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Abstract

Background: Lupus nephritis (LN) is one of the most serious manifestations of systemic

lupus erythematosus (SLE) and accounts for significant mortality and morbidity. Previous

research has demonstrated that macrophage migration inhibitory factor (MIF) is involved

in the pathogenesis of lupus nephritis, but the detailed mechanism is not elucidated. The

aim of this study was to explore the pathogenesis of MIF in lupus nephritis with the

pristane- induced mouse model of SLE.

Methods: Mif-/- mice and Wild type mice in the C57BL/6 (B6) background were used to

induce Lupus model by pristane. 24 hour urine and sera were collected in the sixth month

and mice were sacrificed to harvest tissues. Serum ANA, anti- dsDNA antibodies, C3,

urinary creatinine and albumin were detected by ELISA. Related inflammatory cytokines

were detected by Bio-Plex Pro™ assays and ELISA. CYR61 mRNA expression was

detected by RT-qPCR and CYR61 protein expression was detected by Western blot.

Immunofluorescence was used to detect the expression of MIF, ICs and C3 deposition

and related cytokines expression in the kidneys. Immunohistochemical staining was used

to detect macrophage infiltration and periodic acid- Schiff (PAS) staining were used for
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kidney histology. The Mann-Whitney test and Student’s t test were used to compare

multiple group differences. Correlations were analyzed by Pearson correlation.

Results: Mif-/- mice with pristane- induced SLE have less inflammatory cytokines

expression in sera. The Mif-/- mice have reduced renal injury, less macrophage infiltration,

CYR61 and inflammatory cytokines expression in the kidneys. MIF induced the

expression of CYR61, which can induce the expression of IL- 1β, IL- 6 and MCP- 1 in bone

marrow- derived macrophages (BMDM) in a cell- based assay.

Conclusions: The results suggest that MIF plays an important role in kidney injury by

inducing macrophages infiltration and inflammatory cytokines expression in situ. Our

findings support the pathogenic contribution of high expression MIF alleles in SLE and

suggest that MIF antagonism might offer an effective therapeutic option in lupus nephritis.

1. Introduction

Systemic lupus erythematosus (SLE) is a prototypic autoimmune disease characterized

by autoantibodies directed against nuclear antigens and chronic inflammation affecting

multiple organs [1,2]. The kidney is one of the most common organs involved in SLE and

lupus nephritis affects more than 60% SLE patients, leading to deleterious clinical

outcomes [3,4]. Although supportive care and new therapeutic advances have improved

the prognosis of SLE, both end- stage renal disease and overall mortality remain

excessive [5,6].

Numerous studies have revealed that the immunoregulatory cytokine MIF participates in

the pathogenesis of SLE with respect to both disease initiation and progression [7]. MIF

expression is increased in SLE patients and positively correlates with disease activity [8].

MIF is overexpressed in lupus- prone mice and renal injury is alleviated in Mif-/- MRL/lpr

mice [9]. Furthermore, MIF antagonism can reduce glomerular injury by reducing the

expression of inflammatory cytokines TNF- α, IL- 1β and CCL2 in lupus- prone NZB/NZW

F1 and MRL/lpr mice [10]. Intraperitoneal injection of pristane in different strains of mice,

such as C57BL/10 and BALB/c, induces lymphoproliferation and a lupus- like disease that



includes glomerulonephritis [11,12]. To better understand the role of MIF in the

pathogenesis of lupus nephritis, pristane was administered to C57BL/6 (wild- type) and

MIF knockout (Mif-/-, C57BL/6 background) mice to examine the development of lupus

nephritis models. This study revealed that MIF aggravates lupus nephritis by promoting

renal macrophage accumulation and inflammatory cytokine expression.

2. Materials And Methods

2.1 Mice

MIF gene knockout mice in the C57BL/6 (B6) background (Mif-/-) were provided by

Professor Donghong Cui from Shanghai Mental Health Center Shanghai Jiao Tong

University School Medicine, Shanghai, China (ref this strain with Fingerle-Rowson et al

PNAS 2003). Wild type C57BL/6 (B6) mice were purchased from Shanghai SLAC

Laboratory Animal Co., Ltd (Shanghai, China). All mice were housed in the animal facility

of Shanghai Renji Hospital and received food and water ad libitum. Female mice at

8- 10 weeks of age were used for all experiments. Lupus mice were induced by a single

intraperitoneal injection of 0.5 ml pristane (Sigma) [13,14]. Twenty- four- hour urine and

sera were collected in the sixth month and mice were sacrificed to harvest tissues. All

animal experiments complied with the relevant institutional guidelines of animal ethics

from Renji Hospital, Shanghai Jiao Tong University School of Medicine.

2.2 Histological evaluation

Kidneys were fixed in 4% paraformaldehyde and embedded in paraffin. Sections (4 μm

thick) were stained with periodic acid–Schiff (PAS), the ratio of glomerular PAS-positive

area to the glomerular tuft area was quantified by using ImageJ (NIH), and the mesangial

matrix score calculated [15].

2.3 Immunofluorescence and histochemical staining



The 4 µm kidney sections were permeabilized in 0.05 % TritonX‑ 100 (Servicebio, Wuhan,

China) for 10 min, blocked in 1% BSA for 1 h at room temperature, and incubated with

antibodies directed against MIF (1:100, Abcam, ab227073), IgG2c (1:100,

SouthernBiotech, 1079-08), C3 (1:100, Abcam, ab97462), IL-1β (1:100, Abcam, ab2015),

IL-6 (1:100, Abcam, ab6672) and MCP-1 (1:100, Abcam, ab9899) at 4 ℃ overnight with

protection from light. On the second day, the sections were washed and incubated with

secondary antibodies conjugated with Alexa Fluor® 488 (1:100, Abcam, ab150077) for 1 h

with protection from light. Fluorescence microscopy (Nikon Eclipse C1; Nikon Corporation)

was used to acquire micrographs. Immunohistochemical staining was employed to detect

macrophage infiltration, and the kidney sections were deparaffinized by Xylene and

pretreated with different concentration ethanol (varies from 100% to 70%), followed by

antigen retrieval with 0.01 M citrate buffer. Background staining was blocked with 1% BSA,

and sections then were incubated with anti-Mac-2 (1:100, Abcam, ab76245) at 4 ℃

overnight, followed by secondary antibody, the ABC reagent and diaminobenzidine

chromogen. ImageJ software was used to quantify Mac-2 staining areas and the mean

fluorescence intensity of MIF, IgG2c, C3, IL-1β, IL-6 and MCP-1. More than 20 glomeruli

were measured for each sample. For each mouse, the mean value from ≥20 glomeruli

was calculated and used as a single data point for statistical analysis to avoid

pseudoreplication.

2.4 Bio-Plex Pro™ assays

Inflammatory cytokines, including IL- 1a, IL- 1β, IL- 6, MCP-1, TNF- α, IL- 2, IL- 4, IL- 5,

IL- 10, IL- 12 (p40), IL- 12 (p70), IL- 13, IL- 17A, G-CSF, GM-CSF, IFN- γ, MIP-1α and

MIP- 1β were detected by the magnetic bead- based multiplex Bio- Plex Pro™ assay kit

(Bio-Rad Laboratories) according to the manufacturer’s instructions. The Bio-Plex 200

system and the Bio-Plex Manager software (Bio-Rad Laboratories) were used to analyze

the results.

2.5 BMDM cells culture, transfection and stimulation



High- glucose DMEM medium was supplemented with 20% L929 cell supernatants and

10% Fetal Bovine Serum (FBS) to generate L929-Conditioned Medium. Bone marrow

cells were isolated from Mif-/- and C57BL/6 wild type mice, treated with RBC lysis buffer,

enumerated, and cultured (2×10⁶ cells in 6-well plates with 2 mL L929-Conditioned

Medium) to generate bone marrow- derived macrophages (BMDM). Two ml of fresh

medium was added every 3 days. On day 7, the BMDMs were transfected with CYR61

siRNA (siCYR61, purchased from Genepharma, Shanghai) with Lipofectamine RNAiMAX

(Invitrogen), or transfected with pCMV6-CYR61 vector (CYR61, purchased from Origene,

cat. Number: MC208761) with Lipo3000 (Invitrogen) according to the manufacturer’s

instructions. After the BMDM were transfected with siCYR61 or CYR61 vector for 24 hrs,

MIF (100 ng/ml) was added to stimulate the BMDM for 6 hrs; the cells and culture

supernatants then were collected to analyze CYR61 and inflammatory cytokines

expression.

2.6 Enzyme- linked immunosorbent assay (ELISA)

Protein expression levels of IL- 1β, IL- 6 and MCP- 1 in mice sera, and IL- 1β, IL- 6 and

MCP- 1 in BMDM cells supernatants were measured by enzyme- linked immunosorbent

assay (ELISA) kit (R&D). Urine albumin and urinary creatinine expression levels were

examined with ELISA kits according to the manufacturer’s instructions (Sigma-Aldrich).

Urine albumin creatinine ratios are presented as milligrams of urinary albumin per

milligram of urinary creatinine.

2.7 Quantitative real- time polymerase chain reaction (RT-qPCR)

TRizol reagent (Invitrogen) was used to extract total RNA and the quantities of mRNA

were detected by PrimeScript RT Reagent kit (Takara) and SYBR Premix Ex Taq

RT-qPCR kit (Takara). Gene expression was normalized to tubulin as the internal control

by using 2−ΔΔCt method.

2.8 Western blot



BMDM cells were harvested in lysis buffer and heated at 99 ° C for 10 mins. The lysates

then were subjected to 10% sodium dodecyl sulfate- polyacrylamide gel electrophoresis

(SDS-PAGE) and transferred to PVDF membranes (Millipore). The membranes were

blocked with 8% skim milk for 1 hr, washed with TBST buffer, and the membranes

incubated with primary antibodies directed against tubulin (purchased from Cell Signaling

Technology, Catalog 2128T), CYR61 (CST, Catalog 14479T) at 4 ℃ overnight. After

incubation with HRP- conjugated secondary antibody (1: 2000, CST, Catalog 7074S), the

membranes were washed and the bands were visualized by chemiluminescence

detection kit (Thermo). Anti- tubulin antibody was used as internal control. Protein

expression was quantified by density- analysis software (ImageJ).

2.9 Statistical analysis

Data obtained from three independent biological replicates for in vitro cell experiments

were analyzed by GraphPad Prism Version 7. For animal studies, the unit of analysis was

individual mouse; glomerular quantitative data from multiple glomeruli per mouse were

averaged to generate a single value for each animal prior to statistical testing, to avoid

pseudoreplication. For comparison between two groups, unpaired Student’s t‑ test was

used for data with approximate normal distribution and homogeneous variance; Welch’s

t‑ test was adopted for data with unequal variance. The Mann‑ Whitney U test was only

applied for datasets that failed normality testing. One‑ way ANOVA followed by post‑

hoc pairwise comparison was applied for comparison among three or more groups. For

the Bio‑ Plex 18‑ cytokine panel, we applied the Benjamini–Hochberg false discovery

rate (FDR) correction to account for multiple testing. Correlations were analyzed by

Pearson correlation. P < 0.05 was considered statistically significant.

3. Results

3.1 The kidney injury is alleviated in Mif-/- mice with pristane induced lupus

To explore whether kidney injury is alleviated in Mif-/- mice with pristane- induced lupus,

we first compared the urinary albumin/creatinine ratio between Mif-/- C57BL/6 and



C57BL/6 (wild- type) mice, and found it to be significantly decreased in the Mif-/- pristane

group (2.408 ± 0.332 mg/mg creatinine) compared with the pristane- treated wild- type

group (4.496 ± 0.697 mg/mg creatinine) (P<0.05, Fig. 1A). Kidneys were harvested and

the pathology of the kidneys examined. There was clear pathological damage in kidneys

consistent with nephritis in mice that received pristane, and MIF expression was

significantly increased in the wild- type mice (Fig. 1B, Fig 1C). To examine whether MIF

exacerbates immune complex (IC) and complement 3 (C3) deposition in glomeruli, we

examined the expression of ICs (IgG) and C3 in the kidneys. There were less IC and C3

deposition in the kidneys from Mif-/- mice than in wild- type mice (Fig. 1B, D, E). The

PAS-positive area in wild- type mice treated with pristane was significantly larger than in

corresponding Mif-/- mice (Fig. 1B, F), indicating that Mif-/- mice treated with pristane had

less histological injury in the kidney. Previous studies have demonstrated that

macrophage infiltration plays an important role in SLE- induced kidney injury and that

intrarenal macrophage content is a prognosticator for severe glomerular damage [9]. The

expression of the macrophage marker MAC- 2 in glomerulus was detected in all groups

and there was little macrophage infiltration detectable in mice not treated with pristane.

Macrophage infiltration increased significantly after pristane treatment, less macrophage

infiltration was observed in pristane-treated Mif-/- mice (P<0.01, Fig. 1B, G). These results

indicate that MIF aggravates kidney injury in C57BL/6 mice with pristane induced lupus

model.

3.2 Serum autoantibodies expression is similar in Mif-/- and wild type C57BL/6 mice

with pristane- induced lupus.

To explore more closely the mechanism of MIF action in lupus nephritis, we examined

autoantibodies and complement C3 expression in sera. After pristane treatment, the

expression of ANA and anti- dsDNA antibodies were significantly increased, and sera

concentrations of C3 were significantly decreased. However, no significant differences

were observed between the pristane- treated Mif-/- and wild- type groups (Fig. 2A, B, C).

Under control (untreated) conditions, the spleen weights in Mif-/- mice also similar to that



of wild- type C57BL/6 mice, however, the volume and weights of spleens in Mif-/- mice

were significantly decreased after treatment with pristane (P<0.01, Fig. 2D, E).

3.3 Mif-/- mice with pristane- induced SLE have less inflammatory cytokine

expression in sera when compared to wild type mice with pristane- induced SLE.

It is known that MIF can promote the expression of multiple inflammatory cytokines. To

examine whether MIF can influence cytokine expression in the pristane model of lupus,

Bio- Plex Pro™ assays were used to quantify 18 cytokines. Pristane treatment induced

elevation of serum IL-1β, IL-6 and MCP-1, and the induction was attenuated in Mif-/- mice

(Fig. 3A). To confirm the results of the Bio-Plex Pro™ assays, the expression of IL- 1β,

IL- 6 and MCP-1 also was measured by ELISA. IL-1β, IL- 6 and MCP-1 were significantly

increased in the sera from wild type C57BL/6 mice when compared with Mif-/- mice

(P<0.01, Fig. 3B, C, D). To assess whether the relative decrease in inflammatory cytokine

expression was associated with reduced renal injury, we examined the relationship

between cytokine expression in sera and PAS-positive areas in kidneys. Pearson

correlation analysis revealed that serum IL-1β, IL-6, and MCP-1 concentrations were

positively correlated with the glomerular PAS‑ positive area (P<0.05, Fig. 3E, F, G).

These results indicate that decreased systemic inflammatory cytokines expression

contribute to the reduction in kidney injury observed in lupus mice.

3.4 MIF promotes the expression of inflammatory cytokines IL- 1β, IL- 6 and MCP- 1

in pristane- induced SLE.

We next examined the expression of IL- 1β, IL- 6 and MCP-1 in the renal glomeruli and

quantitated the fluorescence intensity by imageJ. We found that there were less IL- 1β,

IL- 6 and MCP-1 expression in the glomerulus in Mif-/- mice when compared to wild- type

mice (Fig. 4A, B, C, D).

3.5 MIF promotes the expression of IL- 1β, IL- 6 and MCP- 1 and CYR61 in BMDMs.



To further verify that MIF can promote inflammatory cytokines expression in macrophages

in experimentally- induced SLE, we generated BMDM cells both from wild- type and Mif-/-

mice, and stimulated them with recombinant MIF. The expression of IL- 1β, IL- 6 and

MCP- 1 by BMDMs from Mif-/- mice was significantly decreased when compared with wild

type mice (Fig. 5A, B, C), and MIF treatment significantly increased the expression of

IL- 1β, IL- 6 and MCP- 1 (Fig. 5A, B, C). These results showed that MIF promotes the

expression of IL- 1β, IL- 6 and MCP-1 in macrophages, which participate in the

pathogenesis of kidney injury.

To explore potential mechanisms by which MIF increases the expression of inflammatory

cytokines, we analyzed a GEO dataset (GSE10241) for the whole- genome expression in

MIF knockdown HEK293 cells and the control HEK293 cells. Among the 15 genes

identified to show the greatest reduction in expression in MIF gene deficient cells (Fig. 5D),

3 genes: CYR61, ANKRD1 and CTGF, are key molecules involved in the Hippo signaling

pathway. Emerging evidence has demonstrated that the Hippo signaling pathway is a key

regulator in organ size control, tissue regeneration, tumor suppression and the immune

system in multiple organisms [16,17]. We therefore examined the expression of CYR61,

ANKRD1 and CTGF in the kidneys, and found that there was reduced CYR61 expression

in Mif-/- mice (P<0.01, Fig. 5E), and no significant differences in the expression of

ANKRD1 and CTGF (data were not shown). We also examined the CYR61 mRNA and

protein expression in BMDM, and we found that both the CYR61 mRNA and protein

expression were significantly reduced in BMDM cells (P<0.01, Fig. 5F, G). MIF treatment

also significantly increased the expression of CYR61 mRNA and protein in vitro (P<0.05,

Fig. 5F, G).

3.6 MIF induces the expression of IL- 1β, IL- 6 and MCP- 1 via CYR61

Recent studies have supported a critical role for Hippo signaling in autoimmunity [18], and

that CYR61 blockade attenuates renal inflammation [19]. We examined the hypothesis

that MIF may induce the expression of IL- 1β, IL- 6 and MCP-1 via CYR61 by

overexpressing CYR61 in WT and Mif-/- BMDM cells. The increased expression of



CYR61 was evident under our experimental conditions (P<0.01, Fig. 6A), and was

associated with a coincident increase in the expression of IL- 1β, IL- 6 and MCP- 1

(P<0.01, Fig. 6B, C, D). We also knocked down CYR61 expression by CYR61 siRNA

(P<0.001, Fig. 6E) and observed a significant reduction in the expression of IL- 1β, IL- 6

and MCP- 1 (P<0.05, Fig. 6F, G, H).

4. Discussion

The biological activity of MIF as a soluble immunologic mediator was first described in

1966 [20]. After the definitive cloning of MIF in 1993 [21], studies using recombinant MIF,

neutralizing antibodies and MIF- deficient mice demonstrated that this mediator is a pivotal,

upstream regulator of both the innate and the adaptive immune response [22,23]. By

binding to its cognate receptor CD74 and its associated noncognate CXCR2 and CXCR4

receptors, MIF is a major regulator of inflammatory cell recruitment [24]. By activating the

NLRP3 inflammasome, MIF promotes the expression and secretion of IL- 1β [25]. MIF

additionally is involved in the differentiation of the adaptive T and B cell response, and it

can also influence the survival and activation of lymphocytes [23,26,27].

Clinical studies have shown that the expression level of MIF is elevated in SLE patients

and is positively associated with disease activity [8,28,29]. Renal MIF expression is

markedly up- regulated in patients with proliferative glomerulonephritis and correlates with

leukocyte infiltration, glomerular injury, and renal function impairment [30]. Genetic

studies also have identified that functional MIF promoter polymorphisms are associated

with SLE susceptibility, clinical manifestations, and outcome [31- 33].

MIF expression is elevated in lupus- prone mice, and renal injury is alleviated in Mif-/-

MRL/lpr mice, with reduced renal macrophage recruitment and glomerular IgG deposition

[9]. Both anti-MIF antibody and the pharmacologic MIF antagonist ISO- 1 alleviates

glomerulonephritis by inhibiting CD74 + leukocyte recruitment into kidneys, and reducing

inflammatory cytokine and chemokine expression in the two lupus- prone NZB/NZW F1

and MRL/lpr mouse strains. Notably, the circulating levels of autoantibodies against



double- stranded DNA were not affected in the two lupus- prone strains treated with ISO- 1

MIF or anti-MIF antibody, pointing to a predominant action of MIF on innate pathways of

tissue damage [10].

Circulating antibodies deposit in glomeruli and contribute to the formation of immune

complexes, which in turn aggravate renal injury [34]. Both IC deposition in glomeruli and

circulating autoantibody concentrations can reflect the renal injury, and there is data to

suggest that MIF may influence on IgG deposition in the kidney [9]. In the present study,

we found that MIF is upregulated in the glomerulus in mice with pristane- induced lupus,

and that renal inflammation and injury is alleviated with reduced IgG and C3 deposition in

the glomeruli in the setting of genetic Mif deficiency. Additionally, there was reduced

macrophage infiltration in the glomeruli of Mif-/- mice. Notably, serum ANA, anti- dsDNA

antibodies and C3 concentrations were similar in the two groups of lupus mice induced by

pristane, which is consistent with previous studies indicating no major alterations in

autoantibody production but a reduction in immune complex deposition in the glomeruli in

Mif-/- MRL/lpr mice [9]. It is known that podocyte integrity plays a role in glomerular

permeability. In a MIF- transgenic mouse model, it was observed that MIF overexpression

induces podocyte injury, resulting in proteinuria and progressive renal failure [35].

The inflammatory cytokines IL- 1β, IL- 6 and MCP- 1 are critical nephritogenic cytokines.

IL- 1β can accelerate disease progression in lupus- prone MRL/lpr mice [36,37] and

studies suggest that serum IL- 1β expression is associated with disease activity in SLE

patients [38,39]. IL- 6 is produced both by leukocytes and intrinsic kidney cells, and can

promote mesangial cell proliferation as well as stimulate B- cell differentiation and

autoantibody secretion [40,41]. In both murine and in human SLE, IL- 6 expression is

increased in serum and glomeruli, and is correlated with disease activity [42]. MCP- 1 can

promote the transendothelial migration of monocytes, which in turn facilitates tissue

destruction [43]. It is observed that urinary MCP-1 expression is elevated in Mif-/- MRL/lpr

mice and is associated with macrophage recruitment in kidney [9]. Genetic studies also

showed that a polymorphism in the MCP- 1 gene is associated with nephritis in SLE [44].



MIF promotes the expression of many downstream inflammatory cytokines. We found that

the expression of IL- 1β, IL- 6 and MCP- 1 both in sera and in glomeruli were significantly

decreased in Mif-/- mice after treatment with pristane. We also found that the expression

of inflammatory cytokines IL- 1β, IL- 6 and MCP- 1 was associated with kidney injury in this

lupus model.

We found MIF to upregulate the expression of CYR61 both in mouse kidney and in BMDM

cells. Previous studies have demonstrated that CYR61 can induce the expression of

IL- 1β, IL- 6 and MCP- 1 [19,45- 47], and it has also been reported that serum Cyr61

expression is associated with inflammatory disease activity in SLE patients [48]. The

present findings indicate that MIF can upregulate the expression of CYR61 in BMDMs,

and that MIF promotes the expression of IL- 1β, IL- 6 and MCP-1 in BMDMs. However,

whether MIF can regulate inflammatory cytokines expression exclusively via CYR61

remains to be determined.

In conclusion, our data in the pristane- induced mouse model of lupus support an

important role for MIF in the progression of kidney injury, at least in part, by inducing

macrophage infiltration and promoting the expression of inflammatory cytokines via

CYR61. The MIF antagonist anti-CD74 antibody, which blocks MIF signaling through its

cognate receptor CD74, may be an effective therapeutic approach in human lupus

nephritis.
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Figures



Figure 1

Urinary albumin excretion, kidney histopathology and macrophage infiltration in

lupus-prone mice induced by pristane. (A) The urinary albumin/creatinine ratio was

significantly decreased in the Mif-/- pristane group when compared with the pristane group

(P＜0.05). (B, C, D, E) MIF, ICs and C3 deposition were significantly increased in mice

treated with pristane, and there were less ICs and C3 deposition in Mif-/- mice. (B, F)The

PAS-positive area in C57BL/6 mice treated with pristane is significantly larger than Mif-/-

mice in wild-type mice. (B, G) Less macrophage infiltration was observed in

pristane-treated Mif-/- mice. Quantitative data were analyzed by unpaired Student’s

t‑ test. n = 5 mice per group. Data shown are mean ± SD. * P <0.05, ** P <0.01, *** P

<0.001, **** P <0.0001.



Figure 2

Sera ANA, complement C3 and anti-dsDNA expression in mice with pristane-induced

lupus. Spleens were smaller in Mif-/- mice after pristane treatment. (A), (B) and (C) The

expression of ANA and anti-dsDNA was significantly increased in mice treated with

pristane (P＜0.01) and the expression of C3 was significantly decreased in mice treated

with pristane (P＜0.01), while there were no significant differences between the Mif-/- and

wild type C57BL/6 mice after pristane induction of SLE. (D) and (E) Both the volume and

weight were significantly decreased in Mif-/- mice treated with pristane when compared to

the corresponding wild-type mice. Quantitative data were analyzed by unpaired Student’s

t‑ test. n = 5 mice per group. Data shown are mean ± SD. ** P <0.01, *** P <0.001, **** P

<0.0001.



Figure 3

Mif-/- mice have reduced inflammatory cytokine expression when compared with wild-type

mice. (A) Heatmap showing the expression profile of 18 serum cytokines in

pristane-treated wild-type and Mif-/- mice. Statistical analysis for the 18-plex cytokine

panel was performed with Benjamini–Hochberg FDR correction for multiple testing. n = 3

mice per group. (B, C, D) Serum IL-1β, IL-6, and MCP-1 levels were further validated by

ELISA. Pristane treatment significantly increased these inflammatory cytokines in

wild-type mice, and the cytokine elevation was markedly attenuated in Mif-/- mice. n = 5

mice per group. (E, F, G) Pearson correlation analysis showed that serum IL-1β, IL-6, and

MCP-1 concentrations were positively correlated with glomerular PAS-positive areas.

Figures B, C, and D were analyzed by unpaired Student’s t-test. Figures E, F, and G were

analyzed by Pearson’s correlation. Data are shown as mean ± SD. * P < 0.05, ** P < 0.01,

*** P < 0.001, **** P < 0.0001.



Figure 4

MIF promotes the expression of IL-1β, IL-6 and MCP-1 in glomeruli. (A) The expression of

IL-1β, IL-6 and MCP-1 in renal glomeruli. After treatment with pristane, the expression of

IL-1β, IL-6 and MCP-1 was significantly increased, while there were less expression of

IL-1β, IL-6 and MCP-1 in Mif-/- than in wild-type mice.

(B), (C), and (D) Quantitative analysis of glomerular IL-1β, IL-6 and MCP-1

immunofluorescence intensity. Less cytokine expression was observed in glomeruli from

Mif-/- mice. Quantitative data were analyzed by unpaired Student’s t‑ test. n = 5 mice per

group. Data shown are mean ± SD. ** P <0.01, *** P <0.001, **** P <0.0001.



Figure 5

MIF promotes the expression of IL-1β, IL-6 and MCP-1 and CYR61 in BMDM. (A), (B) and

(C) The expression of IL-1β, IL-6 and MCP-1 were reduced in Mif-/- BMDMs, and MIF can

promote the expression of IL-1β, IL-6 and MCP-1. (D) Among the 15 lowest genes in Mif

siRNA knockdown HEK293 cells, CYR61, ANKRD1 and CTGF are key molecules

involved in hippo signaling. (E) The expression of CYR61 mRNAwas significantly reduced

in the kidneys from Mif-/- mice. The expression of CYR61 was significantly increased in

the kidneys from pristane-induced lupus mouse. (F) The expression of CYR61 mRNA was

significantly reduced in the Mif-/- BMDMs compared with WT BMDMs. The expression of

CYR61 was significantly increased by stimulating with MIF. (G) The expression of CYR61

protein was significantly reduced in the Mif-/- BMDMs compared with WT BMDMs. The

expression of CYR61 protein was significantly increased by stimulating with MIF in

BMDMs. Figure A, B, C, E, F and G were analyzed by unpaired t-test. n = 3 independent

biological replicates. Data were shown as mean ± SD. * P <0.05, ** P <0.01, *** P< 0.001,

**** P< 0.0001.



Figure 6

MIF promotes the expression of IL-1β, IL-6 and MCP-1 via CYR61 in BMDM. (A) The

expression of CYR61 protein was significantly increased in BMDMs after transfected with

pCMV6-CYR61 vector. (B), (C) and (D) The expression of IL-1β, IL-6 and MCP-1 were

increased in BMDMs transfected with pCMV6-CYR61 vector. (E) The expression of

CYR61 protein was significantly decreased in BMDMs after transfected with CYR61

siRNA. (F), (G) and (H) The expression of IL-1β, IL-6 and MCP-1 were decreased in

BMDMs transfected with CYR61 siRNA. Figure A, B, C, D, E, F, G and H were analyzed

by unpaired t-test. n = 3 independent biological replicates. Data were shown as mean ±

SD. * P <0.05, ** P <0.01, *** P< 0.001, **** P< 0.0001. ns means no significant

difference.
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