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Abstract  37 

Accumulating evidence suggests that cholesterol accumulation in leukocytes is causally 38 

associated with the development of autoimmune diseases. However, the mechanism by which 39 

fatty acid composition influences autoimmune responses remains unclear. To determine 40 

whether the fatty acid composition of diet modulates leukocyte function and the development 41 

of systemic lupus erythematosus, we examined the effect of eicosapentaenoic acid (EPA) on 42 

the pathology of lupus in drug-induced and spontaneous mouse models. We found that 43 

dietary EPA supplementation ameliorated representative lupus manifestations, including 44 

autoantibody production and immunocomplex deposition in the kidneys. A combination of 45 

lipidomic and membrane dynamics analyses revealed that EPA remodels the lipid 46 

composition and fluidity of B cell membranes, thereby preventing B cell differentiation into 47 

autoantibody-producing plasma cells. These results highlight a previously unrecognized 48 

mechanism by which fatty acid composition affects B cell differentiation into 49 

autoantibody-producing plasma cells during autoimmunity, and imply that EPA 50 

supplementation may be beneficial for therapy of lupus.    51 In review



Introduction  52 

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease that 53 

affects multiple organs, and it is characterized by autoantibody production. As the 54 

concordance rate for SLE in identical twins is only 25-60%, this complex disease is caused 55 

by both genetic and environmental factors (1). Patients with SLE have increased risk of 56 

atherosclerosis, and cardiovascular disease is one of the major causes of morbidity and 57 

mortality in these patients (2). It has also been reported that 36% of patients with newly 58 

diagnosed SLE have hypercholesterolemia (3), suggesting a relationship between the 59 

dysregulation of lipid metabolism and autoimmune responses. Consistently, recent 60 

genome-wide association studies and expression quantitative trait loci analyses have revealed 61 

that genes involved in lipid metabolism increase the susceptibility to autoimmune diseases 62 

such as rheumatoid arthritis and SLE (4–6). However, the molecular mechanism by which 63 

lipid metabolism influences the pathology of SLE is unclear.  64 

 65 

Polyunsaturated fatty acids are essential nutrients that affect chronic inflammatory 66 

diseases such as metabolic syndrome and cancer by regulating lipid metabolism and their 67 

immunomodulatory effects (7). Among others, the role of omega-3 polyunsaturated fatty acid 68 

eicosapentaenoic acid (EPA), which is enriched in fish oil, in innate immune responses, 69 

including its anti-inflammatory and pro-resolving effects, have been extensively studied (8,9). 70 

On the contrary, the effect of EPA on adaptive immune responses is poorly studied. Although 71 

a number of clinical studies have been conducted to determine whether EPA can be used to 72 

prevent or treat SLE, the results are not conclusive (10). In a few animal models of systemic 73 

lupus, dietary EPA supplementation provided beneficial effects on survival and disease 74 

severity (10,11), however, its mechanism of action remains undetermined. In particular, 75 

although autoantibody production is a central pathogenesis of SLE, the effects of EPA on B 76 

lymphocyte function are largely unknown.  77 
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  78 

 Several lines of evidence in mice deficient in cholesterol metabolism indicate that 79 

cholesterol accumulation in immune cells promotes lymphocyte proliferation and lupus 80 

autoimmunity (12–15). Mice lacking liver X receptors (LXRα and LXRβ), which are pivotal 81 

regulators of lipid homeostasis, develop age-dependent lupus-like autoimmunity, and 82 

treatment with an LXR agonist ameliorated disease progression in a spontaneous lupus mouse 83 

model (16,17). Recently, we demonstrated that cholesterol overload in CD11c+ 84 

antigen-presenting cells (APCs) causes systemic autoimmunity in LXR-deficient mice by 85 

stimulating the production of the B cell growth factors, B cell activating factor (BAFF) and 86 

April, which support B cell expansion and autoantibody production (14). As an underlying 87 

mechanism, it is likely that increased cholesterol content in cellular membranes enhances the 88 

lipid raft-dependent signaling of immune pathways such as toll-like receptor (TLR) signaling. 89 

In support of this, pharmacological activation of LXRs reduces cellular cholesterol content by 90 

inducing ATP-binding cassette protein A1 (ABCA1), which creates a dynamic membrane 91 

environment and blunts inflammatory signaling (18). In addition to cholesterol metabolism, 92 

LXRs also regulates fatty acid and phospholipid metabolism (17). For instance, LXR-induced 93 

lysophosphatidylcholine (lysoPC) acyltransferase 3 increases the abundance of 94 

polyunsaturated fatty acids in phospholipids and membrane fluidity (19). These findings led 95 

us to hypothesize that changing the cellular fatty acid composition in immune cells modulates 96 

membrane dynamics and influences the inflammatory signaling and pathology of lupus. 97 

 98 

In this study, we demonstrated that dietary EPA supplementation in two lupus mouse 99 

models, namely imiquimod (IMQ)-induced and spontaneous C57BL/6lpr/lpr models, attenuates 100 

autoantibody production and immunocomplex deposition in kidney glomeruli. In addition to 101 

the anti-inflammatory effect of EPA in APCs, we discovered that EPA suppresses the 102 

differentiation of naïve B cells into autoantibody-producing plasma cells. Dietary EPA 103 
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supplementation increased its abundance in B cell membrane, thereby increasing their fluidity 104 

and attenuating the signal for plasma cell differentiation. These results highlight a mechanism 105 

by which cellular fatty acids regulate the function of B lymphocytes in the context of 106 

systemic autoimmunity. 107 

 108 

 109 

Results 110 

EPA supplementation attenuates autoimmunity in imiquimod-induced lupus mice 111 

 To elucidate the effect of EPA on the progression of SLE, we first induced lupus in 112 

wild-type FVB/N mice using IMQ, a TLR7 agonist, and prophylactically fed the mice a diet 113 

supplemented with 5% EPA or 5% palmitate as a control to match caloric intake (Figure 1A, 114 

Table S1). We confirmed that similar amount of palmitate intake does not affect the 115 

pathology of lupus compared to a diet without additional fatty acid (data not shown). Dietary 116 

EPA supplementation significantly increased total C20:5 (EPA) levels, whereas C20:4 117 

(arachidonic acid) and C22:6 (docosahexaenoic acid, DHA) levels were decreased in serum, 118 

which is consistent with previous findings (20,21). In addition, EPA supplementation was 119 

also linked to decreased triglyceride and cholesterol levels in serum (Figure 1B, C). These 120 

results validated the proper lipid-lowering effects of EPA. Consistent with a previous report 121 

(22), the epicutaneous application of IMQ resulted in splenomegaly, lymphadenopathy, 122 

increased deposition of immunoglobulin G (IgG) and complement component 3 (C3) in 123 

kidney glomeruli, and elevated levels of anti-nuclear (ANA), anti-double stranded DNA 124 

(dsDNA) and anti-histone autoantibodies (Figure 1D, E, Figure S1). There was no difference 125 

in body weight between the groups, suggesting that neither IMQ nor EPA attenuated dietary 126 

consumption (Figure S1). Under this condition, EPA supplementation attenuated the 127 

IMQ-induced deposition of IgG and C3 in the kidneys and suppressed the abundance of 128 

serum autoantibodies that are typical lupus pathologies, however, total IgG and IgM levels in 129 
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serum were unchanged (Figure 1D, E), indicating that EPA ameliorates autoimmunity but not 130 

general antibody production. The type I interferons (IFN-I), IFNα and IFNβ, have been 131 

linked to TLR7-induced autoantibody production and systemic autoimmunity (22). Indeed, 132 

serum IFNα/β levels were increased in the IMQ-induced lupus model, and their elevation was 133 

suppressed by EPA supplementation (Figure 1F). White pulp in spleen is a region in which 134 

naïve T cells are activated in response to signals from APCs and B cells, and it is associated 135 

with B cell maturation and antibody production. IMQ-treated mice exhibited an enlarged 136 

white pulp region in the spleen compared with the findings in control vehicle-treated mice, 137 

and EPA supplementation attenuated the enlargement of white pulp (Figure 1G), indicating 138 

that the immune cell frequency and cellularity in spleen are affected by IMQ treatment and/or 139 

EPA supplementation. 140 

 141 

EPA reduces plasma cell counts in the spleen of IMQ-induced lupus mice 142 

 To clarify what cell types are influenced by IMQ treatment and/or EPA 143 

supplementation, we next performed immunophenotyping of spleens using flow cytometry 144 

(Figure S2). Despite altered IFN-I levels (Figure 1F), the absolute counts of its main 145 

producers, namely dendritic cells (DCs) and plasmacytoid DCs (pDCs), were not altered by 146 

IMQ treatment or EPA supplementation (Figure S3A). In addition, there was no difference in 147 

the proportions and absolute numbers of monocytes and neutrophils that are mainly localized 148 

in the red pulp region among the three groups (Figure S3A). Regarding effector memory and 149 

follicular helper CD4 T cells and regulatory T cells, their percentages and absolute counts in 150 

the spleen were increased by IMQ treatment, whereas EPA had no effect on any T cell subset 151 

(Figure 2A, B and Figure S3B). Although there was no difference in total and follicular B cell 152 

counts among the groups, we observed increased in the populations and absolute numbers of 153 

marginal zone (MZ) B cells, germinal center (GC) B cells and plasma cells in IMQ-treated 154 

mice, and these changes are considered to reflect the vigorous immune response (Figure 2C, 155 
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D). Remarkably, the populations and counts of plasma cells, but not MZ or GC B cells, were 156 

diminished by EPA supplementation (Figure 2D). Collectively, the data in Figure 1 and 2 157 

suggest that EPA attenuates IMQ-induced systemic lupus-related pathology by suppressing 158 

IFN-I production and plasma cell differentiation without affecting B cell differentiation into 159 

MZ B cells or GC B cells.  160 

 161 

EPA supplementation ameliorates autoimmunity in C57BL/6Jlpr/lpr spontaneous lupus 162 

mice 163 

 To further assess the effect of EPA on autoimmunity in the setting of chronic 164 

spontaneous lupus, we employed C57BL/6Jlpr/lpr (B6lpr/lpr) mice, which carry a mutation in the 165 

apoptosis-inducing receptor gene Fas and develop lupus manifestations as early as 8 166 

week-old (23) (Figure 3A). Similarly as observed in IMQ-induced mice, EPA 167 

supplementation lowered serum triglyceride and cholesterol levels in B6lpr/lpr mice (Figure 168 

3B). By 24 weeks of age, B6lpr/lpr mice developed profound splenomegaly and 169 

lymphadenopathy (Figure S4A, B). In addition, liver weight was also increased in B6lpr/lpr 170 

mice, and hence increased body weight (Figure S4B), and accordingly, they exhibited 171 

enhanced deposition of immunocomplexes in the glomeruli, increased ANA levels, and white 172 

pulp enlargement (Figure 3C−E). This mouse model does not exhibit interferon signature, but 173 

increases production of BAFF, a critical factor supporting the survival and differentiation of 174 

B cells and a therapeutic target for SLE. Indeed, BAFF production was significantly 175 

increased in the serum of B6lpr/lpr mice (Figure 3D). All of these pathologies of lupus, but not 176 

increased levels of total IgG and IgM in B6lpr/lpr mice, were attenuated by EPA 177 

supplementation (Figure 3C−E). Immunophenotyping of spleens from B6lpr/lpr mice revealed 178 

that EPA strongly and specifically reduced the proportion and absolute number of plasma 179 

cells (Figure 4A−D, Figure S5, S6). Consistent with previous findings in Faslpr mutant mice 180 

(24), the induction of double-negative (CD4−CD8−) CD3+B220+ abnormal T cells in B6lpr/lpr 181 
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mice was robust, and the T lymphoid cellularity was accordingly affected (Figure 4A). 182 

However, EPA exerted minimal effects on T lymphoid, B lymphoid, and myeloid cellularity 183 

excluding plasma cells (Figure 4B−D, Figure S5, S6). Taken together, these results suggest 184 

that EPA supplementation ameliorates autoimmunity in multiple lupus mouse models by 185 

suppressing inflammatory cytokine production and the differentiation of naïve B cells to 186 

plasma cells. 187 

 188 

EPA suppresses inflammatory cytokine production in CD11c
+
 dendritic cells 189 

 Our previous report revealed that the dysregulation of lipid homeostasis in CD11c+ 190 

cells is a cause of increased cytokine production and systemic autoimmunity (14). Together 191 

with our observations that EPA supplementation blunts the production of cytokines that are 192 

mainly produced by CD11c+ cells, we speculated that the anti-inflammatory effect of EPA in 193 

CD11c+ cells is a primary mechanism of its action. In support of this hypothesis, EPA, but 194 

not palmitate suppressed the expression and production of inflammatory cytokines, including 195 

IFN-I, induced by the TLR7 ligand R848 in bone marrow−derived dendritic cells (BMDCs, 196 

Figure 5A, B). We also confirmed a previous report in which EPA suppresses TLR4 ligand 197 

lipopolysaccharide (LPS)-induced inflammatory changes (Figure 5A, B) (25). On the other 198 

hand, TLR4- or TLR7-induced inflammatory changes were not affected by palmitate (Figure 199 

5A, B). EPA also suppressed IFNγ-induced Baff expression (Figure 5C). To further examine 200 

whether cytokines produced by CD11c+ cells drive the expansion of autoreactive B cells, we 201 

cocultured naïve B cells with different numbers of CD11c+ cells in the presence of CD40 202 

ligand (CD40L) and R848. Naïve B cells were differentiated into CD138+B220lo plasma cells 203 

in the presence of CD40L and R848, and the induction of plasma cells was further enhanced 204 

by coculture with larger numbers of CD11c+ cells (Figure 5D). These results indicate that 205 

EPA suppresses the production of inflammatory cytokines by CD11c+ dendritic cells, which 206 

contributes to inhibiting B cell differentiation into plasma cells.  207 
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 208 

EPA directly inhibits plasma cell differentiation 209 

 Although a few studies focused on the mechanism by which EPA influences B cell 210 

development in the bone marrow and cytokine production in B cells (26,27), the effects of 211 

EPA on the differentiation of naïve B cells into plasma cells and its effect on cell function 212 

and antibody production remain largely unexplored. We induced naïve wild-type splenic B 213 

cells to undergo plasma cell differentiation via treatment with CD40L and recombinant 214 

murine interleukin-4 (IL4) in the presence of vehicle, palmitate, or EPA (Figure 6A). Notably, 215 

EPA concentration-dependently diminished the plasma cell population, whereas palmitate 216 

had no effect (Figure 6B). Under this condition, both EPA and palmitate did not affect B cell 217 

viability (Figure 6B). Moreover, EPA suppressed the expression of Prdm1 (encoding B 218 

lymphocyte-induced maturation protein-1, Blimp1), Xbp-1, and Irf4, which are essential 219 

transcription factors for plasma cell differentiation, whereas it did not affect the expression of 220 

Cd79b, a transmembrane protein that forms a complex with the B cell receptor (BCR) and 221 

that is expressed in all B lineage cells (Figure 6C). In particular, increased Blimp1 expression 222 

in patients with SLE or lupus mouse models is associated with the number of plasma cells, 223 

abundance of autoantibodies, and disease activity (28). In line with this finding, EPA also 224 

suppressed Blimp1 protein expression (Figure 6D). In contrast, palmitate did not show these 225 

effects (Figure 6B−D). Collectively, these data demonstrate that EPA directly inhibits plasma 226 

cell differentiation by suppressing Blimp1 expression without affecting B cell viability.        227 

 228 

EPA modulates lipid composition and dynamics of cellular membrane in B cells  229 

 Finally, we investigated the potential mechanisms underlying the suppression of 230 

plasma cell differentiation by EPA. The molecular mechanisms of EPA are greatly 231 

pleiotropic (8,9). Among others, based on our previous findings that increased abundance of 232 

cholesterol and polyunsaturated phospholipids in cells enhances their membrane dynamics 233 
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(18,19,29), we hypothesized that EPA alters the cellular lipid composition in B cells, 234 

consequently resulting in dynamic cellular membranes. To test this speculation, we 235 

performed cellular lipid analysis using splenic pan-B cells from IMQ-induced lupus mice that 236 

were supplemented with EPA or control palmitate. Similar to the changes in their serum 237 

levels, C20:5 levels in total fatty acid was substantially increased while C20:4 and C22:6 238 

levels were decreased in pan-B cells after dietary EPA intake (Figure 7A, left). Increased 239 

C20:5 content was also observed in isolated splenic pan-B cells that were directly treated 240 

with EPA (Figure 7A, right). These data suggest that EPA is incorporated into B cells. Global 241 

analysis of phospholipids by liquid chromatography−tandem mass spectrometry 242 

(LC-MS/MS) revealed that the amount of C20:5 levels in phosphatidylcholine (PC) and 243 

phosphatidylethanolamine (PE) were profoundly increased. The levels of most PC- and 244 

PE-containing moieties, excluding C20:5- and C18:2 (linoleic acid)-containing phospholipids, 245 

were decreased following EPA treatment, but the rate of the decrease was much smaller than 246 

the rate of increase of C20:5 (Figure 7B). Additionally, free C20:5 levels in B cells were 247 

markedly increased (Figure 7C). Free EPA is considered to be elicited from phospholipids by 248 

phospholipase A2; however, the levels of lysoPC and lysoPE were not altered by EPA 249 

supplementation (data not shown). Thus, EPA is incorporated into cells as a free fatty acid to 250 

some extent. Although a compensatory increase of cholesterol levels has been reported in 251 

DHA-treated cells to maintain the membrane homeostasis (30), there was no change in the 252 

amount of free cholesterol in our study (Figure 7C). These findings led us to speculate that 253 

dietary EPA supplementation makes cellular membranes less rigid. In fact, laurdan 254 

generalized polarization (GP) was profoundly decreased in EPA-treated Ba/F3 cells, which is 255 

indicative of membranes with increased lipid mobility (Figure 7D). Taken together, these 256 

results suggest that dietary EPA remodels the membrane lipid composition and thereby 257 

increases membrane dynamics in B cells, which in turn suppresses downstream signaling for 258 

plasma cell differentiation and autoantibody production (Figure 8).  259 
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Discussion 260 

 Although EPA exerts beneficial effects against inflammatory diseases, its effects on 261 

adaptive immune responses has been less extensively studied, and little is known about the 262 

mechanism by which EPA influences autoimmunity, especially B cell differentiation and 263 

autoantibody production. In this study, we have demonstrated that dietary EPA suppresses B 264 

cell differentiation into autoantibody-producing plasma cells, enhances anti-inflammation in 265 

CD11c+ dendritic cells and attenuated the pathology of lupus in two mouse models. Recent 266 

studies have drawn attention to plasma cells as therapeutic targets in autoimmune diseases. 267 

Depletion of autoreactive plasma cells in lupus mouse models prevents autoantibody 268 

production and the development of lupus nephritis (31–33). Contrarily, the adoptive transfer 269 

of plasma cells from lupus-prone mice to the mice lacking mature lymphocytes induces 270 

autoantibody production (34). Hence, eliminating plasma cells or blocking the production of 271 

autoantibodies has been considered an efficient treatment strategy for SLE. Indeed, 272 

belimumab, an anti-BAFF human monoclonal antibody, has been approved for treatment of 273 

SLE. However, at least 40% of patients with SLE did not display a clinically meaningful 274 

response to belimumab, suggesting the molecular heterogeneity of SLE. Our findings that 275 

EPA directly regulates plasma cell differentiation, which is attributed in part to the altered 276 

abundance of cellular fatty acids and increased membrane fluidity, highlight a previously 277 

unrecognized role of EPA in autoimmunity. EPA has been reported to have beneficial roles 278 

not only in SLE but also in other autoimmune diseases, such as rheumatoid arthritis, multiple 279 

sclerosis and type 1 diabetes (10). Further insight into lipid metabolism and lipid composition 280 

in B cell membrane on the production of autoantibodies would shed light on understanding a 281 

general mechanism for autoimmune diseases. 282 

 283 

 Lipid rafts are cholesterol- and sphingolipid-enriched membrane microdomains that 284 

are considered to function as membrane signaling platforms. We and others previously 285 
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reported that decreased cholesterol content or elevated polyunsaturated PC content in cellular 286 

membranes resulted in increased fluidity, thereby inhibiting the recruitment of inflammatory 287 

signaling pathways downstream of membrane-bound c-Src kinase or membrane receptors, 288 

such as TLR2, TLR4 and TLR9 (18,19,29). Whereas omega-3 fatty acids have already been 289 

reported to have marked effects on membrane order (30,35,36), our lipidomic and laurdan GP 290 

data newly illustrated that profound increases in polyunsaturated EPA-containing 291 

phospholipid and free EPA levels without changes in cholesterol content in B cells result in 292 

the formation of flexible and fluid membranes. Consequently, the dynamic alteration of the 293 

membrane would disrupt the translocation of CD40 receptor or BCR to lipid rafts, thereby 294 

preventing the downstream activation of NF-κB and the transactivation of Prdm1/Blimp1, 295 

which is induced by NF-κB (37). In fact, our in vitro B cell differentiation assay 296 

demonstrated that EPA suppresses Blimp1 expression at both the transcriptional and 297 

translational levels. It also has been reported that BAFF/BAFF receptor binding prolongs the 298 

association of BCR and lipid rafts (38). Therefore, EPA likely suppresses the signaling for 299 

plasma cell differentiation by increasing membrane flexibility in coordination with reduced 300 

BAFF production by dendritic cells (Figure 8). 301 

 302 

In addition to altering membrane lipid composition in B cells, it is possible that EPA 303 

directly modifies B cell function via G-protein coupled receptor (GPR120), a potent receptor 304 

for omega-3 fatty acids including EPA, and/or pro-resolving lipid mediators, e.g., resolvin E1 305 

and E2, derived from EPA and their receptors (39,40). For instance, a recent report 306 

demonstrated that a pro-resolving mediator of DHA enhances antibody production against 307 

influenza virus (41). Although our lipidomic analysis did not cover EPA metabolites, we 308 

assume that the levels of the pro-resolving metabolites of EPA in serum or tissue 309 

microenvironment were increased by dietary EPA supplementation. Besides, we need to 310 

elucidate the role of palmitate included in the control diet in the pathogenesis of lupus 311 
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autoimmunity, along with the fatty acid composition, membrane dynamics, and cell function 312 

of immune cells. Collectively, the primary site of action of EPA is still unclear, and further 313 

studies are needed to elucidate the molecular mechanism underlying EPA-mediated 314 

amelioration of lupus autoimmunity.  315 

 316 

 In this study, we demonstrated that reduced cytokine production by CD11c+ 317 

dendritic cells following EPA treatment also contributes to prevent plasma cell differentiation. 318 

In particular, EPA suppressed the production of IFN-I and BAFF, which are known to 319 

regulate plasma cell differentiation and play critical roles in the pathology of lupus (42). 320 

According to previous reports (18,19,29), this anti-inflammatory effect of EPA in dendritic 321 

cells is attributable at least in part to its effect on physiological properties of membranes. It is 322 

also possible that the anti-inflammatory effect of EPA is mediated by direct binding to 323 

GPR120 and/or pro-resolving lipid mediators and their receptors (39,40). Indeed, CD11c+ 324 

dendritic cells highly express these receptors. In addition, we observed the reduced 325 

arachidonic acid levels following EPA supplementation, which may reduce the levels of 326 

pro-inflammatory eicosanoids (prostaglandinds, thromboxanes and leukotrienes) and 327 

contribute to the prevention of inflammation (43).   328 

 329 

 One of the major concerns about current immunosuppressive treatments or B 330 

cell-target therapies for autoimmune diseases is the increased risk of infection. Our finding 331 

that EPA suppresses plasma cell differentiation and autoantibody production raises questions 332 

concerning whether EPA increases the susceptibility to infection and deteriorates vaccine 333 

efficacy because of defective antibody production. Despite being sparse, previous studies 334 

demonstrated that dietary EPA intake does not influence immunoglobulin production in 335 

response to LPS or salmon vaccine or the clearance of influenza virus (44,45). We also 336 

revealed in this study that dietary EPA supplementation does not decrease total IgG and IgM 337 
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levels in mice with lupus. Shaikh et al. reported in the context of obesity and chronic 338 

systemic inflammation that dietary intake of fish oil, a mixture of EPA and DHA, restores 339 

impaired antibody production to a T cell-independent antigen (26). Additional studies are 340 

needed to clarify the mechanism by which EPA influences antibody production during 341 

infection or vaccination. Considering that EPA is beneficial for ameliorating infection (8,46), 342 

it is less likely that EPA worsens the antibody production in response to infectious antigens.  343 

 344 

Recent longitudinal transcriptomic data indicated that patients with SLE can be 345 

stratified into multiple groups according to their molecular blood signatures, e.g., IFN-I 346 

signature and BAFF signature. These findings may help to explain the failure of drugs 347 

targeting CD20 and IFNα in clinical trials and the diverse efficacy of anti-BAFF treatment 348 

(47,48). In this study, we employed two different lupus models: (1) IMQ-induced lupus, 349 

which is mediated in part by IFN-I production, to mimic patients with SLE and IFN-I 350 

signature and (2) spontaneous C57BL/6Jlpr/lpr mice that exhibit BAFF, but not IFN-I 351 

production to mimic patients with SLE and BAFF signature. We demonstrated that EPA had 352 

beneficial effect in both models. Because EPA is approved for the treatment of 353 

hypertriglyceridemia and is also available as a dietary supplement, our results identify EPA 354 

as a potential universal agent with less toxicity for the treatment of SLE. Indeed, several 355 

clinical studies reported that dietary supplementation of EPA or fish oil may reduce the 356 

disease activity of SLE or prolong the remission period (10). For the next step, it is 357 

interesting to verify the effectiveness of the combination therapy of conventional medicines 358 

and EPA.   359 
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Materials and methods 360 

Resources and Primes for Q-PCR 361 

Information of key resources and primers for Q-PCR used in this study are shown in 362 

supplementary Table S2 and S3. 363 

 364 

Animal studies 365 

Female C57BL/6J+/+ mice and C57BL/6Jlpr/lpr mice were purchased from Japan SLC, and 366 

female FVB/N mice were purchased from CLEA Japan. Eicosapentaenoic acid (EPA) ethyl 367 

ester was provided by Mochida Pharmaceutical. All animals were housed in a 368 

temperature-controlled animal room under 12 h light/12 h dark cycle under pathogen-free 369 

conditions. Mice had ad libitum access to water and diet. 8 week-old C57BL/6Jlpr/lpr mice and 370 

C57BL/6J+/+ mice were fed fish meal−free diet (No. 012, CREA Japan) supplemented with 371 

5% palmitic acid (wt/wt) or 5% EPA (wt/wt) for 16 weeks (Table S1). To induce lupus model, 372 

4 week-old FVB/N mice at were fed fish meal−free diet supplemented with 5% palmitic acid 373 

or EPA for 6 weeks and the mice at 6 to 10 week of age were received a daily topical dose of 374 

25 mg of Beselna cream (5% imiquimod, Mochida Pharmaceutical) or control vaseline on the 375 

right ear 3 times a week. All of the animals were handled according to approved guide for the 376 

care and use of laboratory animals (ILAR Guideline). All animal experiments were approved 377 

by the Committee on the Ethics of Animal Experiments of Nagoya University (No. 20253).  378 

 379 

Flow cytometry 380 

Spleens were digested with 1 mg/mL Collagenase type IV (Worthington) and 40 U/ml DNase 381 

I (Roche Diagnostics) in HBSS (−) at 37 °C for 30 min. Single-cell suspension were 382 

incubated with anti-mouse CD16/32 antibody (BioLegend) to prevent nonspecific binding of 383 

antibodies and stained with fluorescence-conjugated antibodies in 0.5% BSA, 5 mM EDTA 384 

in PBS. The following conjugated antibodies were used for the staining: B220 (RA3-6B2), 385 
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CD23 (B3B4), CD21 (7E9), CD138 (281-2), CD95 (SA367H8), GL7 (GL7), CD3 386 

(145-2C11), CD4 (GK1.5), CD8 (53-6.7), CD11c (N418), MHCII (M5/144.15.2), PDCA 387 

(9.27E+02), CD11b (M1/70), Ly6G (1A8), CD44 (IM7), CD62L (MEL-14), PD-1 388 

(29F.1A12), CD25 (3C7) (BioLegend), Peanut Agglutinin (PNA, Vector Laboratories), and 389 

DAPI (BioLegend). For intracellular staining, cells were incubated with Transcription Factor 390 

Fix/Perm Working Buffer (TONBO Biosciences) at room temperature for 30 min. After 391 

washing twice with Flow Cytometry Perm Buffer (TONBO Biosciences), cells were stained 392 

with APC-conjugated anti-Blimp1 (5E7, BioLegend) or PE-conjugated anti-Foxp3 (3G3, 393 

TONBO Biosciences) at room temperature for 20 min in the dark. After washing, cells were 394 

analyzed on MACSQuant Analyzer (Miltenyi Biotec) and FlowJo software (BD Bioscience). 395 

An example of the gating strategy to B cells, T cells and myeloid cells is shown in Figure S2 396 

and S5. 397 

 398 

Histology 399 

Kidneys were collected and embedded in OCT compound and frozen on dry ice. Three µm 400 

frozen-sections were air-dried, fixed in acetone, blocked with 6% BSA and 4% normal goat 401 

serum in PBS, and stained with FITC-conjugated AffiniPure goat anti-mouse IgG (H+L) 402 

(Jackson ImmunoResearch) and FITC-conjugated goat IgG fraction to mouse complement C3 403 

(MP Biomedicals). Sections were mounted using ProLong Gold Antifade Reagent with DAPI 404 

(Invitrogen). Evaluation of the fluorescence intensity of IgG and C3 was performed by 405 

scoring the intensity of staining for individual glomeruli as 0 (negative), 1 (positive above 406 

background), 2 (positive), and 3 (brightly positive) for at least 10 glomeruli per section. 407 

Spleens were collected and fixed with neutral buffered−formalin and embedded in paraffin. 408 

Five µm–thick sections were stained with hematoxylin and eosin. Images were obtained 409 

using BZ-X700 fluorescence microscope (KEYENCE). 410 

 411 
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Cytokine measurement 412 

Serum levels of total IgG, total IgM (Invitrogen), autoantibodies against nuclear, histone 413 

(Alpha Diagnostic International) and dsDNA (FUJIFILM Wako Shibayagi) and BAFF (R&D 414 

Systems), were measured by ELISA kits. Cell-free culture medium was collected and the 415 

levels of IL12p70 (Invitrogen), IL6 and TNFα (R&D Systems) were measured by ELISA kits. 416 

IFNα/β amount in serum and culture medium was quantified using IFN sensor-B16-Blue 417 

IFNα/β cells (bb-ifnt1, InvivoGen) according to manufacturer’s instruction. Briefly, mouse 418 

serum diluted 1:10 or cell-free culture medium was combined with RPMI 1640 supplemented 419 

10% FBS containing 2 × 104 cells in each well of a 96-well plate and incubated at 37°C with 420 

5% CO2 for 20 to 24 h. B16-Blue IFNα/β cell supernatant was incubated with QUANTI-Blue 421 

(InvivoGen) and secreted embryonic alkaline phosphatase (SEAP) levels were determined 422 

using a spectrophotometer at 620 nm. 423 

 424 

Cell culture 425 

Murine BMDCs were obtained as described previously (14). Bone marrow cells were 426 

obtained from femurs and tibias and 2 × 106 cells were cultured in RPMI 1640 supplemented 427 

with 10% FBS, 15% GM-CSF conditioned medium, 100 U/mL penicillin, 100 mg/mL 428 

streptomycin, 2 mM L-glutamine, 1 mM Sodium pyruvate, 50 µM 2-ME in 10 cm petri dish 429 

for 7 days. BMDCs (1 × 106 cells) were seeded per well in RPMI containing 10% FBS, 100 430 

U/mL penicillin and 100 mg/mL streptomycin in 12-well plate and treated with ethanol, 50 431 

µM palmitate (Sigma, P5585) or 50 µM EPA (Sigma, E6627) with 5 µM BSA overnight. 432 

Cells were then stimulated with 10 ng/ml LPS (Sigma) for 4 or 24 h or 5 ng/ml IFNγ 433 

(PeproTech) for 6 h. APCs, naïve B cells and pan-B cells were isolated using CD11c 434 

MicroBeads UltraPure, B Cell Isolation Kit and Pan B Cell Isolation Kit II (Miltenyi Biotec) 435 

respectively, according to the manufacturer’s instructions. For B cell differentiation assay, 436 

naïve B cells (5 × 104 cells) from spleen were seeded per well in RPMI 1640 containing 10% 437 
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FBS, 100 U/mL penicillin, 100 mg/mL streptomycin and 50 µM 2-ME in 96-well plate and 438 

treated with 1 µg/ml anti-CD40 antibody (HM40-3, BioLegend) and 3 ng/ml recombinant 439 

murine IL4 (PeproTech) in the presence of ethanol, palmitate or EPA with 5 µM BSA for 96 440 

h. Naïve B cells were also co-cultured with CD11c+ cells from spleen and stimulated with 1 441 

µg/ml anti-CD40 antibody and 1 µg/ml R848 (AdipoGen) in the presence of ethanol or 50 442 

µM EPA with 5 µM BSA for 96 h.  443 

 444 

Gene expression 445 

Total RNA was isolated from cells and tissues with Sepazol (Nacalai Tesque) according to 446 

the manufacturer’s instruction. Five hundred ng of total RNA was used for cDNA synthesis, 447 

and gene expression was quantified by real-time PCR using SYBR Green and StepOne Plus 448 

Instrument (Applied Biosystems). Gene expression levels were normalized to 36B4. Primer 449 

sequences are listed in Table S1. 450 

 451 

Lipid analysis by gas chromatography/mass spectrometry (GC/MS) 452 

Cells were snap frozen in liquid nitrogen and subsequently subjected to Folch lipid extraction 453 

(FOLCH et al., 1957). Nonadecanoic acid (1 µg for each sample, C19:0, Matreya) was used 454 

as internal control. The organic phases were evaporated to give the residues and dissolved in 455 

dehydrated hexane (100 µl). To transesterified phospholipids and triglycerides, sodium 456 

methoxide (0.5 M in dehydrated methanol) was added to the sample, and the solutions were 457 

incubated for 30 min at 45°C. Then, 1 M hydrochloric acid, distilled water and hexane were 458 

added to the sample solutions and mixed. The organic phase was evaporated to give the 459 

residues, dissolved in the mixture of dehydrated methanol and toluene. The extracted fatty 460 

acids were methylated with trimethylsilyldiazomethane (10% in hexane) at 50°C for 1 h. 461 

After evaporation, the residues were dissolved in dehydrated hexane and subjected to GC/MS 462 

analysis. GC/MS analyses were performed on a GCMS-QP2020 (Shimadzu) using BPX-70 463 
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column (0.25 µm phase thickness, 0.22 µm internal diameter, 30 m length, SGE) and helium 464 

as a carrier gas. The oven temperature was initially held at 50 °C for 1 min, increased to 465 

150°C at a rate of 15°C/min, further increased to 230°C at a rate of 4°C/min, and finally held 466 

at 230°C for 2 min. The measurements were performed in the selected-ion monitoring (SIM) 467 

mode. The ions used for the quantification were as follows: C16:0 (14.51 min) m/z = 74, 468 

C18:1 (17.74 min) m/z = 69, C19:0 (18.59 min) m/z = 74, C20:4 (22.60 min) m/z = 79, C20:5 469 

(23.74 min) m/z = 74, and C22:6 (26.97 min) m/z = 79. 470 

 471 

Lipid analysis by ultra high performance liquid chromatography-triple time-of-flight 472 

mass spectrometry (UHPLC-triple-TOF/MS) 473 

Cells were snap frozen in liquid nitrogen and subsequently subjected to lipid extraction with 474 

200 µl of Ultrapure water (FUJI Film Wako), 200 µl of methanol (FUJI Film Wako), 400 µl 475 

of dichloromethane (FUJI Film Wako) and 20 µl internal standard solution mixture (10 µl of 476 

mouse SPLASH LIPIDOMIX mass spec Internal standard (Avanti) and 10 µl of 100 µM 477 

13C16-palmitic acid was dissolved in acetonitrile). The mixture was centrifuged at 20,000 × g 478 

for 10 min, and the organic phase was collected. The remaining precipitate and aqueous 479 

phase were then mixed with 400 µl of dichloromethane, and the resulting mixture was 480 

centrifuged at 20,000 × g for 5 min to give the organic phase. The combined organic phases 481 

were then evaporated to give the residues and dissolved in a solution consisting of 100 µL of 482 

a mixture of isopropyl alcohol/acetonitrile/water (2:1:1, v/v/v). UHPLC-Triple TOF/MS 483 

analyses were performed on a Shimadzu UHPLC Nexera X2 system (Shimadzu) using a 484 

TSKgel ODS-120H column (1.9 µm, 100 mm × 2.0 mm, TOSOH) and a Triple TOF 5600+ 485 

(SCIEX) with an electrospray ionization device running in the positive and negative ion 486 

mode. The autosampler injection volume was set to 10 mL and the eluent flow rate to 0.4 487 

mL/min. Mobile phase A consisted of a 0.1% (v/v) solution of formic acid and 10 mM 488 

ammonium formate in acetonitrile/water (60/40, v/v), and mobile phase B consisted of a 0.1% 489 
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(v/v) solution of formic acid and 10 mM ammonium formate in isopropyl alcohol/acetonitrile 490 

(90/10, v/v). The linear gradient conditions were as follows: 40% B at 0 min, 43% B at 3 min, 491 

55% B at 15 min, 99% B at 25 min, 99% B at 27 min and 40% B at 27.01 min, followed by a 492 

2.99 min equilibration time. The detector conditions were as follows: ion spray voltage at 493 

5500 V, source temperature of 350°C, ion source gas 1, 60 psi, ion source gas 2, 60 psi, 494 

declustering potential, 80 V and collision energies of 45 V, collision energy spread, 15 V. 495 

Nitrogen was used as the collision gas. The raw data “mzXML” was used to convert to “abf ” 496 

format with the ABF converter. The MS DIAL equipped with FiehnLib24 was used for raw 497 

peaks exaction, peak alignment, deconvolution analysis and identification. 498 

 499 

Membrane dynamics 500 

Membrane dynamics was analyzed as described (49). Briefly, Ba/F3 cells were treated with 501 

100 µM palmitate in RPMI1640 containing 10% FBS and 0.05% IL3 conditioned medium for 502 

8 h. Cells were collected then 6 × 104 cells were plated onto 9.5 mm multi glass-bottom 503 

dishes in RPMI1640 containing 10% FBS 0.05% IL3 conditioned medium with 100 µM 504 

palmitate or 100 µM EPA and incubated for overnight. Cells were incubated with 10 µM 505 

Laurdan (6-dodecanoyl-2-dimethylaminonaphthalene; Invitrogen) at 37 ̊C for 30 min. 506 

Spectral data were obtained with FV1000-D IX81 confocal laser scanning microscope 507 

(Olympus) at excitation 405 nm. The emission signal was collected in two bands: 430–455 508 

nm and 490–540 nm. Spectral data were processed by the SimFCS software (Laboratory for 509 

Fluorescence Dynamics). GP value of each pixel was used to generate the pseudocolored GP 510 

image.  511 

 512 

Statistical analysis 513 

Data were analyzed using Prism Version 9 software (GraphPad). For data with two groups, 514 

unpaired t-tests were performed as homogeneity of variance and normality were confirmed. 515 
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The data were analyzed by one-way analysis of variance (ANOVA) followed by the post hoc 516 

Tukey-Kramer’s multiple comparison test for the comparison among 3 or more groups if 517 

homogeneity of variance and normality were confirmed, or Kruskal-Wallis test followed by 518 

post hoc Dunn's multiple comparison test if not confirmed. Data are presented as the mean ± 519 

SEM. p < 0.05 was considered statistically significant. 520 

 521 

   522 
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Figure Legends 555 

 556 

FIGURE 1 | EPA supplementation attenuates autoimmunity in imiquimod (IMQ)-induced 557 

lupus mice. (A) Experimental protocol. Four week-old FVB/N mice were fed chow diet 558 

supplemented with 5% (wt/wt) palmitate (Pal) or eicosapentaenoic acid (EPA) for 6 weeks. 559 

To induce lupus, the mice received IMQ or vehicle (Veh) treatment 3 times a week during the 560 

last 4 weeks. (B and C) Serum levels of fatty acid (B), triglyceride (TG) (C, top) and total 561 

cholesterol (C, bottom). (D) Immunostaining of FITC-labeled anti-mouse IgG or C3 in 562 

kidney (left) and quantification of IgG and C3 deposition (right). Original magnification: × 563 

400, Scale bars represent 50 µm. (E) Serum levels of anti-nuclear antibodies (ANA), 564 

anti-dsDNA antibodies, anti-histone antibodies, total IgG and IgM. (F) Serum IFNα/β levels. 565 

(G) H&E staining of spleen sections (left) and quantification of white pulp (WP) area in 566 

whole spleen area (right). Veh + Pal, n = 8; IMQ + Pal, n = 8; IMQ + EPA, n = 9. Data 567 

shown are mean value ± SEM of representative experiments at least three times 568 

independently. Statistical analysis was performed with Dunn’s test (E: IgM) or Tukey’s test 569 

(if not otherwise stated). *p < 0.05; **p < 0.01; ns, not significant. See also Figure S1. 570 

 571 

FIGURE 2 | EPA reduces plasma cell counts in spleen of IMQ-induced lupus mice. 572 

Immunophenotyping of spleen from Veh-treated mice fed Pal-supplemented diet, 573 

IMQ-treated mice fed Pal-supplemented diet, and IMQ-treated mice fed EPA-supplemented 574 

diet by flow cytometry. Gating strategy is available in Figure S2. (A and B) Representative 575 

flow cytometry plots (left), percentages (right, top) and cell counts (right, bottom) of CD4
+
 T 576 

cell subsets in total spleen cells. Total CD3
+
CD4

+ 
T cells, CD4

+
CD62L

+
CD44

−
 naïve T cells 577 

and CD4
+
CD62L

−
CD44

+
 effector T cells (Teff) (A), CD4

+
CD25

+
Foxp3

+ 
regulatory T cells 578 

(Treg) and CD4
+
PD-1

+
CXCR5

+ 
follicular helper T cells (Tfh) (B) were analyzed. (C) 579 

Representative flow cytometry plots (left), percentages (right, top) and cell counts (right, 580 
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bottom) of B220
+
 B cell subsets in total spleen cells. Total B220

+
 B cells, 581 

B220
+
CD23

+
CD21

lo 
follicular B cells (FOB), B220

+
CD23

−
CD21

hi 
marginal zone B cells 582 

(MZB) were analyzed. (D) Representative flow cytometry plots (left), percentages (right, top) 583 

and cell counts (right, bottom) of B cell subsets in total spleen cells. B220
+
GL7

+
CD95

+ 
584 

germinal center B cells (GCB) and B220
lo

CD138
+ 

plasma cells (Plasma) were analyzed. Veh 585 

+ Pal, n = 8; IMQ + Pal, n = 8; IMQ + EPA, n = 9. Data shown are mean value ± SEM of 586 

representative experiments at least three times independently. Statistical analysis was 587 

performed with Dunn’s test (A: Teff) or Tukey’s test (if not otherwise stated). *p < 0.05; **p 588 

< 0.01; ns, not significant. See also Figure S2 and S3. 589 

 590 

FIGURE 3 | EPA supplementation ameliorates autoimmunity in C57BL/6J
lpr/lpr

 spontaneous 591 

lupus mice. (A) Experimental protocol. Eight week-old control C57BL/6J
+/+

 and 592 

C57BL/6J
lpr/lpr

 mice were fed CE-2 diet supplemented with 5% (wt/wt) Pal or EPA for 16 593 

weeks. (B) Serum TG and total cholesterol levels. (C) Immunostaining of FITC-labeled 594 

anti-mouse IgG or C3 in kidney (left) and quantification of IgG and C3 deposition (right). 595 

Original magnification: × 400, Scale bars represent 50 µm. (D) Serum levels of ANA, B cell 596 

activating factor (BAFF), total IgG and IgM. (E) H&E staining of spleen sections (left) and 597 

quantification of WP area in whole spleen area (right). B6
+/+

 + Pal, n = 9; B6
lpr/lpr

 + Pal, n = 598 

7; B6
lpr/lpr

 + EPA, n = 8. Data shown are mean value ± SEM of representative experiments at 599 

least twice independently. Statistical analysis was performed with Dunn’s test (B, D: IgG) or 600 

Tukey’s test (if not otherwise stated). *p < 0.05; **p < 0.01; ns, not significant. See also 601 

Figure S4. 602 

 603 

FIGURE 4 | EPA reduces plasma cells in spleen of spontaneous lupus mice. 604 

Immunophenotyping of spleen from B6
+/+

 mice fed Pal-supplemented diet, B6
lpr/lpr 

mice fed 605 

Pal-supplemented diet, and B6
lpr/lpr 

mice fed EPA-supplemented diet by flow cytometry. 606 
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Gating strategy is available in Figure S5. (A) Percentages (top) and cell counts (bottom) of 607 

CD3
+
B220

+
CD4

−
CD8

− 
double negative T cells (DNT) in total spleen cells. (B) Percentages 608 

(top) and cell counts (bottom) of CD4
+
 T cell subsets in total spleen cells. 609 

CD4
+
CD25

+
Foxp3

+ 
regulatory T cells (Treg) and CD4

+
PD-1

+
CXCR5

+ 
follicular helper T 610 

cells (Tfh) were analyzed. (C) Representative flow cytometry plots (left), percentages (right, 611 

top) and cell counts (right, bottom) of B220
+
 B cell subsets in total spleen cells. Total 612 

B220
+
CD3

-
 B cells, B220

+
CD23

+
CD21

lo 
follicular B cells (FOB), B220

+
CD23

−
CD21

hi 
613 

marginal zone B cells (MZB) were analyzed. (D) Representative flow cytometry plots (left), 614 

percentages (right, top) and cell counts (right, bottom) of B cell subsets in total spleen cells. 615 

B220
+
GL7

+
CD95

+ 
germinal center B cells (GCB) and B220

lo
CD138

+ 
plasma cells (Plasma) 616 

were analyzed. B6
+/+

 + Pal, n = 9 ; B6
lpr/lpr

 + Pal, n = 7 ; B6
lpr/lpr

 + EPA, n = 8. Data shown 617 

are mean value ± SEM of representative experiments at least twice independently. Statistical 618 

analysis was performed with Dunn’s test (D: GCB) or Tukey’s test (if not otherwise stated). 619 

*p < 0.05; **p < 0.01; ns, not significant. See also Figure S5 and S6. 620 

 621 

FIGURE 5 | EPA suppresses inflammatory cytokine production in CD11c
+
 dendritic cells. 622 

(A and B) Gene expression (A) and cytokine levels in culture medium (B). Bone marrow 623 

cells from B6
+/+

 mice were differentiated to dendritic cells. Bone marrow–derived dendritic 624 

cells (BMDCs) were treated with ethanol (Veh), Pal (50 µM) or EPA (50 µM) for overnight, 625 

followed by stimulation with PBS (Veh), LPS (10 ng/ml) or R848 (1 µg/ml) for 4 h. (C) 626 

Gene expression of Baff. BMDCs were treated with ethanol (Veh) or EPA (50 µM) for 627 

overnight, followed by stimulation with recombinant murine IFNγ (5 ng/ml) for 6 h. (D) 628 

Experimental protocol (left), representative flow cytometry plots (middle), and percentages 629 

and cell counts of CD138
+
B220

lo
 plasma cells in live cells (right) analyzed by flow cytometry. 630 

Naïve B cells and CD11c
+
 cells isolated from B6

+/+ 
spleen were co-cultured at indicated cell 631 

numbers in the presence of CD40L (1 µg/ml) and R848 (1 µg/ml) for 96 h. n = 4 per group. 632 
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Data shown are mean value ± SEM of representative experiments at least three times 633 

independently. Statistical analysis was performed with Turkey’s test (A-C) and unpaired 634 

Student’s t test (D). *p < 0.05; **p < 0.01; ns, not significant.  635 

 636 

FIGURE 6 | EPA directly inhibits plasma cell differentiation. (A) Experimental protocol. 637 

Naïve B cells isolated from B6
+/+

 spleen were stimulated with CD40L (1 µg/ml) and 638 

recombinant murine interleukin-4 (IL4, 3 ng/ml) in the presence of ethanol (Veh), Pal (~50 639 

µM) or EPA (~50 µM) for 96 h. (B) Representative flow cytometry plots (top) and 640 

percentages of CD138
+
B220

lo
 plasma cells (bottom, left) and live cells (bottom, right) 641 

analyzed by flow cytometry. (C) Gene expression of B cell markers. (D) Representative 642 

histogram (left) and mean fluorescence intensity (MFI, right) of Blimp1 in live cells. n = 4 643 

per group. Data shown are mean value ± SEM of representative experiments at least three 644 

times independently. Statistical analysis was performed with Tukey’s test. *p < 0.05; **p < 645 

0.01; ns, not significant.  646 

 647 

FIGURE 7 | EPA modulates lipid composition and dynamics of cellular membrane in B cells. 648 

(A) GS-MS analysis of total fatty acid in pan-B cells of spleen from Veh-treated mice fed 649 

Pal-supplemented diet, IMQ-treated mice fed Pal-supplemented diet, and IMQ-treated mice 650 

fed EPA-supplemented diet (left) and naïve B cells isolated from B6
+/+

 spleen stimulated 651 

with CD40L (1 µg/ml) and rIL4 (3 ng/ml) in the presence of ethanol (Veh), indicated Pal (50 652 

µM) or EPA (50 µM) overnight (right). (B and C) LC-MS/MS analysis of 653 

phosphatidylcholine (PC) species (B, top), phosphatidylethanolamine (PE) species (B, 654 

bottom), free fatty acid (C, left) and free cholesterol (C, right) in pan-B cells of spleen from 655 

Veh-treated mice fed Pal-supplemented diet, IMQ-treated mice fed Pal-supplemented diet, 656 

and IMQ-treated mice fed EPA-supplemented diet. (D) Laurdan general polarization (GP) 657 

images of Ba/F3 cells (left) and quantified GP value of whole cells (right). Ba/F3 cells were 658 
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treated with Pal (100 µM) 8 h then replaced by medium containing of Pal (100 µM) or EPA 659 

(100 µM) and incubated overnight. The GP value of each pixel was used to pseudocolor. 660 

Higher GP value indicates more ordered and less dynamic membrane. Original 661 

magnification: × 600, Scale bars represent 5 µm. n = 4 per group. Data shown are mean value 662 

± SEM. Statistical analysis was performed with Dunn’s test (A (left): 20:5, B (top): 16:0/20:4, 663 

18:0/18:2, 18:1/18:1, C: 20:4), unpaired Student’s t test (D) or Tukey’s test (if not otherwise 664 

stated). *p < 0.05; **p < 0.01; ns, not significant; N.D., not detected.  665 

 666 

Figure 8 | Graphical abstract. Systemic lupus erythematosus (SLE) is a chronic systemic 667 

autoimmune disease that is characterized by autoantibody-producing plasma cell 668 

differentiation, autoantibody production and immunocomplex deposition in kidney. 669 

Production of IFN-I and/or BAFF by antigen-presenting cells (APCs) have been linked to 670 

autoantibody production and the pathogenesis of SLE (left). Dietary EPA supplementation 671 

ameliorated representative SLE manifestations. EPA suppresses the production of IFN-I and 672 

BAFF by APCs. In addition, EPA remodels the lipid composition and increases membrane 673 

fluidity in B cells, thereby preventing the signal for plasma cell differentiation (right). This 674 

study highlights a mechanism by which cellular fatty acids regulates the B cell function in the 675 

context of systemic autoimmunity. 676 

  677 

In review



References 678 

 679 

1. Tsokos GC. Autoimmunity and organ damage in systemic lupus erythematosus. Nat 680 

Immunol (2020) 21:605–614. doi:10.1038/s41590-020-0677-6 681 

2. Lee YH, Choi SJ, Ji JD, Song GG. Overall and cause-specific mortality in systemic lupus 682 

erythematosus: an updated meta-analysis. Lupus (2015) 25:727–734. 683 

doi:10.1177/0961203315627202 684 

3. Urowitz MB, Gladman D, Ibañez D, Fortin P, Sanchez-Guerrero J, Bae S, Clarke A, 685 

Bernatsky S, Gordon C, Hanly J, et al. Clinical manifestations and coronary artery disease 686 

risk factors at diagnosis of systemic lupus erythematosus: data from an international 687 

inception cohort. Lupus (2007) 16:731–735. doi:10.1177/0961203307081113 688 

4. Raj T, Rothamel K, Mostafavi S, Ye C, Lee MN, Replogle JM, Feng T, Lee M, Asinovski 689 

N, Frohlich I, et al. Polarization of the Effects of Autoimmune and Neurodegenerative 690 

Risk Alleles in Leukocytes. Science (2014) 344:519–523. doi:10.1126/science.1249547 691 

5. Jeon J-Y, Nam J-Y, Kim H-A, Park Y-B, Bae S-C, Suh C-H. Liver X receptors alpha gene 692 

(NR1H3) promoter polymorphisms are associated with systemic lupus erythematosus in 693 

Koreans. Arthritis Res Ther (2014) 16:R112. doi:10.1186/ar4563 694 

6. Al-Rayes H, Huraib G, Julkhuf S, Arfin M, Tariq M, Al-Asmari A. Apolipoprotein E Gene 695 

Polymorphisms in Saudi Patients with Systemic Lupus Erythematosus. Clin Medicine 696 

Insights Arthritis Musculoskelet Disord (2016) 9:81–87. doi:10.4137/cmamd.s38090 697 

7. Saini RK, Keum Y-S. Omega-3 and omega-6 polyunsaturated fatty acids: Dietary sources, 698 

metabolism, and significance — A review. Life Sci (2018) 203:255–267. 699 

doi:10.1016/j.lfs.2018.04.049 700 

8. Calder PC. Omega‐3 polyunsaturated fatty acids and inflammatory processes: nutrition or 701 

pharmacology? Brit J Clin Pharmaco (2013) 75:645–662. 702 

doi:10.1111/j.1365-2125.2012.04374.x 703 

In review



9. Gutiérrez S, Svahn SL, Johansson ME. Effects of Omega-3 Fatty Acids on Immune Cells. 704 

Int J Mol Sci (2019) 20:5028. doi:10.3390/ijms20205028 705 

10. Li X, Bi X, Wang S, Zhang Z, Li F, Zhao AZ. Therapeutic Potential of ω-3 706 

Polyunsaturated Fatty Acids in Human Autoimmune Diseases. Front Immunol (2019) 707 

10:2241. doi:10.3389/fimmu.2019.02241 708 

11. Halade GV, Williams PJ, Veigas JM, Barnes JL, Fernandes G. Concentrated fish oil 709 

(Lovaza®) extends lifespan and attenuates kidney disease in lupus-prone short-lived 710 

(NZBxNZW)F1 mice. Exp Biol Med (2013) 238:610–622. 711 

doi:10.1177/1535370213489485 712 

12. Bensinger SJ, Bradley MN, Joseph SB, Zelcer N, Janssen EM, Hausner MA, Shih R, 713 

Parks JS, Edwards PA, Jamieson BD, et al. LXR Signaling Couples Sterol Metabolism to 714 

Proliferation in the Acquired Immune Response. Cell (2008) 134:97–111. 715 

doi:10.1016/j.cell.2008.04.052 716 

13. Sorci-Thomas MG, Thomas MJ. High Density Lipoprotein Biogenesis, Cholesterol 717 

Efflux, and Immune Cell Function. Arteriosclerosis Thrombosis Vasc Biology (2012) 718 

32:2561–2565. doi:10.1161/atvbaha.112.300135 719 

14. Ito A, Hong C, Oka K, Salazar JV, Diehl C, Witztum JL, Diaz M, Castrillo A, Bensinger 720 

SJ, Chan L, et al. Cholesterol Accumulation in CD11c+ Immune Cells Is a Causal and 721 

Targetable Factor in Autoimmune Disease. Immunity (2016) 45:1311–1326. 722 

doi:10.1016/j.immuni.2016.11.008 723 

15. Westerterp M, Gautier EL, Ganda A, Molusky MM, Wang W, Fotakis P, Wang N, 724 

Randolph GJ, D’Agati VD, Yvan-Charvet L, et al. Cholesterol Accumulation in Dendritic 725 

Cells Links the Inflammasome to Acquired Immunity. Cell Metab (2017) 25:1294-1304.e6. 726 

doi:10.1016/j.cmet.2017.04.005 727 

16. A-Gonzalez N, Bensinger SJ, Hong C, Beceiro S, Bradley MN, Zelcer N, Deniz J, 728 

Ramirez C, Díaz M, Gallardo G, et al. Apoptotic Cells Promote Their Own Clearance and 729 

In review



Immune Tolerance through Activation of the Nuclear Receptor LXR. Immunity (2009) 730 

31:245–258. doi:10.1016/j.immuni.2009.06.018 731 

17. Wang B, Tontonoz P. Liver X receptors in lipid signalling and membrane homeostasis. 732 

Nat Rev Endocrinol (2018) 14:452–463. doi:10.1038/s41574-018-0037-x 733 

18. Ito A, Hong C, Rong X, Zhu X, Tarling EJ, Hedde PN, Gratton E, Parks J, Tontonoz P. 734 

LXRs link metabolism to inflammation through Abca1-dependent regulation of membrane 735 

composition and TLR signaling. Elife (2015) 4:e08009. doi:10.7554/elife.08009 736 

19. Rong X, Albert CJ, Hong C, Duerr MA, Chamberlain BT, Tarling EJ, Ito A, Gao J, Wang 737 

B, Edwards PA, et al. LXRs Regulate ER Stress and Inflammation through Dynamic 738 

Modulation of Membrane Phospholipid Composition. Cell Metab (2013) 18:685–697. 739 

doi:10.1016/j.cmet.2013.10.002 740 

20. Naoe S, Tsugawa H, Takahashi M, Ikeda K, Arita M. Characterization of Lipid Profiles 741 

after Dietary Intake of Polyunsaturated Fatty Acids Using Integrated Untargeted and 742 

Targeted Lipidomics. Metabolites (2019) 9:241. doi:10.3390/metabo9100241 743 

21. Bertrand C, Pignalosa A, Wanecq E, Rancoule C, Batut A, Deleruyelle S, Lionetti L, 744 

Valet P, Castan-Laurell I. Effects of Dietary Eicosapentaenoic Acid (EPA) 745 

Supplementation in High-Fat Fed Mice on Lipid Metabolism and Apelin/APJ System in 746 

Skeletal Muscle. Plos One (2013) 8:e78874. doi:10.1371/journal.pone.0078874 747 

22. Yokogawa M, Takaishi M, Nakajima K, Kamijima R, Fujimoto C, Kataoka S, Terada Y, 748 

Sano S. Epicutaneous Application of Toll‐like Receptor 7 Agonists Leads to Systemic 749 

Autoimmunity in Wild‐Type Mice: A New Model of Systemic Lupus Erythematosus. 750 

Arthritis Rheumatol (2014) 66:694–706. doi:10.1002/art.38298 751 

23. Perry D, Sang A, Yin Y, Zheng Y-Y, Morel L. Murine Models of Systemic Lupus 752 

Erythematosus. J Biomed Biotechnol (2011) 2011:271694. doi:10.1155/2011/271694 753 

24. Alexander JJ, Jacob A, Chang A, Quigg RJ, Jarvis JN. Double negative T cells, a 754 

potential biomarker for systemic lupus erythematosus. Precis Clin Medicine (2020) 3:34–755 

In review



43. doi:10.1093/pcmedi/pbaa001 756 

25. Draper E, Reynolds CM, Canavan M, Mills KH, Loscher CE, Roche HM. Omega-3 fatty 757 

acids attenuate dendritic cell function via NF-κB independent of PPARγ. J Nutritional 758 

Biochem (2011) 22:784–790. doi:10.1016/j.jnutbio.2010.06.009 759 

26. Teague H, Fhaner CJ, Harris M, Duriancik DM, Reid GE, Shaikh SR. n-3 PUFAs 760 

enhance the frequency of murine B-cell subsets and restore the impairment of antibody 761 

production to a T-independent antigen in obesity. J Lipid Res (2013) 54:3130–3138. 762 

doi:10.1194/jlr.m042457 763 

27. Rockett BD, Salameh M, Carraway K, Morrison K, Shaikh SR. n-3 PUFA improves fatty 764 

acid composition, prevents palmitate-induced apoptosis, and differentially modifies B cell 765 

cytokine secretion in vitro and ex vivo. J Lipid Res (2010) 51:1284–1297. 766 

doi:10.1194/jlr.m000851 767 

28. Luo J, Niu X, Liu H, Zhang M, Chen M, Deng S. Up-regulation of transcription factor 768 

Blimp1 in systemic lupus erythematosus. Mol Immunol (2013) 56:574–582. 769 

doi:10.1016/j.molimm.2013.05.241 770 

29. Rong X, Wang B, Palladino END, Vallim TQ de A, Ford DA, Tontonoz P. ER 771 

phospholipid composition modulates lipogenesis during feeding and in obesity. J Clin 772 

Invest (2017) 127:3640–3651. doi:10.1172/jci93616 773 

30. Levental KR, Malmberg E, Symons JL, Fan Y-Y, Chapkin RS, Ernst R, Levental I. 774 

Lipidomic and biophysical homeostasis of mammalian membranes counteracts dietary 775 

lipid perturbations to maintain cellular fitness. Nat Commun (2020) 11:1339. 776 

doi:10.1038/s41467-020-15203-1 777 

31. Neubert K, Meister S, Moser K, Weisel F, Maseda D, Amann K, Wiethe C, Winkler TH, 778 

Kalden JR, Manz RA, et al. The proteasome inhibitor bortezomib depletes plasma cells 779 

and protects mice with lupus-like disease from nephritis. Nat Med (2008) 14:748–755. 780 

doi:10.1038/nm1763 781 

In review



32. Khodadadi L, Cheng Q, Alexander T, Sercan-Alp Ö, Klotsche J, Radbruch A, Hiepe F, 782 

Hoyer BF, Taddeo A. Bortezomib Plus Continuous B Cell Depletion Results in Sustained 783 

Plasma Cell Depletion and Amelioration of Lupus Nephritis in NZB/W F1 Mice. Plos One 784 

(2015) 10:e0135081. doi:10.1371/journal.pone.0135081 785 

33. Ichikawa HT, Conley T, Muchamuel T, Jiang J, Lee S, Owen T, Barnard J, Nevarez S, 786 

Goldman BI, Kirk CJ, et al. Beneficial effect of novel proteasome inhibitors in murine 787 

lupus via dual inhibition of type I interferon and autoantibody‐secreting cells. Arthritis 788 

Rheumatism (2012) 64:493–503. doi:10.1002/art.33333 789 

34. Cheng Q, Mumtaz IM, Khodadadi L, Radbruch A, Hoyer BF, Hiepe F. Autoantibodies 790 

from long-lived ‘memory’ plasma cells of NZB/W mice drive immune complex nephritis. 791 

Ann Rheum Dis (2013) 72:2011. doi:10.1136/annrheumdis-2013-203455 792 

35. Calder PC. The relationship between the fatty acid composition of immune cells and their 793 

function. Prostaglandins Leukot Essent Fat Acids (2008) 79:101–108. 794 

doi:10.1016/j.plefa.2008.09.016 795 

36. Rockett BD, Franklin A, Harris M, Teague H, Rockett A, Shaikh SR. Membrane Raft 796 

Organization Is More Sensitive to Disruption by (n-3) PUFA Than Nonraft Organization 797 

in EL4 and B Cells. J Nutrition (2011) 141:1041–1048. doi:10.3945/jn.111.138750 798 

37. Shapiro-Shelef M, Calame K. Regulation of plasma-cell development. Nat Rev Immunol 799 

(2005) 5:230–242. doi:10.1038/nri1572 800 

38. d’Arbonneau F, Pers J, Devauchelle V, Pennec Y, Saraux A, Youinou P. BAFF‐induced 801 

changes in B cell antigen receptor–containing lipid rafts in Sjögren’s syndrome. Arthritis 802 

Rheumatism (2006) 54:115–126. doi:10.1002/art.21478 803 

39. Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, Li P, Lu WJ, Watkins SM, 804 

Olefsky JM. GPR120 Is an Omega-3 Fatty Acid Receptor Mediating Potent 805 

Anti-inflammatory and Insulin-Sensitizing Effects. Cell (2010) 142:687–698. 806 

doi:10.1016/j.cell.2010.07.041 807 

In review



40. Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology. Nature 808 

(2014) 510:92–101. doi:10.1038/nature13479 809 

41. Ramon S, Baker SF, Sahler JM, Kim N, Feldsott EA, Serhan CN, Martínez-Sobrido L, 810 

Topham DJ, Phipps RP. The Specialized Proresolving Mediator 17-HDHA Enhances the 811 

Antibody-Mediated Immune Response against Influenza Virus: A New Class of Adjuvant? 812 

J Immunol (2014) 193:6031–6040. doi:10.4049/jimmunol.1302795 813 

42. Malkiel S, Barlev AN, Atisha-Fregoso Y, Suurmond J, Diamond B. Plasma Cell 814 

Differentiation Pathways in Systemic Lupus Erythematosus. Front Immunol (2018) 9:427. 815 

doi:10.3389/fimmu.2018.00427 816 

43. Hirahashi J, Kawahata K, Arita M, Iwamoto R, Hishikawa K, Honda M, Hamasaki Y, 817 

Tanaka M, Okubo K, Kurosawa M, et al. Immunomodulation with eicosapentaenoic acid 818 

supports the treatment of autoimmune small-vessel vasculitis. Sci Rep-uk (2014) 4:6406. 819 

doi:10.1038/srep06406 820 

44. Crevel RWR, Friend JV, Goodwin BFJ, Parish WE. High-fat diets and the immune 821 

response of C57 BI mice. Brit J Nutr (1992) 67:17–26. doi:10.1079/bjn19920005 822 

45. Byleveld PM, Pang GT, Clancy RL, Roberts DCK. Fish Oil Feeding Delays Influenza 823 

Virus Clearance and Impairs Production of Interferon-γ and Virus-Specific 824 

Immunoglobulin A in the Lungs of Mice. J Nutrition (1999) 129:328–335. 825 

doi:10.1093/jn/129.2.328 826 

46. Hinojosa CA, Gonzalez-Juarbe N, Rahman MM, Fernandes G, Orihuela CJ, Restrepo MI. 827 

Omega-3 fatty acids in contrast to omega-6 protect against pneumococcal pneumonia. 828 

Microb Pathogenesis (2020) 141:103979. doi:10.1016/j.micpath.2020.103979 829 

47. Banchereau R, Hong S, Cantarel B, Baldwin N, Baisch J, Edens M, Cepika A-M, Acs P, 830 

Turner J, Anguiano E, et al. Personalized Immunomonitoring Uncovers Molecular 831 

Networks that Stratify Lupus Patients. Cell (2016) 165:551–565. 832 

doi:10.1016/j.cell.2016.03.008 833 

In review



48. Toro‐Domínguez D, Martorell‐Marugán J, Goldman D, Petri M, Carmona‐Sáez P, 834 

Alarcón‐Riquelme ME. Stratification of Systemic Lupus Erythematosus Patients Into 835 

Three Groups of Disease Activity Progression According to Longitudinal Gene Expression. 836 

Arthritis Rheumatol (2018) 70:2025–2035. doi:10.1002/art.40653 837 

49. Golfetto O, Hinde E, Gratton E. Laurdan Fluorescence Lifetime Discriminates 838 

Cholesterol Content from Changes in Fluidity in Living Cell Membranes. Biophys J 839 

(2013) 104:1238–1247. doi:10.1016/j.bpj.2012.12.057 840 

  841 

  842 

In review



Figure 1.TIF

In review



Figure 2.TIF

In review



Figure 3.TIF

In review



Figure 4.TIF

In review



Figure 5.TIF

In review



Figure 6.TIF

In review



Figure 7.TIF

In review



Figure 8.TIF

In review


