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Abstract

Background: Itaconic acid, a Kreb’s cycle derived immunometabolite, is synthesized by 

myeloid cells in response to danger signals to control inflammasome activation, type I Interferon 

(IFN) responses and oxidative stress. As these pathways are dysregulated in systemic lupus 

erythematosus (SLE), we investigated the role of an itaconic acid derivative in the treatment of 

established murine lupus.

Methods: Female New Zealand Black/New Zealand White F1 lupus prone mice were 

administered 4-octyl itaconate (4-OI) or vehicle starting after clinical onset of disease (30 weeks 

of age) for 4 weeks (n=10 mice /group). At 34 weeks of age (peak disease activity) animals were 

euthanized, organs and serum collected, and clinical, metabolic, and immunologic parameters 

were evaluated.

Results: Proteinuria, kidney immune complex deposition, renal scores of severity and 

inflammation and anti-RNP autoantibodies were significantly reduced in 4-OI treatment group 

compared to vehicle. Splenomegaly decreased in 4-OI group compared to vehicle, with decreases 

in activation markers in innate and adaptive immunes cells, increases in CD8+ T cell numbers 

and inhibition of JAK1 activation. Gene expression analysis in splenocytes showed significant 

decreases in type-I IFN and proinflammatory cytokine genes and increased Treg associated 

markers in the 4-OI group when compared to vehicle. In human control and lupus myeloid cells, 

4-OI in vitro treatment decreased proinflammatory responses and B cell responses.
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Conclusions: These results support targeting immunometabolism as a potentially viable 

approach in autoimmune diseases treatment, with 4-OI displaying beneficial roles attenuating 

immune dysregulation and organ damage in lupus.

Introduction

Systemic lupus erythematous (SLE) is a complex autoimmune syndrome in which multi-

organ damage leads to enhanced morbidity and mortality (1, 2). Many individuals 

affected by SLE require immunosuppression and there is need for additional effective 

immunomodulatory drugs with less side effects (3).

Among some of the innate immune abnormalities characteristic of SLE, dysregulated type 

I Interferon (IFN) responses, inflammasome activation, and enhanced oxidative stress are 

prevalent (4, 5). In addition, our group and others have described a role for mitochondrial 

dysfunction in SLE pathogenesis (6–9). Itaconic acid is a mitochondrial-derived immune-

metabolite that modulates several of these dysregulated pathways (10). Itaconic acid 

is synthesized by macrophages following lipopolysaccharide (LPS) challenge and, more 

broadly, in cells expressing the aconitate decarboxylase 1 (ACOD1) gene (also known as 

IRG1). This gene codifies for an enzyme which acts via decarboxylation of cis-aconitate 

to produce itaconic acid from the tricarboxylic acid cycle in response to proinflammatory 

stimuli (11). Itaconic acid effects are broad and pleiotropic, modulating not only metabolism 

but also inflammatory and oxidative stress-related responses (12).

Because of these anti-inflammatory activities, itaconic acid improved derivatives have 

been isolated. In particular, 4-octyl itaconate (4-OI) is a cell-soluble electrophilic small 

molecule that alkylates proteins and inhibits inflammasome activation (10). Among several 

key targets for alkylation are Keap1 and Gapdh, whose modifications lead to activation 

of the Nrf2 transcription factor and inhibition of aerobic glycolysis, respectively (13, 14). 

As such, Nrf2 is considered a master regulator of cellular anti-oxidative and detoxification 

responses, while Gapdh inhibition reduces the aerobic glycolysis or Warburg effect that 

predominate in activated immune cells under inflammatory conditions. Furthermore, Nrf2 

activation by 4-OI downregulates type I IFN synthesis by the c-GAS-STING pathway (15). 

In some in vivo animal models 4-OI can attenuate tissue injury by reducing inflammation 

and oxidative stress (16–21). Moreover, the 4-OI-Nrf2 anti-inflammatory axis effectively 

reduces proinflammatory cytokine expression in vitro in SLE PBMCs (22). Given these 

observations, we assessed whether therapy with 4-OI would ameliorate clinical and 

immunologic parameters of established murine lupus.

Materials and Methods.

Animals and in vivo treatment:

Female NZBWF1/J (NZB/W stock #100008) mice were purchased from The Jackson 

Laboratories (Bar Harbor, ME). NIAMS Animal Care and Use Committee approved 

animal procedures (protocol #A019–05-03) without randomization and all researchers were 

unblinded (at least 4 mice/cage). NZB/W mice received subcutaneous 4-OI (14 ug/kg/min; 

Cayman Chemical, #25374, Ann Arbor, MI) or vehicle control (2-hydroxypropyl-beta 

Blanco et al. Page 2

Arthritis Rheumatol. Author manuscript; available in PMC 2024 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cyclodextrin 40% (SIGMA Aldrich, #332607, St Louis, MO) in PBS via osmotic pump 

delivery (Alzet, #2006, Cupertino, CA), surgically inserted in the dorsum of the animals 

at 30 weeks old (n=9/group). Number, age, and sex of animals were determined based on 

our previous experimental designs that showed that 9–10 female lupus-prone mice/group 

provided sufficient power when comparing various active treatments versus controls. At 34 

weeks of age (expected peak disease activity), mice were euthanized, and tissues and blood 

collected for analysis.

Complete blood count:

This was performed in the NIH Department of Laboratory Medicine using murine blood 

diluted 1:3 in PBS with an Advia 120 device.

Splenocyte gene expression:

mRNA was purified from frozen spleens in RNA-later, stored at −80°C and quantification 

of proinflammatory mRNAs was performed as described (23, 24). Briefly, tissue was 

homogenized in RLT lysis buffer and RNA isolated with RNA Easy kit (QIAGEN); cDNA 

was synthesized using 1 ug of RNA, BIORAD iScript kit, and an ABI thermocycler. RT 

PCR was performed using BIORAD reagents and instructions, and a CFX96 BIORAD 

real time thermocycler. Fold gene expression for each gene was calculated using B2m as 

house-keeping gene and Ct from mouse tissue for the 4-OI or control vehicle conditions for 

delta delta calculations. The following primers were used: Ifna1 (forward: 5’- AAG GAC 

AGG CAG GAC TTT GGA TTC −3′, reverse: 5′- GAT CTC GCA GCA CAG GGA TGG 

−3′); Ifnb (forward: 5′- AAG AGT TAC ACT GCC TTT GCC ATC −3′, reverse: 5′- CAC 

TGT CTG CTG GTG GAG TTC ATC −3′); ll6 (forward: 5′- TGG CTA AGG ACC AAG 

ACC ATC CAA −3′, reverse: 5′- AAC GCA CTA GGT TTG CCG AGT AGA −3′); Tnf 
(forward: 5′- CCC TCA CAC TCA GAT CAT CTT CT −3′, reverse: 5′- GCT ACG ACG 

TGG GCT ACA G −3′); Il1b (forward: 5′- CCC TGC AGC TGG AGA GTG TGG A −3′, 

reverse: 5′- CTG AGC GAC CTG TCT TGG CCG −3’); Ebi3 (forward: 5’- GTT CTC CAC 

GGT GCC CTA C −3’, reverse: 5’- CGG CTT GAT GAT TCG CTC −3’); Il12a (forward: 

5’- CCA CCC TTG CCC TCC TAA A −3’, reverse: 5’- GCC GTC TTC ACC ATG TCA 

TCT −3’); Foxp3 (forward: 5’- CTG CCT TGG TAC ATT CGT GA −3’, reverse: 5’- CCA 

GAT GTT GTG GGT GAG TG −3’); Ikzf2 (forward: 5’- TAA GCT CAG CTT ATT CTC 

AGG TCT ATCA −3’, reverse: 5’- ATG TTG TTT TCG TGA CTA TCA GAT GTT −3’); 

p40 (forward: 5’- CGT GCA CTG AGG CTC AGA AAT GTT TC −3’, reverse: 5’- TTT 

CTT TGC ACC AGC CAT GAG C −3’). Mitochondrial/nuclear splenocyte transcription 

ratio was calculated using the following primers: 16S or Mrnr2 (forward: 5′- CTA GAA 

ACC CCG AAA CCA AA −3′, reverse: 5′- CCA GCT ATC ACC AAG CTC GT −3′) and 

beta-2-microglobulin B2m also used as housekeeping gene (forward: 5′- ATG GGA AGC 

CGA ACA TAC TG −3′, reverse: 5′- CAG TCT CAG TGG GGG TGA AT −3′). All the 

primers were purchased from IDT Integrated DNA Technologies (Coralville, IA).

Splenocyte immunophenotyping by flow cytometry:

Splenocytes (1 × 106) were suspended in 100 ul of FACS buffer, incubated with 

1ul of TruStain FcX (BioLegend, catalog #422302, San Diego CA), at 4°C for 15 

minutes, followed by incubation with various fluorochrome-conjugated antibodies (all 
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from BioLegend) at 4°C for 30 minutes. Cells were washed twice and immediately 

analyzed on a BD FACS Celesta flow cytometer (BD Biosciences, Franklin Lakes, NJ) 

followed by FlowJo software. The following anti-mouse, fluorochrome labeled-antibodies 

were used: panel 1: APC_CD86 (#105012), APC-Cy7_CD11b (#101226), BV421_CD19 

(#124608), PE_CD80 (#104708), PE-Cy7_CD11c (#117318), Percp-Cy5.5_MHCII 

(#116416); panel: 2 APC_Ly-6C (#128016), APC-Cy7_CD86 (#105030), BV421_Ly-6G 

(#127628), FITC_CD40 (#124608), PE_CD11b (#101208), PE-Cy7_CD45 (#103114), 

Perp-Cy5.5_MHCII (#116416); panel 3: APC_CD23 (#101620), APC-Cy7_CD21 

(#123418), BV421_CD19 (#115538), FITC_CD45 (#103108), PE_IgD (#405706), PE-

Cy7_IgM (#406514), Percp-Cy5.5_CD138 (#142510); panel 4: APC_CD8 (#100712), 

APC-Cy7_CD44 (#103028), BV421_CD4 (#100438), FITC_CD19 (#115506), PE_CD62L 

(#104408), PE-Cy7_CD3 (#100220), Percp-Cy5.5_CD45 (#103132); panel 5: APC_CD11c 

(#117310), PB_B220 (#103227), FITC_CD45 (#103108), PE_PDCA-1 (#127104).

JAK1 activation in splenocytes:

JAK1 activation was quantified by dual ELISA to detect phosphorylated and total JAK1 

simultaneously in splenic tissue samples preserved at −80°C and lysed using manufacturer’s 

instructions (RayBiotech, #PEL-JAK1-Y1022-T-1, Peachtree Corners, GA). Spleen lysates 

contained 753 ug/ml protein. OD 450 nm was measured using FLUOstar Omega BMG 

Labtech (Cary, NC) plate reader.

Endothelium-dependent vasorelaxation:

Vasorelaxation assessments of murine aortic rings were performed as described (25), with 

reagents purchased from SIGMA-Aldrich. Briefly, aortic rings (~2 mm) were excised and 

maintained in physiological salt solution (PSS) with aeration (95% O2 /5% CO2). After 

equilibration for 1 hour, contraction was achieved with PSS containing 100 mM potassium 

chloride. Relaxed aortic rings were contracted with phenylephrine. Vasorelaxation was 

assessed by addition of a gradient of acetylcholine (1 × 10−9 M to 1 × 10−5 M). Results 

were reported as percentage of phenylephrine contraction.

Kidney histology analysis and immune complex (IC) deposition quantification.

Kidney slides were evaluated blindly by a veterinary pathologist for scoring of glomerular, 

tubulointerstitial, vascular and lymphoproliferative lesions, as described (26). Histology 

evaluations were made from paraffin embedded slides with H&E, Masson tri-chrome and 

PAS staining by semiquantitative analysis (0, no changes; 1, mild changes; 2, moderate 

changes and 3 severe changes).

Renal IC deposition was quantified as described (23) using Alexa fluor 594-F(ab’)2-

goat anti-mouse IgG (Thermo Fisher, #A11020, Waltham, MA) and FITC-anti-murine 

C3 antibody (Immunology Consultants Laboratories, #GC3–90F-Z, Portland, OR). Three 

random images were obtained from each stained frozen section, which were analyzed with 

Image J software, selecting the glomerular compartment to quantify mean pixels for each 

fluorescence channel used.
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Quantification of serum autoantibodies:

Serum anti-dsDNA and anti-RNP quantification was performed as described (23) using 

commercially available ELISA kits (#5110, #5410, Alpha Diagnostic International, San 

Antonio, TX, respectively). Serum samples were diluted 1:125 in the low NSB buffer and 

the assay was performed following manufacturer’s instructions.

Proteinuria determination:

Urine albumin:creatinine ratio was determined as described (23) using ELISA kits for 

creatinine and mouse albumin (Exocell, #1012 and 1011 respectively, Philadelphia, PA), 

following t manufacturer’s instructions.

Bone marrow (BM) isolation and differentiation of murine macrophages:

NZB/W BM precursors were treated in vivo with 4-OI or vehicle, purified and cultured for 

24 hours in DMEM (Gibco, #11995–065, Thermo Fisher), supplemented with 10 % FBS 

and 1 % Penicillin-Streptomycin. After 24 hours, medium was replaced, and BM-derived 

macrophages (BMDM) were cultured (1.0 × 106 cells/ml) in 96-well Seahorse plates 

for 6 days in DMEM medium containing M-CSF 50 ng/mL (R&D Systems, #216-MC, 

Minneapolis, MN). M-CSF was replaced every two days.

Quantification of NETs and mitochondrial ROS (mROS):

Isolation of mouse BM- derived neutrophils and human peripheral blood neutrophils, 

quantification of NET formation, and mROS were performed as described by us (23). 

Briefly, BM neutrophils were purified with Percoll gradient and human neutrophils using 

sedimentation with 2% Dextran, following a Ficoll gradient. Cells were seeded in 96-well 

plates (200,000 cells/ 100 ul/ well in triplicates for each dye) and allowed to form NETs in 

the presence of SYTOX (to quantify extracellular DNA, 1 uM final concentration), Quant-It 

Picogreen (to quantify total DNA; stock solution diluted 1:250) and MitoSox (to quantify 

mROS; final concentration 200 ng/ml). All dyes were from Thermo Fisher. At baseline, 1 

or 2 hours, fluorescence was measured for Picogreen (485/520), Mitosox (510/580), and 

SYTOX (485/520), respectively using a FLUOstar Omega BMG Labtech (Cary, NC) plate 

reader. Cells without dye were used as blank.

Seahorse analysis:

This was performed as described (27). The following reagents (Sigma Aldrich) were 

used: glucose (#G8769), oligomycin (#75351), carbonyl cyanide-4-(trifluoro-methoxy) 

phenylhydrazone (FCCP, #C2910), 2-deoxy-d-glucose (2-DG, #D1634), rotenone (#R8875), 

antimycin A (#A8674), and sodium pyruvate (#S8636). L-glutamine (#103579–100), XF 

calibrant (pH 7.4, #10084–000), XF RPMI medium (pH 7.4, #103576–100). Seahorse 

plates and cartridges were from Agilent (Santa Clara, CA). BM- derived macrophages 

or splenocytes were plated on Corning Cell-Tak -coated Seahorse culture plates (300,000 

cells/well, Thermo Fisher Scientific, #354240) in XF RPMI medium (pH 7.4). Seahorse 

XF analysis was performed at 37°C with no CO2, using the XF-96e analyzer (Agilent), 

following manufacturer’s instructions. Mitochondrial stress test assay was performed using 

Seahorse XF RPMI medium with 25 mM glucose, 1 mM sodium pyruvate, and 2 mM 
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L-glutamine. For mitochondrial stress tests, cells were treated serially with oligomycin (5 

μM), FCCP (1 μM), rotenone (100 nM) and antimycin A (1 uM), and oxygen consumption 

rates (OCR) were quantified. For glycolysis stress tests, 300,000 cells/well were suspended 

in Seahorse XF RPMI medium with 2 mM L-glutamine; cells were treated serially with 

glucose (25 mM), oligomycin (5 μM), and 2-DG (100 mM), and extracellular acidification 

rates (ECAR) were measured over time. Cell numbers at assay completion were normalized 

to DNA content using CyQuant dye (Thermo Fischer Scientific, #C7026). Wave, Excel, and 

Graph Pad Prism software were used to analyze and graph the data.

Western blot analysis:

Splenocyte extracts were prepared using Pierce RIPA Buffer (Thermo Fisher, #8990) with 

protease and phosphatase cocktail inhibitors. Protein concentration was determined using 

BCA Protein Assay Reagent (Pierce, #23227, Rockford, IL). Protein was resolved on 

NuPAGE 4–12% Bis-Tris gel, transferred to a nitrocellulose membrane, then blocked 

for 1 h with 10 % BSA. Anti-mitochondrial antiviral signaling protein (MAVS) (SCTB, 

#sc-365334, Dallas, TX) was diluted 1:000 in 5% BSA, added and incubated overnight 

at 4°C. Monoclonal antibody against GAPDH (Invitrogen, #MA1–16757) was used as 

loading control and incubated for 1 hour at room temperature. After incubation with primary 

antibodies, membranes were washed three times and incubated with secondary antibodies 

coupled to IRDye 800CW. Membranes were developed using Li-COR Odyssey Clx scanner 

(Li-COR, Lincoln, NE).

Isolation of human primary derived macrophage and cytokine measurements:

Subjects gave informed consent to participate in an NIH-IRB approved protocol (94-

AR-0066). Human PBMCs were obtained by Ficoll density gradient (Lymphoprep™, 

#07801, Stemcell Technologies, Cambridge, MA) of whole blood from healthy donors 

or lupus patients. CD14+ monocytes were purified by positive selection using magnetic 

separation systems (MACS, #130–050-201, Miltenyi Biotec, Auburn, CA). Cells were 

cultured at 0.5 × 106 cells/ml during six days in RPMI 1640 medium (Gibco, #11875093, 

Thermo Fisher,) with 10 % FBS containing GM-CSF 25 ng/mL (Peprotech, #300–03, 

East Windsor, NJ) or M-CSF 10 ng/mL (R&D Systems, c#216-MC) to generate GM-

macrophages and M-macrophages, respectively. Cytokines were replaced every two days.

Six-day cultured macrophages were preincubated with 4-OI (0.5 mM or 1.0 mM) for 3 

hours and then cultured in the presence or absence of 100 ng/ml E. coli 0111:B4 LPS 

(SIGMA-Aldrich #L2630) for 24 h. Macrophage supernatants were harvested and stored 

at −80°C until tested by ELISA (BD Biosciences) to quantify secreted human TNF-α 
(#555212), IL-6 (#555220), IL-10 (#555157), IL-1β (#557953) and IL-8 (#555244).

Isolation, culture, and stimulation of B cells:

Healthy control PBMCs were isolated with Ficoll gradient and treated with MojoSort 

Human Pan B Cell Isolation Kit (BioLegend, #480081). CD19+ B cell purity was above 

90%. Purified CD19+ B cells (50,000 cells/ 200 ul) were cultured alone or with 1000 U/ml 

IFN-alpha (Abcam # ab285741), 0.5 uM CpG-ODN (Invivogen, #tlrl-2216, San Diego, CA), 

or 1 ug/ml anti-IgM BCR (Jackson ImmunoResearch, #109–006-129, West Groove, PA) 
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in 96-well plates. The 4-OI (1 uM) and glutathione ethyl ester GSH-EE 0.5 uM (Cayman 

Chemical, catalog 14953) were added at day 0 and remained in the culture for the duration 

of the assay. Culture medium was RPMI 1640 supplemented with 10% FCS, 100 U/ml 

penicillin, and 100 U/ml streptomycin.

B cell proliferation analysis:

B cells were stained with BD Horizon™ CFSE 1 uM (BD Biosciences, #565082) following 

manufacturer’s instructions. Cells were washed twice and cultured (5 days for the first two 

donors and 7 days for the third donor). Analysis was performed using an Attune NxT Flow 

Cytometer, then using the FlowJo™ software and the proliferation modeling tool to get the 

percentage of divided B cells.

IgG ELISA:

For quantification of in vitro IgG secretion, B cells were cultured alone or with in 
vitro stimulation in 96-well plates as described above. IgG levels in the medium were 

determined with a Total Human IgG ELISA kit (Thermo Scientific, #88-50550-22) 

following manufacturer’s instructions.

Statistical analysis:

Statistical analysis was done using GraphPad Prism software.

Results

Lupus nephritis severity and autoantibodies decrease with 4-OI treatment.

Use of 4-OI led to histopathologic improvements of severity, inflammation, and global 

scores when compared with vehicle-treated mice (Figures 1A–B). Morphologically, there 

was noticeable kidney histology improvement upon treatment with 4-OI. Specifically, in 

the 4-OI treated group, kidneys showed remarkable reduced inflammation (arrowheads in 

Figure 1A, H&E) compared with vehicle-treated group. In addition, glomerulosclerosis 

(arrows in Figure 1A, PAS) and fibrosis were also less severe in 4-OI treated group. 

The total renal severity score was lower in 4-OI treated mice than in vehicle treated 

(Figure 1B). Furthermore, IC deposition was significantly reduced in the 4-OI group 

compared to vehicle alone (Figures 2A–B). These histologic changes were associated with 

decreases in albumin:creatinine ratio in the 4-OI group (Figure 2C), compared to the vehicle 

group, indicating improvement in kidney function. One of the mice in the 4-OI treatment 

spontaneously succumbed at day 26 from kidney failure.

Serum autoantibodies against RNP were significantly decreased while anti-ds-DNA also 

decreased, albeit not significantly, in the 4-OI group, when compared to the vehicle group 

(Figures 2D–E). Supporting these findings, in vitro incubation of human B cells with 

4-OI inhibited proliferation and total IgG secretion, even in the presence of the GSH-EE 

cell permeant glutathione compound that prevents 4-OI protein alkylation (Figures 2F–G). 

Overall, in vivo 4-OI treatment led to improvement of murine lupus glomerulonephritis 

and decreased in vivo autoantibody levels, while in vitro 4-OI decreased human B cell 

proliferation and IgG synthesis.
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Use of 4-OI improves thrombocytopenia and modulates lymphoid organ responses in 
murine lupus.

Body weight remained similar between the two treatment groups, while spleen:body weight 

ratio in 4-OI treated mice was significantly reduced compared to vehicle alone (Figure 3A). 

A recent report has indicated that 4-OI can inhibit JAK1 kinase activity (28). Supporting 

these findings, JAK1 activation (ratio of phospho/total-JAK1) in murine lupus splenocytes 

was significantly reduced in the in vivo-treated 4-OI group compared to vehicle alone 

(Figure 3B).

NZB/W mice develop thrombocytopenia and vascular dysfunction as part of immune 

mediated dysregulation. Mice treated with 4-OI had significant improvements in platelet 

counts (Figure 3C) and endothelium-dependent vasorelaxation (supplementary Figure 1S) 

when compared to vehicle treatment.

Splenocyte gene expression analysis revealed significant decreases in Ifna, Ifnb, Il6, Il1b 
and Tnf with 4-OI treatment compared to vehicle (Figure 4A). As itaconic acid is a 

mitochondrial immune-metabolite that reduces oxidative stress, we quantified 16s gene 

expression as a surrogate of mitochondrial transcription and found it significantly increased 

with 4-OI group compared to vehicle (Figure 4B), suggesting a beneficial effect in 

mitochondrial physiology. With regards to immune cell composition in spleen, 4-OI effects 

were mild and included significant increases in the mean fluorescent intensity of CD80, but 

not CD86, in DCs and B cells (Supplementary Figure 2S). The percentage of splenic CD8 

T cells was significantly increased by 4-OI compared to vehicle, with a significant reduction 

in the CD4:CD8 ratio (4.1 ± 0.6 vehicle versus 2.6 ± 0.2 4-OI; p<0.03, Student’s t-test). 

As a surrogate for assessing Tregs, we quantified splenocyte gene expression of cytokine 

associated genes and Treg differentiation gene markers. Gene transcription of transcription 

factor Helios (Ikzf2) and components of suppressive cytokines Ebi3 (Il35) and p40 (29) 

were significantly enhanced, supporting that 4-OI induces immunoregulatory effects (Figure 

4C).

MAVS is an essential adaptor for RIG-I/MDA5 signaling and sensing of RNA; it plays 

pathogenic roles in some murine lupus models. Because MAVS forms oligomers in lupus 

cells in high oxidative stress conditions (30), we measured MAVS protein expression by 

Western blot. MAVS monomers and oligomers were decreased in the 4-OI group compared 

to vehicle (Figure 4D). Overall, these results indicate that 4-OI attenuates oxidative damage 

and immune dysregulation in lymphoid organs in murine lupus.

4-OI modulates neutrophil responses.

Neutrophils contribute to oxidative stress during inflammatory responses. To analyze the 

effect of 4-OI in neutrophil phenotype and function, we tested the ability of BM-derived-

neutrophils to form NETs, a feature that is dysregulated in murine and human lupus 

in association with aberrant mROS synthesis (23). Mice treated with 4-OI showed a 

trend for enhanced basal NET formation and mROS synthesis; however, they displayed 

unresponsiveness to calcium ionophore-induced NET formation and enhanced mROS 
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(Figures 5A–B). These data suggest that 4-OI attenuates neutrophil activation and NET 

formation in response to stimulation.

As the itaconate pathway is involved in the regulation of metabolism, we analyzed the effect 

of 4-OI in the bioenergetics of BM-derived macrophages and splenocytes. While oxidative 

phosphorylation (OXPHOS) was not significantly modulated in macrophages after in vivo 
4-OI administration, glycolysis was significantly inhibited (Figure 5C). Splenocytes, which 

in lupus have been described to exhibit enhanced mitochondrial OXPHOS (31), displayed 

significant OXPHOS reduction after 4-OI exposure when compared to vehicle treated mice 

(Figures 5D–E), including reductions in basal and maximal respiration, proton leak, and 

ATP production. Overall, 4-OI modulated immune-metabolic parameters in murine lupus.

In vitro 4-OI modulates inflammatory responses in human myeloid cells.

To further assess the effects of 4-OI in human lupus, we quantified if it could modulate 

proinflammatory responses of human monocyte-derived macrophages and NET formation in 

human neutrophils. Healthy control or SLE peripheral blood monocytes were differentiated 

into GM (M1, proinflammatory) or M (M2, anti-inflammatory) macrophages, treated with 4-

OI, stimulated with 100 ng/ml LPS for 24 h, and cytokine secretion was quantified. In vitro, 

both 0.5 or 1 uM 4-OI concentrations significantly reduced the levels of secreted IL1-beta, 

IL6, TNF, and IL-10, particularly in the GM macrophages (Figures 6A–D). Furthermore, 

4-OI inhibited secretion of IL1-beta and IL-10 by healthy control macrophages (Figures 

6A, and 6D). In contrast, there was no modulation of IL-8 secretion by 4-OI in control 

or SLE-derived macrophages (Figure 6E). Additionally, NET formation by healthy control 

or SLE neutrophils was inhibited with 1 uM 4-OI (Figures 6F–H). These data support an 

immunoregulatory role of 4-OI on human myeloid cells.

Discussion

We found that subcutaneous administration of 4-OI improves features of murine lupus when 

treatment is initiated once clinical disease is already established. The beneficial effects 

were observed in renal function, histopathology and IC deposition, platelet counts, vascular 

dysfunction and in the levels of circulating autoantibodies. Furthermore, the drug inhibited 

inflammatory responses in immune cells and changed immune-metabolic parameters. These 

effects might be related with the already documented ability of itaconate to attenuate 

proinflammatory pathways in other inflammatory models. Given that most immune cells 

subsets in lymphoid organs did not significantly change, it remains to be further determined 

the mechanisms by which autoimmune responses were hampered in murine lupus, but it 

could be related to modulation of myeloid cell dysregulation with downstream effects on 

other innate and adaptive immune cells, including Tregs and B cells.

Levels of various antinuclear antibodies as well as type I IFN pathway dysregulation 

were reduced by 4-OI administration. The mechanisms leading to downmodulation of 

these autoimmune responses are likely multifactorial. As autoantigen/autoantibody ICs can 

trigger type I IFN production (32), it is possible that modulation of IC formation, through 

4-OI decreasing autoantigen generation by inhibiting NET formation or other types of 

inflammatory cell death, may decrease immune dysregulation. Decreases in synthesis and 
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release of other inflammatory cytokines by immune cells observed with 4-OI may also 

hamper autoantibody generation, as previously reported (33, 34). Among the effect that 4-OI 

had on various cytokines, it reduced the ability of human macrophages to secrete IL-10. This 

cytokine may play pathogenic roles in SLE, including autoantibody synthesis (35–37). It 

is therefore possible that decreases in autoantibodies and improvement in platelet numbers 

following 4-OI treatment could be due in part to effects on IL-10 synthesis, besides the 

direct inhibition of B cell function that was observed by in vitro human studies. Given that 

inhibition of B cell proliferation and IgG secretion by human B cells after 4-OI treatment 

was not alkylation-dependent, it is possible that the immunomodulation might be through 

other effects in immunometabolism such as inhibition of succinate dehydrogenase (38), 

which should be explored in future studies.

Recently described attenuation of specific allergic inflammatory responses in mice by 4-

OI intranasal treatment was accomplished via reduction of DC priming activity (39). A 

similar phenomenon might take effect here, where 4-OI treatment could partially reduce 

DC priming responses to lupus autoantigens. Other possible effects of 4-OI to explain the 

elevated numbers of CD8+ T cells in 4-OI- treated animals is by the observed inhibition 

of glycolysis and mTOR pathways. This is supported by previous findings that rapamycin, 

an inhibitor of mTOR, can increase both CD8 T cells and Treg function in SLE patients 

with concomitant improvement in disease activity (40, 41). While FOXP3 levels were not 

transcriptionally regulated by treatment, future studies should assess whether survival of 

memory CD8 T cells and CD8-specific FOXP3 expression or Treg suppressor function are 

affected by this treatment. Another important aspect is the regulation of perturbed metabolic 

responses with 4-OI. Proinflammatory macrophages (M1) rely on glycolysis and exhibit 

impairment of the TCA cycle and OXPHOS, whereas anti-inflammatory macrophages 

(M2) are more dependent on mitochondrial OXPHOS (42). In our study, 4-OI treatment 

attenuated glycolysis in BM-derived macrophages, and this may have significant relevance 

in lupus-prone mice, as enhanced glycolysis is associated with the elevated proinflammatory 

environment characteristic of SLE. Indeed, blunting glycolysis in macrophages has been 

reported to improve lupus nephritis in mice (43). In addition, 4-OI treatment enhanced 

the mitochondrial gene transcription, suggesting a potential improvement in mitochondrial 

function (24, 44). Furthermore, the reduction of MAVS oligomerization with 4-OI suggests 

that the oxidative stress status was reduced, most probably through the NRF2 pathway, given 

that ROS play a role in inducing MAVS-dependent responses in SLE (30). This in turn may 

help decrease aberrant responses to nucleic acids in lupus cells. In addition, 4-OI promoted 

decreased ability of murine and human neutrophils to synthesize NETs.

Part of the mechanism that may be involved in blunting inflammatory responses is through 

the recently described role of 4-OI in modulating JAK1-mediated pathways. The JAK/STAT 

pathway plays fundamental roles in SLE (45). We observed that 4-OI blunted activation of 

JAK1 in murine lupus as recently described (28). Overall, these results indicate that 4-OI 

exerts pleiotropic anti-inflammatory effects on myeloid cells and adaptive immune cells.

Limitations of the study include the use of a single mouse model of lupus and that effects 

on other potential lupus manifestations (such as skin involvement) were therefore not 

addressed. It is important to mention that the beneficial effects were observed when therapy 
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was started only after immune dysregulation and organ damage were well established. 

Serum concentrations of itaconic acid have been previously reported to be significantly 

reduced in SLE patients with active disease, when compared to healthy controls (46). 

As we observed amelioration of established murine lupus, our results add new evidence 

to the existing literature that suggests that modulation of immunometabolism may be a 

viable therapeutic strategy in SLE and other systemic autoimmune disorders. This was 

supported by the beneficial effects observed in human cells in vitro. These results support 

the possibility of further exploring the role of itaconate-derived medications in autoimmune 

disorders such as SLE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Attenuation of lupus kidney pathology by 4-OI.
A) Representative kidney tissue images showing H&E, Masson, and PAS staining. 

Magnifications are 40x for H&E and 200x for Masson and PAS. In H&E; arrowheads 

show inflammation. In PAS, arrows indicate glomerulosclerosis. B) Graphs display kidney 

pathology scores. Bar graphs represent mean ± SEM. In all studies mice were treated with 

4-OI or vehicle control; n=number of animals except in global pathology score where all the 

individual scores (severity, inflammation, fibrosis, glomerulosclerosis, and tubular dilation) 

are graphed together per group. The statistical analysis was done using Mann Whitney test 

*:p<0.05, **:p<0.01: ****:p<0.001.
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Figure 2: Attenuation of kidney damage, serum autoantibody levels, and human B cell responses 
by 4-OI.
A) Representative immunofluorescence microphotographs displaying IC deposition (IgG 

red, C3 green, nuclei in blue); magnification 40x. B) Image J quantification depicting pixel 

analysis of glomeruli in 3 different images/mouse from panel A. C) Analysis of proteinuria 

at the time of euthanasia. Serum antibodies against D) RNP, and E) ds-DNA; mice were 

treated with 4-OI or vehicle control with n numbers indicated in the figure; the discrepancy 

in numbers is due to failure to collect urine in some of the mice in C. F) Human B cell 
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proliferation after stimulation (BCI) or non-stimulation (NS) and G) total IgG secretion in 

3 different healthy donors. Bar graphs represent mean ± SEM. The statistical analysis was 

done using Mann Whitney test *:p<0.05, **:p<0.01, ***:p<0.001.
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Figure 3: 4-OI modulates splenomegaly, JAK1 activation, and platelet counts.
A) Body and spleen weights, and their ratio are displayed. B) Spleen tissue was 

homogenized and phospho- and total- JAK1 protein were detected by ELISA. C) Complete 

blood counts. In both studies mice treated with 4-OI or vehicle control with n= numbers 

indicated in the figure; bar graphs represent mean ± SEM, and statistical analysis was 

done using Mann Whitney test *:p<0.05; **:p<0.01; outlier data points were detected using 

GraphPad ROUT method (Q=10%) and excluded from the analysis.
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Figure 4: Effect of 4-OI in gene expression and inflammasome protein expression in spleen cells.
A) Gene expression in splenocytes was analyzed by q-RT-PCR normalized against 

B2m housekeeping gene. B) The 16s mitochondrial gene expression in splenocytes was 

determined as a surrogate of mitochondrial transcriptional activity by q-RT-PCR. C) Gene 

expression of associated Treg markers. In these studies, mice were treated with 4-OI or 

vehicle control with n= numbers indicated in the figure corresponding to 4 animals per 

group and 2 technical duplicates, except for Ikzf2 done in quadruplicate; the missing values 

are samples with no amplification. Statistical analysis was done using Mann Whitney test, 

**:p<0.01; ***:p<0.005. D) The expression of MAVS monomer, 75, and 90 kDA oligomers, 

and GAPDH wasquantified by Western blot in lysates of splenocytes from vehicle- or 

4-OI-treated mice. Representative Western blot image of 2 similar experiments: the first blot 

was performed with 5 vehicle-treated animals and four 4-OI treated-animals; the second 

blot was with 7 animals in each group. Results represent the average ± SEM of protein 
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versus GAPDH loading control ratio. Statistical analysis was done using Mann Whitney test 

*:p<0.05; **:p<0.01.
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Figure 5: 4-OI modulates NET formation and immune-metabolism.
A) NETs were quantified in BM-derived neutrophils, 2 h post-plating, by SYTOX/Pico 

Green plate assay to measure external and total DNA, respectively. B) mROS was quantified 

in BM-derived neutrophils at 1 h using MitoSox, by plate assay. In both A and B, mice were 

treated with 4-OI or vehicle control per group; data points include 4 animals per group and 

3 technical repeats, and neutrophils were stimulated with the A23187 calcium ionophore 

(250 uM) to induce NETs and mROS. The statistical analysis was done using Mann 

Whitney test *:p<0.05. C) Glycolysis of murine BM-differentiated macrophages, measured 
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by Seahorse; data points are shown which include 4 animals per group and 5 technical 

repeats. D) Seahorse mitochondrial stress test analysis of splenocytes; statistical analysis 

using 2-way ANOVA. E) Parameters for splenocytes calculated from D. Seahorse studies 

included mice treated with 4-OI or vehicle control per group; data points shown include 4 

animals per group and 5 technical repeats. Bar graphs represent mean ± SEM. The statistical 

analysis was done using Mann Whitney test, **:p<0.01; ***:p<0.005; ****p<0.001. In 

these experiments outlier data points excluded were detected using GraphPad ROUT method 

(Q=10%).
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Figure 6: In vitro effect of 4-OI on cytokine release by human-monocyte derived primary 
macrophages and NET formation by human neutrophils.
A-E) Human primary monocyte-derived macrophages (at least n=6 from different donors) 

were obtained from healthy control or SLE subjects circulating monocytes by differentiating 

with either GM-CSF (GM proinflammatory) or M-CSF (M anti-inflammatory) for 7 days. 

Cytokines in supernatants were measured by ELISA after 24 h treatment with 4-OI or 

vehicle. The cytokines measured were A) IL1-beta, B) IL-6, C) TNF-alpha, D) IL-10, and 

E) IL-8. F) NET formation in normal dense granulocytes (NDGs) measured by fluorometry 
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plate assay. Shown is mean ± SEM from SLE and healthy control (CTR) neutrophils, with 

numbers indicated in the figure, corresponding to 9 SLE and 3 healthy controls, done 

by technical duplicates; G-H) and by fluorescent microscopy imaging showing merged 

immunofluorescence staining with primary antibody against neutrophil elastase (green) and 

DNA (nuclei and NET fibers, Hoechst, blue); representative images of neutrophils from G) 

SLE and from H) healthy controls; magnification is 10 x. Bar graphs represent mean ± SEM. 

The statistical analysis was done using Mann Whitney test *:p<0.05; **:p<0.01
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