ferroptosis was activated in
this model, we probed the kidneys for ACSL4 and GPX4. While not expressed in NSS
injected mice, ACSL4 was induced following the injection of nephrotoxic sheep serum
(NTS) (Figure 6C) but was not significantly different between FtHPT* and FtHP T/~ mice,
indicating onset of ferroptosis. However, compared NTS injected FtHPT** mice, FtHF T/~
mice had significantly lower GPX4 expression, suggesting exacerbated ferroptosis (Figure
6C-D). Increased gene expression of proximal tubular injury markers Aga/and Kim1in
the nephrotoxic serum injected ~t-FT~/~ mice supported the histopathology and exacerbated
ferroptosis (Figure 6 E-F). To further the importance of PTEC FtH1 in settings of increased
iron and albumin (the two conditions observed in glomerulonephritis), we knocked down
the FtH1 gene in human PTEC's (HK-2 cells) (Figure 7A), without affecting the ferritin
light chain (Figure 7B). Knocking down FtH1 in HK-2 cells or treating them with Fe2*
(ferrous sulfate) alone did not cause cell death as measured by LDH release (Figure 7C).
Albumin treatment increased cell death comparably in scrambled siRNA and FtH1 knocked
down cells (Figure 7C). However, albumin increased cell death in FtH1-knocked down
cells treated with Fe2* compared to KD cells treated with Fe2* alone, as well as compared
to control cells (Figure 7C). Since cell death was observed only after the addition of
albumin with or without Fe, we looked for markers of ferroptosis in these two conditions.
GPX4 expression was comparable and ACSL4 expression was not observed under basal
conditions in FtH1 sufficient and knockdown cells (Figure 7D). GPX4 expression was
comparably reduced following albumin and albumin + Fe treatment in FtH1 sufficient and
FtH1 knockdown cells (Figure 7E). In comparison, ACSL4 expression was detected in
FtH1 sufficient and knockdown cells only after the addition of albumin (Figure 7F and

H), which was significantly elevated in the concomitant presence of Fe + albumin in FtH1
sufficient cells (Figure 7G and H). Loss of FtH1 further elevated the expression of this
pro-ferroptotic molecule (Figure 7G and H). Collectively these data indicate that loss of
FtH1 worsens ferroptosis and exacerbates proximal tubular epithelial cell injury in settings
of glomerulonephritis.

3.7 Tubular ferroptosis is a prominent feature in human lupus nephritis and can be
reversed in vitro by Liproxstatin-2, a new generation ferroptosis inhibitor

We next determined whether ferroptosis features in human lupus nephritis. Compared to
non-nephritic controls, PAS-stained kidney biopsies of Class IV lupus nephritis patients
showed regions of acute tubular injury with dilated tubules and casts (Supplemental

Figure 7A). Compared to non lupus nephritis controls, we observed a higher expression
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of 4HNE (lipid peroxidation, ferroptosis) in the tubular segments of human class IV

lupus nephritis biopsies (Supplemental Figure 7B-D). This was similar to the 4HNE
staining pattern observed in nephritic mice (Figure 4 C-D). Similarly, ACSL4 (a marker

of ferroptosis) staining was primarily observed in the tubular segments of the kidney
biopsies (Supplemental Figure 7E-G). These data indicate the occurrence of ferroptosis

in the kidney tubules of human Class 1V lupus nephritis. Since ferroptosis was primarily
observed in the tubular segments and 1gG, anti-dsDNA antibodies, and excess protein
activate ROS-sensitive pathways that lead to tubular-injury [9] we evaluated the effect of
Class 1V lupus nephritis patient’s serum on HK-2 cells. We choose this population as it
involves diffuse lupus nephritis involving 50% or more of glomeruli, which indicates severe
LN requiring more-intensive therapy. Though the iron content of healthy controls and Class
IV lupus nephritis patients’ serum was comparable (Figure 8A), only patients’ serum rapidly
and significantly increased the expression of transferrin receptor 1 (TfR1), the major iron
import protein (Figure 8B—C). Furthermore, only patients’ serum attenuated the expression
of SLC7A11 precursor mRNA and mRNA suggesting transcriptional inhibition (Figure
8D-E). The patients’ serum also significantly increased markers of oxidative stress (Figure
9A-B), ferroptosis (Figure 9C-E), inflammation and injury in HK-2 cells (Figure 9F-G).
All these pathological features were significantly mitigated by Liproxstatin-2 (Figure9A-D).
Importantly, Liproxstatin-2 demonstrated therapeutic benefit when administered an hour
after the addition of lupus nephritis serum (Figure9A-G). Administering Liproxstatin-2, 4h
after serum addition had no beneficial effect (Figure9A-G).

4. Discussion

The present study highlights renal tubular ferroptosis as a pathological feature in

both human and murine lupus nephritis, thus identifying a novel druggable target to
treat a disease still managed mainly by immunosuppression. Additionally, we highlight
the importance of iron sequestration and tubular ferroptosis and injury in primary
glomerulonephritis and demonstrate. Furthermore, lupus nephritis serum components
activate the iron uptake program and inhibit transcription of cystine uptake protein to
potentially sensitize human PTEC to ferroptosis which can be reversed by a new generation
ferroptosis inhibitor, Liproxstatin-2. These are new findings in the field. In this study we
compared non nephritic and nephritic MRL/Ipr mice instead of age matched MRL/Mpj
mice which have the same genetic background without FAS-deficiency as they exhibit
mild autoimmune manifestations including renal immune complex deposits and Sjogren
syndrome [47-49] which can perturb their iron metabolism.

ACSLA4, a key ferroptosis executioner and dictates ferroptosis sensitivity by shaping cellular
lipid composition [43]. The PEs can be hydrolyzed to liberate arachidonic acid [50,

51]. ACSL4 ligates arachidonic acid with CoA to generate arachidonoyl-CoA, which

is conjugated to PE to generate esterified-PE[19]. We found a significant increase in
esterified sn-2 chain of PE (P-18:0/22:4). These esterified PE conjugates are oxidized by
lipoxygenases to generate toxic lipid hydroperoxides, the proximate executors of ferroptosis
[43, 52]. Cells utilize SLC7A11 mediated cystine import and GPX4 as a defense mechanism
to counter ferroptosis [53]. Cystine availability is the rate-limiting step in the biosynthesis
of glutathione (GSH)[40] which is a cofactor of GPX4[54, 55]. Nephritic kidneys have
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attenuated expression of SLC7ALL, as well as Gelcand Gelm, the gene products that make
up the enzyme GCL indicating impaired GCL activity. Reduced GCL activity directly
inhibits GSH synthesis [56] and may account for the observed reduction in GPX4 in
nephritic kidneys which is critical to reduce toxic lipid peroxides to nontoxic lipid alcohols
and prevent ferroptosis[22, 57-59]. This is summarized in figure 10.

We have previously published that compounds that induce FtH1 protect against lupus
nephritis [17]. While FtH1 deficiency in proximal kidney tubules worsens acute kidney
injury and fibrosis [27, 28], its influence on the outcomes of tubular injury following
immune complex glomerulonephritis is unexplored. Here we found that mice with FtH1
deficient PTEC were more susceptible to injury following induction of glomerulonephritis.
This was notably independent of the extent of glomerular injury and was associated with
an increase in ACSL4 and an attenuation of GPX4 expression, again a new finding in

the field. While iron deficiency does not affect the development of glomerular disease

in nephrotoxic serum nephritis, it mitigates tubulo-interstitial disease and renal functional
deterioration [15]. Our study furthers these observations by directly identifying ferroptosis
as a contributing factor in lupus nephritis and lend support to the observations that the extent
of tubular injury is independent of glomerular pathology in human glomerulonephritis [5,
60]. We speculate that the ability of FtH1-deficient proximal tubular cells to handle iron in
absence of injurious agent may be attributable to light chain ferritin (FtL) [13, 61, 62].

Of clinical relevance we demonstrate that human lupus nephritis patients’ serum induced
an iron import program (increased expression of TfR1) and transcriptionally inhibited
SLC7A11 (attenuated precursor mRNA of SLC7A11), both of which can render PTEC
susceptible to ferroptosis. Unlike our /n vivo observations where GPX4 protein expression
levels were attenuated in nephritic mice, class IV lupus nephritis serum induced the gene
expression of GPX4 in healthy PTECs. This discrepancy could be due to the difference in
the chronicity of the kidney disease versus the acute nature of the /n vitro studies. Healthy
PTEC may upregulate GPX4 as a protective response to the different serum components.
While our study does not distinguish whether autoantibodies of different specificities or
cytokine milieu are needed for proximal tubular epithelial cells ferroptosis, the prophylactic
and therapeutic benefit of Liproxstain-2, provides a novel alternative to mitigate proximal
tubular epithelial cells pathology even in severe lupus nephritis (class 1V).

5. Conclusion

The concept that chronic inflammatory state significantly downregulates GSH metabolism
genes in proximal tubules, making the cells vulnerable to ferroptosis and worsens

the outcomes of kidney disease is now documented[63-67]. While apoptosis, NETosis,
necroptosis, pyroptosis, and autophagy play a role in tissue damage and immune
dysregulation in lupus nephritis[68], our study for the first time identifies a novel druggable
mechanism contributing to tubular pathology during the evolution of lupus nephritis, laying
the groundwork for future investigations of ferroptosis inhibitors in lupus nepbhritis.
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Figure 1. Tubular injury is a distinct feature in lupus nephritis.
Glomerular immune complexes were observed in 8-week-old non nephritic female MRL/lpr

mice (A). At 20-weeks of age, glomerular and tubular immune complex deposits are evident
(arrow points to the tubules) (B). Compared to 8-week-old female (C), the renal histology
(H&E) at 20 weeks showed severe periglomerular and interstitial immune infiltrates. Along

with
also

the traditional glomerular injury, large number of a-nuclear tubules, tubular cast are
evident (D). Scale bar = 50 pm and 100 pm. The tubular injury marker Aiga/and Kim1

were significantly elevated in 20-week-old nephritic mice (E-F). Statistical significance was
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determined by 2-tailed Mann-Whitney test and represented as mean + SEM. **P < 0.01,
***pP < 0.001.
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Figure 2. Iron accumulates in the renal tubular segments of nephritic mice and associated with
attenuation in iron import program and elevation in iron storage machinery.

Formalin fixed kidney sections from 8- and 20-week-old female MRL/Ipr mice were
stained for Perl’s detectable iron, most of which was detected in the interstitium and
tubular segments of nephritic mice (A-B). Scale bar = 50 um. Though severely injured,

the glomeruli (yellow circles) were devoid of iron deposits (B). Renal gene signature of
iron importers, Zjp8and Zjp14 was reduced in 20-week-old nephritic female MRL/lpr mice
(C-D). Increase in renal iron was associated with an elevated expression of heavy chain
ferritin (FtH), the endogenous iron sequestration protein (E-F). Statistical significance was
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determined by 2-tailed Mann-Whitney test and plotted as mean £ SEM. *P < 0.01, ***P <
0.0001.
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Figure 3. Lupus nephritis is associated with attenuated expression of cystine importer,
impairments in glutathione biosynthesis pathway and low GPX4 expression.

Nephritic female MRL/Ipr mice had a attenuated expression of SLC7A11, the cystine-
glutamate antiporter and a highly specific cystine importer (A-B), lower expression of
Gcle (C) and Ge/m (D), gene products that constitute glutamate cysteine ligase (GCL),
the activity of which determines de novo glutathione synthesis. Compared to 8-week-old
MRL/Ipr females, 20-week-old nephritic females had significantly lower expression of
GPX4, the glutathione dependent ferroptosis inhibitor (E-F).

Clin Immunol. Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Alli et al. Page 20

A
i z S eew 55 == ACSL4
-—-.—‘- - — c— — e factin
8 weeks 20 weeks
B S o001 _
E 4.008- EQ
£ S —
S 0.0064
5 I
_g;_ 0.004- oo
% 0.002- O
2 0.000 C % é '
8 week 20 week
C

AT T S TP

6'"»4' -53@_«4@
i ﬁ?’. >

20 Weeks

Figure 4. Increased expression of pro-ferroptosis enzyme ACSL4 and tubular lipid peroxidation
in the kidneys of nephritic mice.

The expression of ACSL4, the enzymes that dictates the shape of lipid the ferroptosis
executioner was significantly elevated (A-B). Compared to non-nephritic 8-week-old
MRL/lpr females (C), the nephritic kidneys of MRL/Ipr females stain more intensely for
4-HNE, a lipid peroxidation marker (D). Most of the staining is in the tubular segments, the
area of iron accumulation. Scale bar = 50 um. Statistical significance was determined by
2-tailed Mann-Whitney test. Data are plotted as mean + SEM. *P < 0.05.
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Figure 5. Differential renal lipid profile and increased esterification of phosphatidylethanolamine
(PE) SN1 chain in nephritic mice.

8-week-old (non-nephritic) and 20-week-old (nephritic) MRL/lpr female kidneys were
analyzed by semi-targeted LS-MS for their lipid profile and content. Representative

normal phase LC-MS/MS chromatogram for six major classes of phospholipids:
phosphatidylcholine (PC), sphingomyelin
(SM),lysophophatidylcholine(PLC),phosphotidylethanolamine(PE),lysophosphotidylethanol
amin e (LPE), phosphotidylglycerol (PG), and phosphotidylinostitol (PI) (A). Nephritic mice
(20-week-old) had significantly higher concentrations of PE(P-18:0/20:4) (B),
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PE(P-18:1/20:4) (C) and PE(P-18:0/20:4) (D), the major storage depots for arachidonic acid.
Nephritis was also associated with an increase in esterified C22 chain of PE (P-18:0/22:4),
the preferred substrate for ferroptosis (E). (n = 6 each). Statistical significance was
determined by 2-tailed Mann-Whitney test. Data are plotted as mean £ SEM *P < 0.05.
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Figure 6. Loss of FtH1 in proximal renal tubules exacerbates ferroptosis and is associated with
elevated tubular injury following glomerulonephritis.
12-week-old female FtHPT~/~ or FtHPT=* mice, were pre-sensitized with CFA (100ug), and

four days later were injected i.v., with 100 uL normal sheep serum (NSS) or nephrotoxic
sheep serum (NTS). Kidneys were analyzed 14 days later. Hematoxylin and Eosin (H&E)
staining revealed inflammatory infiltrates in both the groups (A-B). However, compared
to nephrotoxic serum injected FtHPT*/* mice (litter mate controls), FtHPT~/~ mice had
more tubular epithelial cell necrosis (dark pink fragmented cytoplasm with no nuclei) and
denudation of the basement membrane (white arrows). Tubular casts, dilatation, luminal
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debris were also obvious in the FtHPT~/~ (B) Arrow denotes end of the section. Scale

bar = 100 uM. Normal sheep serum immunization did not elicit changes in ACSL4 and
GPX4 in both FtHPT*/* and FtHPT~~ mice (C-D). ACSL4 was upregulated comparably in
nephrotoxic serum injected FtHPT** and FtHPT~/~ mice (C-D). However, GPX4 expression
was lowest in the nephrotoxic serum injected FtHPT~/~. The observed renal pathology and
exacerbated ferroptosis was supported by increased expression of proximal tubular injury
markers Ngal (E) and Kim1 (F) in FtHPT~/~ mice.
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Figure 7. Combination of excess iron and protein overload exacerbates ferroptosis and cell death
in FtH deficient human proximal renal tubular cells.

2X10° HK-2 cells (human proximal renal tubular cells) were treated with scramble siRNA
or siRNA to H-ferritin which resulted in ~ 83% knockdown of H-ferritin gene (FtHI) (A).
The ferritin light chain (FfL) was not affected (B). Following knockdown (83% after 52
h), cells were treated with vehicle, Ferrous sulphate (200 ug/mL), or human albumin (20
mg/mL) and the supernatants were analyzed for LDH levels after 12 h. \ehicle and Fe
treated medium had comparable level of LDH in scramble or FtH1 knock down (FtH1
KD) groups (C). Albumin significantly but comparable induced cell death in both groups.
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However, concomitant treatment with Fe and albumin significantly increased in cell death in
FtH1 KD HK-2 cells (C). The involvement of ferroptosis in these conditions was evaluated
by measuring the protein expression of ACSL4 and GPX4. Addition of iron did not induce
ferroptosis in FtH1 sufficient or knockdown cells (D). Albumin comparably reduced the
expression of GPX4 (E) in scramble and Ft+H1 KD cells, but increased the expression

of ACSL4, which tended to be higher in the FfHZ knockdown cells (F-H). Concomitant
addition of Fe and albumin significantly increased ACSL4 expression in FtH1 sufficient
cells, which was further elevated by FtH1 deficiency (G-H). Data was analyzed using 1-way
and 2-way ANOVA with Holm-Sidak’s multiple comparisons test and represented as mean +
SEM. **P < 0.001, ***P < 0.0001.
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Figure 8. Lupus nephritis patients’ serum activates iron uptake program and transcriptionally
inhibits SLC7A11.

While the serum iron was comparable between normal donors and lupus nephritis patients

(A), only lupus nephritis serum rapidly (30 min) and significantly increased CD71 (TfR1),

a major iron uptake protein in human proximal tubular cell line (HK-2 cells) (B-C). Dotted
black line: Unstained cells; Light grey filled histogram: tissue culture medium treated cells;
Red line: normal donor serum treated cells; Blue dotted line: Lupus nephritis serum treated
cells. Compared to healthy controls, lupus nephritis serum attenuated the expression of the

precursor mMRNA and gene expression of SLC7A11, indicating transcriptional inhibition.
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Statistical significance was determined by 2-tailed Mann-Whitney test and using 2-way
ANOVA with Tukey's multiple comparison test. Only significant values are showed for
comparison. Each dot represents an individual donor. Data is presented as mean. *P < 0.05,
**P < 0.001, *** < 0.0001.
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Figure 9. Lupus nephritis patients’ serum induced ferroptosis
is mitigated by Liproxstatin-2, a novel ferroptosis inhibitor.

in human proximal renal tubules,

HK-2 cells were treated with vehicle (DMSO) or 100 nM Liproxstatin-2 for 12 h and

then cultured with 5% normal control serum or serum from

patients with class 1V lupus

nephritis. In some experiments Liproxstatin-2 was added 1 or 4 h after addition of the serum.
All studies were terminated 24 h after serum addition. Compared to control serum, lupus

nephritis serum induced a significant increase in gene expre

ssion of HMOX-1, NQO1 (A-B)

(Oxidative Stress), and ACSL4, GPX4and A/IFMZ2(C-E) (Ferroptosis), /L-6 (Inflammation)
(F) and NGAL (injury) (G). All these pathological parameters were significantly reduced by
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Liproxstatin-2 pretreatment or by adding it 1 hr after serum exposure. Lipoxstatin-2 did not
have any benefit when added 4 h after exposure to lupus nephritis serum. Data was analyzed
using 2-way ANOVA with Tukey's multiple comparison test. Only significant values are
showed for comparison. Each dot represents an individual donor. Data is presented as mean.
*P < 0.05, **P < 0.001, *** < 0.0001.
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Figure 10. Proposed model of PTEC ferroptosis in lupus nephritis.
In normal physiological conditions little transferrin bound iron (TBI, red-yellow dumbbells)

and non-transferrin bound iron (NTBI, red circles) is filtered by the glomerular assembly.
This is reabsorbed and cycled by the proximal tubular cells (PTEC). However, in lupus
nephritis, glomerular injury results in an increased leakage of TBI and NTBI, which

can be reabsorbed by the PTEC via multiple receptors like TfR1, ZIP8/14 and megalin
cubulin endocytic complex [34]. While TfR1 is regulated by the IRP-IRE system and can
be downregulated by excess intracellular iron, ZIP8/14 and MCEC are not and continue
to absorb the leaking TBI and NTBI to iron overload the PTEC [34]. This catalyzes

the formation of free radicles and renders cells susceptible to ferroptosis. ACSL4 shapes
the cellular lipid composition, which in presence of excess free radicles leads to the
formation of toxic lipid hydroperoxides [43]. Attenuated expression of SLC7A11, impaired
glutathione synthesis and the associated reduction in GPX4 hinder the conversion of toxic
lipid hydroperoxides to nontoxic lipid alcohols and promote ferroptosis in lupus nephritis.

Clin Immunol. Author manuscript; available in PMC 2024 March 01.



	Abstract
	Introduction.
	Materials and Methods
	Approvals
	Mice
	Induction of nephrotoxic serum glomerulonephritis in mice
	Biochemical assays, tissue samples, and histology
	In vitro studies
	Preparation of Kidney and Cell Extracts, and Western Blotting
	Detection of serum IgG, IgG2a, and anti-dsDNA antibodies.
	RT-PCR
	Lipid extraction and liquid chromatograhpy-mass spectrometry
	Statistics

	Results
	Tubular injury is a prominent feature in lupus nephritis
	Iron accumulation signature in the kidneys of nephritic mice
	Lupus nephritis kidneys display oxidative stress and distinct ferroptosis signature
	Lipidomics identifies a distinct profile and pattern in nephritic kidneys
	Kidney tubular injury and ferroptosis feature in lupus nephritis of different etiologies
	Impaired iron handling in kidney proximal tubular cells worsens tubular injury in the setting of primary glomerulonephritis
	Tubular ferroptosis is a prominent feature in human lupus nephritis and can be reversed in vitro by Liproxstatin-2, a new generation ferroptosis inhibitor

	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.

