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Abstract

Objective—High expression alleles of macrophage migration inhibitory factor (MIF) are linked 

genetically to SLE disease severity. The U1-snRNP (snRNP) immune complex containing U1-

snRNP and anti-U1-snRNP antibodies, which are found in SLE, activates the NLRP3 

inflammasome comprised of NLRP3, ASC, and procaspase-1 in human monocytes, leading to the 

production of IL-1β. The role of the snRNP immune complex in upregulating the MIF and its 

interface with the NLRP3 inflammasome were investigated.

Methods—MIF, IL-1β, NLRP3, caspase-1, ASC, and MIF receptors were analyzed in human 

monocytes incubated with or without the snRNP immune complex by ELISA, Western blot, 

qPCR, and CyTOF. MIF pathway responses were probed with the novel small molecule antagonist 

MIF098.

Results—The snRNP immune complex induced the production of MIF and IL-1β from human 

monocytes. High-dimensional single cell CyTOF analysis established MIF regulation of 

inflammasome activation, including a quantitative relationship in MIF, its receptors, and IL-1β, in 

monocytes. MIF098, which blocks MIF binding to its cognate receptor, suppressed IL-1β 
production and NLRP3 upregulation, a rate-limiting step in activating the NLRP3 inflammasome, 

as well as caspase-1 activation in snRNP immune complex-stimulated human monocytes.
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Conclusion—The U1-snRNP immune complex is a specific stimulus of MIF production in 

human monocytes, with MIF having an upstream role in defining the inflammatory characteristics 

of activated monocytes by regulating NLRP3 inflammasome activation and downstream IL-1β 
production. These findings provide mechanistic insight and a therapeutic rationale for targeting 

MIF in subgroups of lupus patients, such as high genotypic MIF expressers or those with anti-

snRNP antibodies.
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Introduction

Macrophage migration inhibitory factor (MIF) produced primarily from activated monocytes 

and macrophages is an upstream activator of innate immune responses (1–3). In addition to 

its effect on inhibiting the migration of monocyte and macrophage mobility, MIF promotes 

inflammatory responses by counter-regulating the inhibitory effect of glucocorticoids on the 

production of the inflammatory cytokines from macrophages and suppressing p53-

dependent cell death (4, 5). The MIF receptor complex is comprised of the transmembrane 

ligand-binding component CD74 and the CD44 signaling component (6, 7). MIF also 

competes with cognate ligands for CXCR4 and CXCR2, and directly binds to CXCR2 in a 

macromolecular receptor complex with CD74 (8). Human and animal studies have 

supported MIF’s role in the pathogenesis of infectious and inflammatory conditions 

including septic shock, malaria, rheumatoid arthritis, and systemic lupus erythematosus 

(SLE or lupus) (9–13). MIF is over-expressed in lupus-prone mice, and MIF-deficient 

MRL/lpr lupus-prone mice are protected from glomerular injury (14). The therapeutic 

efficacy of blocking MIF in lupus-prone mice also was previously demonstrated (11). An 

association between high expression MIF alleles with susceptibility and deep organ 

involvement has been reported (12, 15). In lupus patients, circulatory MIF levels are 

increased (15) and correlate with disease damage cross-sectionally and longitudinally (16, 

17). These findings support the pathogenic role of MIF and the therapeutic value of targeting 

MIF-dependent pathways in lupus, which is currently under study with the clinical testing of 

anti-CD74 (18).

The pathologic hallmarks of SLE are altered immune responses to nuclear autoantigens with 

autoantibody production and subsequent tissue injury (19, 20). Experimental studies support 

the critical role of innate immunity, in addition to that of adaptive immunity, in the 

development of lupus and in the pathologic progression of disease. Plasmacytoid dendritic 

cells (pDCs) recognize lupus self-antigens via Toll-like receptors (TLRs), leading to the 

production of IFN-α, which is linked to lupus pathogenesis and its clinical manifestations 

(21–23). For instance, TLR7 and 8 recognize the ssRNA of the self-antigen U1-small 

nuclear ribonucleoprotein (U1-snRNP) that is targeted by anti-U1-snRNP antibodies (Abs) 

in lupus (21). In support of this pathway, TLR7-deficient lupus-prone mice have ameliorated 

disease (24). We recently showed the production of IL-1β from human monocytes in 

response to a combination of U1-snRNP and anti-U1-snRNP Ab-positive serum (referred to 
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as snRNP immune complex) by activation of the NLRP3 inflammasome comprised of 

NLRP3, the adaptor protein ASC (apoptosis-associated speck-like protein containing a 

CARD), and procaspase-1 (25). NLRP3 recruits ASC and procaspase-1, leading to the 

assembly of the NLRP3 inflammasome, which cleaves pro-IL-1β to mature IL-1β (26). 

NLRP3 appears to be a limiting step because the protein level of NLRP3 is relatively low in 

resting macrophages, a phenomenon observed in murine and immortalized human 

macrophages (27, 28). Of note, patients with SLE have increased activation of the NLRP3 

inflammasome in monocytes, which may be related to exposure to IFN-α (29). Lupus-prone 

mice treated with an NLRP3 inflammasome inhibitor or deficient in caspase-1 also show 

reduced disease (30, 31), further supporting the pathogenic role of innate immunity and the 

NLRP3 inflammasome pathway.

Although genetic, clinical, and mouse modeling data implicate MIF and the NLRP3 

inflammasome in the pathogenesis and clinical progression of lupus, little is known about 

the possible interface between the two pathways at the molecular level. Here we demonstrate 

the lupus snRNP immune complex as a specific stimulus of human MIF production and 

support the upstream regulatory role of MIF in activating the NLRP3 inflammasome and 

subsequent production of IL-1β. We also define the molecular characteristics of these 

activated monocyte populations.

Methods

Human monocytes and sera

Human peripheral blood was obtained from healthy adult donors after informed consent. 

Fresh monocytes were purified from blood using a negative cell purification kit (Stem cell 

Technologies Inc, Vancouver, BC, Canada). Anti–U1-snRNP Ab-positive sera were obtained 

from the L2 Diagnostic Laboratory. Anti-U1-snRNP Abs were measured by ELISA 

(DiaSorin, Stillwater, MN). Healthy control sera were obtained from the peripheral blood of 

healthy donors. This work was approved by the institutional review committee of Yale 

University.

Monocyte stimulation

Purified monocytes (1 × 105) were resuspended in 200 μl of RPMI 1640 media 

supplemented with 10% FCS, penicillin, and streptomycin. Monocytes were treated for 30 

min with the MIF antagonist 3-(3-hydroxybenzyl)-5-methylbenzooxazol-2-one, designated 

MIF098 (20 μM, at a dose determined by a dose-kinetic study, not shown) (32) followed by 

stimulation for 3, 7, or 18 hours with or without U1-snRNP (5 μg/ml, AroTec Diagnostics 

Limited, New Zealand) in the presence or absence of anti-U1-snRNP Ab+ or healthy serum 

(final concentration of 5 %) (25). Some cells were treated for 18 hours with U1-snRNP and 

anti-U1-snRNP Ab+ serum in the presence or absence of recombinant human MIF (40 

μg/ml, R&D Systems, Minneapolis, MN)

ELISA, qPCR, flow cytometry and LDH-based cytotoxicity assay

IL-1β and MIF in culture supernatants were measured by sandwich enzyme-linked 

immunosorbant assay (ELISA) using a commercially available IL-1β kit (ebioscience, San 
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Diego, CA) and specific antibodies for MIF (33), respectively. IL1B, NLRP3, MIF, 

MARCH7, and TRIM31 genes were determined by qPCR. Primer sequences for qPCR are 

shown in Supplementary Table 1. Total RNA was extracted from cells using the RNeasy 

Plus Midi kit (QIAGEN, Germantown, MD) and cDNA was synthesized. Each real-time 

PCR reaction was performed on a 10 μl reaction mixture containing cDNA, 2× Brilliant 

SYBR green master mix (Stratagene, San Diego, CA), and 3 μM of each primer. The 

reaction mixture was denatured for 10 min at 94°C and incubated for 40 cycles (denaturing 

for 15 s at 95°C and annealing and extending for 1 min at 60°C) using the Mx3005P QPCR 

system (Stratagene). GAPDH was amplified as an internal control. The relative RNA levels 

were calculated by the 2−ΔΔCT algorithm. Freshly isolated monocytes were stained with Abs 

to CD44-FITC, CD74-PE, CXCR2-FITC, or CXCR4-PE (all from Biolegend, San Diego, 

CA) and analyzed using an LSRII flow cytometer (BD Biosciences, Franklin Lakes, NJ) and 

FlowJo software (FlowJo, LLC, Ashland, Oregon). LDH-based cytotoxicity assay (Promega, 

Madison, WI) was performed on the culture supernatants of monocytes incubated for 18 

hours with U1-snRNP (snRNP, 5 μg/ml) and anti-U1-snRNP antibody-positive (Ab+) serum 

(5% final concentration) in the presence or absence of the MIF antagonist MIF098 (20 μM) 

following the manufacturer’s instructions (34).

Western blotting

Protein extracts that were separated by SDS-PAGE and transferred onto PVDF membranes 

were probed with Abs against total NF-κB p65, phospho-NF-κB p65, caspase-1 p20, ASC 

(all from Cell signaling Technology, Danvers, MA), NLRP3 (Enzo life sciences, 

Farmingdale, NY), IL-1β (Santa Cruz Biotechnology, Santa Cruz, CA) and GAPDH (Santa 

Cruz Biotechnology). The probed membranes were washed and incubated with HRP-labeled 

secondary antibodies (Santa Cruz Biotechnology). The bands were visualized with the 

Pierce ECL Western blotting substrate (Thermo Scientific, Rockford, IL).

Immunofluorescence staining

Formalin-fixed paraffin-embedded sections from human acute cutaneous lupus and normal 

skin obtained from the Department of Pathology at Yale Medical School were de-waxed and 

rehydrated with serial ethanol treatments. Heat-induced antigen retrieval was performed. 

After blocking, the tissue slides were serially incubated overnight at 4°C with rabbit anti-

CD14 (Invitrogen, Carlsbad, CA), mouse anti-CD74 (R&D Systems), and goat anti-NLRP3 

Abs (R&D Systems) followed by staining with secondary Abs (Alexa594-donkey anti-

rabbit, Alexa488-goat anti-mouse and Alexa647-rabbit anti-goat antibodies, Molecular 

Probes) and Hoechst 33342 (Immunochemistry). Some sections were incubated with mouse 

anti-MIF Abs (R&D Systems) and subsequently stained with secondary Abs (Alexa488-goat 

anti-mouse). Staining-positive cells were detected with the Leica DM6000 FS fluorescence 

microscope and LEICA 5.0 software (Leica Microsystems).

CyTOF Analysis

All mass cytometry reagents were purchased from Fluidigm, Inc (South San Francisco, CA) 

unless otherwise noted. Monocytes (5×105) were treated for 30 min with or without MIF098 

followed by 5 hours of incubation with U1-snRNP (5 μg/ml) in the presence of anti-

U1snRNP-Ab-positive serum (5% final concentration). Incubated cells were stained with a 
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panel of metal-tagged Abs (Supplementary Table 2) and Cisplatin. For intracellular staining, 

cells were fixed and permeabilized with Maxpar Fix 1 buffer and Maxpar Perm-S buffer, 

respectively. Stained cells were washed and kept overnight in the MaxPar Fix & Perm Buffer 

containing intercalator-Ir. Cells were resuspended with MaxPar Water containing EQ Four 

Element Calibration Beads and acquired on a CyTOF system Helios (Fluidigm). All FCS 

files were normalized and analyzed using the CYT, an open source analytic tool for CyTOF 

data, and FlowJo software. PhenoGraph, t-distributed stochastic neighbor embedding (t-

SNE), computational algorithms conditional-Density Resampled Estimate of Mutual 

Information (DREMI) and conditional-Density Rescaled Visualization (DREVI) were 

performed on gated cells (35, 36).

Statistical analysis

Data were statistically analyzed by the paired t-test and two-way ANOVA as appropriate 

using Microsoft Excel (Redmond, WA) and GraphPad Prism 7.0 (GraphPad Software, La 

Jolla, CA), respectively. P values of less than 0.05 were considered statistically significant.

Results

The lupus immune complex of U1-snRNP and anti-U1-snRNP Ab-positive serum (snRNP 

immune complex) induced MIF from human monocytes, leading to promoting the 

production of IL-1β

We explored whether MIF could be released from human monocytes in response to the 

snRNP immune complex and modulate the production of IL-1β. High levels of MIF were 

detected in the culture supernatants of monocytes incubated with the snRNP immune 

complex (Fig 1A). By contrast, U1-snRNP, anti-U1-snRNP Ab-positive serum, or a 

combination of U1-snRNP and serum from healthy donors induced relatively low levels of 

MIF. Given the evident co-expression of the MIF binding and signaling receptors, CD74 and 

CD44 in human monocytes (Fig 1B), we next determined whether the released MIF, by 

acting in an autocrine/paracrine manner, could affect the production of IL-1β. MIF098 is a 

potent and orally bioavailable small molecule that blocks MIF binding to the extracellular 

domain of CD74 (32, 37). Monocytes activated with the snRNP immune complex in the 

presence of MIF098 showed decreased production of IL-1β (Fig 1C). Adding recombinant 

human MIF to the snRNP immune complex showed a trend towards increased production of 

IL-1β although it was not statistically significant (Supplementary Fig 1). Monocytes treated 

with recombinant human MIF alone had no production of IL-1β (data not shown). Taken 

together, these findings support an upstream regulatory role for autocrine/paracrine MIF 

release in enabling high levels of IL-1β production from human monocytes stimulated with 

the snRNP immune complexes.

The up-regulation of NLRP3 in human monocytes in response to the snRNP immune 

complex was dependent on MIF

NLRP3 is a limiting step in NLRP3 inflammasome activation since the protein level of 

NLRP3 is low in resting murine and immortalized human macrophages (27, 28). Thus, we 

explored whether the decreased production of IL-1β from snRNP immune complex-

activated monocytes by the MIF antagonist MIF098 was related to altered NLRP3 
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expression. Although unstimulated human monocytes had barely detectable levels of NLRP3 

protein (Fig 2A), the snRNP immune complex induced high levels of NLRP3 protein 

expression as measured by Western blot. The expression of NLRP3 protein in these cells 

was substantially suppressed by MIF098 (Fig 2A–B). The expression levels of the NLRP3 

gene that were upregulated by the snRNP immune complex also were decreased in the same 

cells by MIF098 (Fig 2C). It is known that MIF may contribute to the activation of NF-κB, 

which also up-regulates NLRP3 (28). The snRNP immune complex activated NF-κB in 

monocytes (Fig 2C), as previously reported (25), and MIF098 moderately reduced the 

activation of NF-κB in snRNP immune complex stimulated monocytes (Fig 2C–D). We also 

determined the levels of the E3 ubiquitin ligases membrane-associated ring-CH-type finger 7 

(MARCH7) and tripartite motif containing 31 (TRIM31) in the same cells in that these 

molecules were reported to participate in degrading NLRP3 via ubiquitination (38, 39). We 

could not detect TRIM31, but noticed a trend towards increased levels of MARCH7 in 

monocytes stimulated with the snRNP immune complex, which was not affected by MIF098 

(Supplementary Fig 2B, TRIM31 data not shown). Overall, these findings indicate the up-

stream regulatory role of MIF in controlling the expression of NLRP3 in human monocytes 

in response to the snRNP immune complex.

The activation of caspase-1 in human monocytes in response to the snRNP immune 

complex was decreased by MIF antagonism

We next determined whether antagonizing MIF suppresses the activation of the NLRP3 

inflammasome component caspase-1 by reducing NLRP3 expression. Monocytes were 

incubated with the snRNP immune complex and the generation of the caspase-1 p20 subunit, 

an indicator of the activation of caspase-1, was decreased by MIF098 (Fig 3A–B). Also, the 

mature form of IL-1β, which is processed from the immature form pro-IL-1β by activated 

caspase-1, was decreased in monocytes incubated in the same condition including the 

snRNP immune complex and MIF098 (Supplementary Fig 3). We explored whether the 

activation of the caspase-1 in monocytes by the snRNP immune complex induced 

pyropotosis which is a form of cell death mediated by the activation of caspase-1 (40). We 

noticed modest levels of cell death (about 20%) in monocytes incubated with the snRNP 

immune complex, which was not affected by antagonizing MIF (Supplementary Figure 4). 

We also analyzed the adaptor molecule ASC, which is a component of the NLRP3 

inflammasome, in human monocytes stimulated with or without the snRNP immune 

complex in the presence or absence of MIF098. Unstimulated human monocytes showed 

substantial expression of ASC, which was not affected by snRNP immune complex 

stimulation and/or incubation with MIF098 (Fig 3C–D). These findings suggest that MIF-

mediated upregulation of the rate-limiting molecule NLRP3 is essential for activating the 

NLRP3 inflammasome in monocytes upon snRNP immune complex stimulation (Fig 3E).

NLRP3 and CD74 were expressed by CD14+ cells in human acute cutaneous lupus lesion

Increased levels of MIF are detected in the kidney tissues of lupus proliferative 

glomerulonephritis as well as in both skin and kidney lesions from the lupus-prone MRL/lpr 

mice (14, 41). However, the relationship of the MIF receptor CD74 and NLRP3 expression 

in lupus skin lesions has not been explored. Thus, we measured the expression of CD74 and 

NLRP3 by CD14+ cells as well as MIF in human acute cutaneous lupus lesion using 
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immunofluorescence staining. We noticed the presence of CD14+ cells like monocytes, 

which expressed CD74 and NLRP3 in the lupus skin lesion (Fig. 4 and Supplementary Fig 

5).

High-dimensional single cell analysis supports the unique cellular traits of monocytes 

stimulated with the snRNP immune complex that were altered by antagonizing MIF

We explored whether monocytes stimulated with the snRNP immune complex develop 

unique cellular traits by using mass cytometry or Cytometry by Time-Of-Flight (CyTOF) 

together with high-dimensional computational analysis at the single cell level. CyTOF 

utilizes heavy metal ions and mass spectrometry as labels and a readout, respectively, which 

allows the measurement of multiple molecules in a single analysis (42). High-dimensional 

CyTOF data can be analyzed to demonstrate the multidimensional relationships of 

molecules expressed by single cells using computational methods such as the nonlinear 

dimensionality-reduction tool t-distributed stochastic neighbor embedding (t-SNE). The 

latter can be utilized in combination with PhenoGraph clustering analysis to robustly 

identify distinct cellular subsets (35, 43). t-SNE dimensionality reduction analysis showed a 

segregation of snRNP immune complex-stimulated monocytes from unstimulated monocytes 

based on the expression of 17 molecules including MIF, CD74, CD44, CXCR4, CXCR2, 

and IL-1β (Fig 5A and 5F). Phenograph clustering revealed subsets of cells within 

monocytes incubated with or without snRNP immune complex, and in the presence or 

absence of MIF098 (Fig 5B–D and F–I). Of note, unstimulated cells expressed high levels of 

CXCR2, CD32, CXCR4, and CD62L compared to the stimulated cells (Fig 5D–E and I–J), 

while the latter cells had higher levels of intracellular cytokines including IL-1β and the 

activation marker CD80. A group of monocytes stimulated with the snRNP immune 

complex in the presence of MIF098 were segregated from the same stimulated cells in the 

absence of MIF098. Such cell clusters had decreased expression levels of IL-23, CD80, and 

p53 (Fig 5D–E and I–J). Some unstimulated monocytes expressed MIF, indicating the 

constitutive expression of MIF, as reported previously (44). IL-1β was not detected in 

unstimulated monocytes and the expression levels of intracellular IL-1β, including both pro- 

and active forms of IL-1β, appeared largely similar in monocytes activated with the snRNP 

immune complex in the presence and absence of MIF098 (Fig 5D–E and I–J). This finding, 

which is consistent with the results of IL1B gene expression analysis in the same cells 

(Supplementary Fig 2C), supports the conclusion that the suppressive effect of MIF098 on 

the production of IL-1β is mediated primarily by decreasing activation of the NLRP3 

inflammasome and the subsequent generation of the active form IL-1β.

We determined how the expression levels of MIF and MIF receptors changed at the single 

cell level using the computational algorithms conditional-Density Resampled Estimate of 

Mutual Information (DREMI) and conditional-Density Rescaled Visualization (DREVI) 

(36). DREMI computes mutual information that describes how the state of Y alters with 

different states of X (36), while DREVI visualizes the function underlying such interactions 

(36). DREMI scores show the strength of the statistical dependency between two molecules. 

CD74 and CD44 increased as the expression levels of MIF increased in monocytes 

stimulated with or without the snRNP immune complex (Fig 6A–B), supporting the auto and 
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paracrine effects of MIF on monocyte activation. A similar relationship with MIF was 

noticed with CXCR4, but not with CXCR2 (Fig 6C–D).

Discussion

The present study identifies the snRNP immune complex as an up-regulator of MIF 

production in human monocytes that is relevant to innate immune activation in lupus, and 

provides the first evidence for an upstream role of MIF in promoting NLRP3 expression, the 

rate-limiting step in NLRP3 inflammasome formation. Previous studies indicate that MIF-

deficient mice express decreased IL-1β (45), supporting the upstream regulatory role of MIF 

in inducing this cytokine. In accordance with this finding, we noticed decreased production 

of IL-1β from snRNP immune complex-stimulated human monocytes in the presence of the 

MIF antagonist MIF098. Our findings of decreased NLRP3 expression and NLRP3 

inflammasome activation in the same cells indicate that MIF likely functions upstream by 

enabling NLRP3 expression and subsequent formation of the NLRP3 inflammasome, which 

cleaves pro-IL-1β into bioactive IL-1β. Of interest, the expression levels of ASC, which was 

highly expressed at the basal level, were not different between monocytes stimulated and 

unstimulated with the snRNP immune complex. MIF antagonism did not alter the expression 

of ASC, further supporting the role of MIF in regulating the NLRP3 inflammasome by 

specific control of the expression of NRLP3, a rate-limiting molecule in forming the NLRP3 

inflammasome in monocytes.

NF-κB is known to promote the expression of the NLRP3 gene (28). We noticed the 

suppression of NF-κB activation and NLRP3 gene expression in snRNP immune complex-

stimulated monocytes by antagonizing MIF with MIF098. Previous studies reported the 

activation of NF-κB in murine B cells by MIF in a CD74-CD44-dependent manner (46) as 

well as in HEK-293 cells transfected with human CD74 (47). The latter findings support the 

autocrine and paracrine activation effect of MIF on the upregulation of NLRP3 in snRNP 

immune complex-stimulated monocytes through the CD74/CD44 receptor complex and 

subsequent NF-κB activation. IL1B gene expression also decreased modestly in monocytes 

activated with the snRNP immune complex in the presence of MIF098, although such a 

decrease was not statistically significant. It is possible that MIF regulates the NLRP3 

expression through mechanism(s) redundant to those modulating NF-κB activation. We 

noticed no changes in the expression of MARCH7 and TRIM31 that were reported to be 

involved in degrading NLRP3 in snRNP immune complex-stimulated monocytes (38, 39). 

Our findings imply that the effect of MIF on IL-1β production is in part through NF-κB-

mediated regulation of the NLRP3 gene and subsequent expression of the NLRP3 protein.

We explored how the cellular phenotype of monocytes, especially those molecules related to 

MIF, changed upon stimulation with the snRNP immune complex at the single cell level 

using high-dimensional CyTOF analysis. The dimensional reduction analysis t-SNE showed 

a segregation of unstimulated monocytes from stimulated monocytes based on 17 cytokines, 

chemokine receptors, and activation markers. Monocytes stimulated with the snRNP 

immune complex in the presence of the MIF antagonist MIF098 were segregated from both 

stimulated and unstimulated monocytes. These findings support the interpretation that MIF 

action on monocytes upon stimulation with the snRNP immune complex is more extensive 
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than simply on the NLRP3 pathway and IL-1β production. Furthermore, the effect of MIF 

on individual monocytes and molecules expressed by them is not uniform, as distinct 

unstimulated and stimulated monocyte subsets can be identified with diverse characteristics, 

including expression of the MIF cognate (CD74/CD44) and non-cognate receptors 

(CXCR2/4). Analysis using the DREMI and DREVI algorithms further support the 

autocrine and paracrine activation effect of MIF through the CD74/CD44 receptor complex 

in stimulated and resting monocytes at the single cell level.

The results of this study identify the snRNP immune complex as a specific trigger of MIF 

production and NLRP3 inflammasome activation in human monocytes, with downstream 

biological significance evidenced by a decrease in the activation of caspase-1 and IL-1β 
production by MIF receptor blockade. Genetic deficiency or pharmacologic MIF antagonism 

has been shown previously to reduces functional and histological indices of 

glomerulonephritis and inflammatory cytokine and chemokine expression in lupus-prone 

MRL/lpr or NZB/NZW F1 mice (11, 14). In pristane-induced murine lupus, genetic 

caspase-1 deficiency also improves diseases (48), while hyperactivation of the NLRP3 

inflammasome produces more severe renal disease and increased mortality (49). Inhibiting 

the NLRP3/ASC/caspase-1 pathway also suppressed nephritis in MRL/lpr lupus mice (30), 

although genetic lack of NLRP3 or ASC appeared paradoxically to trigger lupus-like disease 

in C57BL/6-lpr/lpr mice (50).

Of note, MIF was one of the decreased 77 molecules in ultraviolet B (UVB)-irradiated 

keratinocytes in the presence of the caspase-1 inhibitor YVAD as measured by a mass 

spectrometry-based method (51). However, this phenomenon is likely through an indirect 

mechanism since MIF does not require nor has a caspase-cleavage site necessary for 

secretion unlike IL-1β. A possible molecular link between snRNP immune complex and 

MIF production could exist in the TLR7 pathway in that snRNP can activate this pathway 

(52). Previous studies reported the post-translational modification of N-terminal proline, 

which is targeted by MIF098, in MIF in vitro by dietary isothiocyanates or 

myeloperoxidase-derived oxidants of neutrophils (reviewed in (53)). This modification 

impaired tautomerase activity but not immunomodulatory activity of MIF (54). However, 

here we studied only monocytes without adding these molecules. MIF098 targets the region 

encompassing the N-terminal proline in MIF, which mediates its tautomerase activity and 

also participates in binding to the MIF receptor CD74 (32, 37). Our data suggest that 

MIF098 primarily blocks extracellular MIF since MIF098 does not inhibit MIF tautomerase 

activity intracellularly, in contrast to the previously described MIF inhibitor 4-IPP (55) 

(Bucala et al, unpublished observation).

Given long-standing observations that anti-snRNP autoantibody responses are associated 

with distinct inflammatory sequelae (e.g., a mixed connective tissue disease phenotype), 

these observations suggest a rationale for specific targeting of the NLRP3 inflammasome or 

MIF signaling, potentially in high genotypic MIF expressers with SLE. High-dimensional 

CyTOF analysis also could be applied to identify patient subsets with relevant monocyte 

populations (e.g., high MIF or MIF receptor expression) that may suggest responsiveness to 

MIF or inflammasome directed therapies.
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Figure 1. The lupus snRNP immune complex induces MIF release from human monocytes, 
leading to the promotion of IL-1β production
(A) MIF ELISA at 18 hours from cell culture supernatants of human monocytes incubated 

with or without U1-snRNP (snRNP, 5 μg/ml) in the presence or absence of healthy serum or 

anti-U1-snRNP antibody-positive (Ab+) serum (5% final concentration). Bars and errors 

bars indicate mean and SEM, respectively (n = 15 donors). The P-value was obtained by 

ANOVA. (B) Flow cytometric analysis of CD44 and CD74 expression on monocytes freshly 

isolated from the peripheral blood of a healthy donor. Representative data from 2 donors. (C) 

IL-1β ELISA at 18 hours from cell culture supernatants of human monocytes incubated with 

or without U1-snRNP (snRNP, 5 μg/ml) and/or healthy serum or anti-U1-snRNP antibody-

positive (Ab+) serum (5% final concentration) in the presence or absence of the MIF 

antagonist MIF098 (20 μM). Bars and errors bars indicate mean and SEM, respectively (n = 

6 donors). The P-value was obtained by the paired t-test.
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Figure 2. The lupus snRNP immune complex induces NLRP3 expression and NF-κB activation 
in human monocytes that are suppressed by blocking MIF
(A–B) Western blot analysis of NLRP3 in human monocytes that were incubated for 7 hours 

with or without U1-snRNP (snRNP, 5 μg/ml) and/or healthy serum or anti-U1-snRNP 

antibody-positive (Ab+) serum (5% final concentration) in the presence or absence of the 

MIF antagonist MIF098 (20 μM). (A) Representative data from 4 independent experiments 

with 4 donors. (B) Relative density of NLRP3/GAPDH Western blot analysis (n = 4 donors). 

(C) qPCR analysis of the NLRP3 gene in monocytes treated as in (A–B) (n = 4 donors). (D–

E) Western blot analysis of phospho-NF-κB p65 and total NF-κB p65 in human monocytes 

that were incubated for 1 hour with or without U1-snRNP (snRNP, 5 μg/ml) and/or healthy 

serum or anti-U1-snRNP antibody-positive (Ab+) serum (5% final concentration) in the 

presence or absence of the MIF antagonist MIF098 (20 μM). (D) Representative data from 4 

independent experiments with 4 donors. (E) Relative density of phospho-NF-κB p65/total 

NF-κB p65 Western blot analysis (n =4). Bars and error bars indicate mean ± and SEM, 

respectively. The P-values were obtained by the paired t-test.
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Figure 3. The activation of caspase-1 in human monocytes in response to the lupus snRNP 
immune complex is decreased by blocking MIF
(A–D) Western blot analysis of pro-caspase1, caspase1 p20 (A) and ASC (C) in human 

monocytes that were incubated for 18 hours with or without U1-snRNP (snRNP, 5 μg/ml) 

and/or healthy serum or anti-U1-snRNP antibody-positive (Ab+) serum (5% final 

concentration) in the presence or absence of the MIF antagonist MIF098 (20 μM). 

Representative data from 4 independent experiments with 4 donors. (B, D) Relative density 

of caspase1 p20/GAPDH (B) and ASC/GAPDH (D) Western blot analysis (n = 4). Bars and 

error bars indicate mean ± and SEM, respectively. The P-values were obtained by the paired 

t-test. NS, not significant. (E) A model showing the possible role of MIF in the production 

of IL-1β from human monocytes upon U1-snRNP immune complex stimulation. The U1-

snRNP immune complex induces the secretion of MIF. The secreted MIF binds the MIF 

receptor CD74 on monocytes, leading to the activation of the NLRP3 inflammasome by 

promoting NLRP3 gene and protein expression. The activated NLRP3 inflammasome 

cleaves pro-IL-1β into IL-1β.
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Figure 4. NLRP3 and CD74 are expressed by CD14+ cells in human acute cutaneous lupus lesion
(A) Immunofluorescent staining of human acute cutaneous lupus lesion with antibodies to 

CD14 (red), NLRP3 (cyan) and CD74 (green) or control IgG. All nuclei were counterstained 

with Hoechst 33342. The upper panel shows nucleus staining (original magnification, ×200). 

The lower panels show fluorescent images for CD14, NLRP3, CD74 or control IgG staining 

in the areas indicated by the rectangle in the upper panels (original magnification, ×400). 

Arrows indicate triple-stained cells for CD14, NLRP3, and CD74. (B) Immunofluorescent 

staining of human acute cutaneous lupus lesion with antibodies to MIF (green) or control 

IgG. All nuclei were counterstained with Hoechst 33342. Representative data from 2 

independent experiments.
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Figure 5. High-dimensional single cell analysis shows the unique cellular traits of monocytes 
stimulated with the snRNP immune complex (IC) that were altered by antagonizing MIF
Monocytes were incubated for 5 hours with or without IC (U1-snRNP (5 μg/ml)/anti-U1-

snRNP serum, 5% final concentration) alone or with MIF098 (20 μM) followed by CyTOF 

analysis. The PhenoGraph clustering was performed on monocytes based on the expression 

of 17 molecules (column labels in D and I). (A–C, F–H) t-SNE plots show a landscape of 

subsets and their relationships in the incubated monocytes. C and H show subsets identified 

by PhenoGraph clustering on monocytes incubated in indicated conditions. Numbers and 

matched color dots indicate individual cell subsets. D and I show mean expression levels of 

17 molecules (rows) by the individual cell subsets (columns) identified in C and H. Values 

are scaled between 0 and 1 for each molecule. (E, J) Bar graphs show the intensity of each 

molecule expressed by individual subsets of the incubated monocytes identified in C and H. 

Bars and error bars indicate mean ± and SEM, respectively. P < *0.05, **0.005 by two-way 

ANOVA (multiple comparison controlled by the Benjamin, Krieger and Yekutieli method, 

FDR 0.05). N.S., not significant.

Shin et al. Page 18

Arthritis Rheumatol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. MIF has a robust quantitative relationship with CD74, CD44, and CD44 at the single 
cell level in monocytes stimulated with the lupus snRNP immune complex
Monocytes purified from healthy donors were incubated for 5 hours with or without U1-

snRNP (snRNP, 5 μg/ml) and anti-U1-snRNP antibody-positive (Ab+) serum (5% final 

concentration) (referred to as immune complex, IC) in the presence or absence of the MIF 

antagonist MIF098 (20 μM), stained with a set of antibodies, and run on a Helios CyTOF as 

in Fig 5. The computational algorithms conditional-Density Resampled Estimate of Mutual 

Information (DREMI) and conditional-Density Rescaled Visualization (DREVI) were 

performed on the incubated monocytes. DREVI plots show the quantitative relationship of 

MIF with CD74 (A), CD44 (B), CXCR4 (C), and CXCR2 (D). DREMI scores indicating the 

strength of the statistical dependency between two molecules are shown above the DREVI 

plots. Representative data from 4 independent experiments with 4 donors.
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