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Abstract

Objective.—Peripheral blood mononuclear cells (PBMC) from lupus patients exhibit a gene 

expression program (interferon signature) attributed to over-production of type I IFNs (IFN-I) by 

plasmacytoid dendritic cells. IFN-I were thought to play a role in the pathogenesis of lupus. This 

study examined an unexpected influence of macrophages/monocytes on the interferon signature.

Methods.—Proinflammatory (classical) and anti-inflammatory (non-classical) macrophages 

were sorted from mice and analyzed by RNA-sequencing and quantitative PCR (qPCR). Type I 

interferon receptor (IFNAR) expression was determined by qPCR and flow cytometry. 

Macrophages were stimulated in vitro with IFNα and p-Stat-1was measured.

Results.—Transcriptional profiling of peritoneal macrophages from mice with pristane-induced 

lupus unexpectedly indicated a strong interferon signature in classical, but not non-classical, 

macrophages exposed to the same IFN-I concentrations. Ifnar1 mRNA and IFNAR surface 

staining were higher in classical vs. non-classical macrophages (P < 0.0001 and P < 0.05 by 

student t test). Non-classical macrophages also were relatively insensitive to IFNα-driven Stat1 

phosphorylation. Humans exhibited a similar pattern: higher IFNAR expression (P < 0.0001 by 

student t test) and IFNα-stimulated gene expression (P < 0.01 by paired Wilcoxon rank sum test) 

in classical monocytes and lower levels in non-classical monocytes.

Conclusion.—These studies reveal that the relative abundance of different monocyte/

macrophage subsets helps determine the magnitude of the interferon signature. Responsiveness to 

IFNα signaling reflects differences in IFNAR expression in classical (high IFNAR) vs. non-

classical (low IFNAR) monocytes/macrophages. Thus, the interferon signature depends on both 

IFN-I production and the responsiveness of macrophages/monocytes to IFNAR signaling.
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Introduction

Peripheral blood mononuclear cells (PBMCs) from SLE patients exhibit high levels of gene 

transcripts regulated by type I interferons (IFN-I), such as IFNα and IFNβ (1, 2). In 

aggregate, this transcriptional program is termed the “interferon signature”. Many of the 

IFN-stimulated genes (ISGs) over-expressed in lupus are involved in antiviral responses. A 

high interferon signature correlates with anti-Sm, RNP, and dsDNA autoantibody production 

and lupus nephritis (3, 4). Mice with pristane-induced lupus also develop the interferon 

signature (5, 6).

Several lines of evidence suggest that interferon responses play a role in disease 

pathogenesis. Patients treated with IFNα may develop antinuclear antibodies or clinical 

lupus (7, 8) and anti-Sm, RNP, and dsDNA autoantibody production and lupus nephritis are 

greatly attenuated in lupus mice lacking the type I interferon receptor (IFNAR) (9, 10). This 

has prompted the search for drugs for lupus that block the IFNAR, such as the anti-IFNAR 

monoclonal antibody anifrolumab (11).

High interferon signatures are associated with active lupus and constitute a risk factor for 

SLE (4, 12). Measuring IFN-I in biological samples is technically challenging (13). 

Consequently IFN-I regulated gene expression in PBMCs is a widely used surrogate marker 

for IFN-I (1, 2, 14). Although the interferon signature has been assumed to reflect IFN-I 

production, its magnitude also could reflect differences in signaling through the IFNAR, 

which activates the kinases Jak1 and Tyk2, resulting in the phosphorylation of Stat1 and 

Stat2, or activation of Irf9, other Stat proteins, PI3 kinase, and/or ERK½ (15). Thus, the 

interferon signature could be influenced by expression of the IFNAR (Ifnar1 and Ifnar2 

chains) or the expression/activity of key intermediates downstream of the receptor (16, 17).

Our laboratory studies the role of monocytes and macrophages (Mϕ) in lupus and recently 

found that CD138+ “non-classical” Mϕ (NCM) promoting the resolution of inflammation 

are deficient in pristane-induced lupus (18). In the present study, transcriptional profiling of 

this novel Mϕ subset revealed a much lower interferon signature than seen in “classical” 

Ly6Chi Mϕ (CM) (19) exposed to the same concentration of IFN-I. We show that this is 

because NCM are relatively insensitive to signaling through the IFNAR. Similarly, 

circulating human monocyte subsets exhibit differential responsiveness to IFN-I. Moreover, 

we show that the magnitude of the interferon signature in human PBMCs depends on the 

relative numbers of classical monocytes (equivalent to murine CM). These data alter how we 

view the interferon signature, potentially with implications for understanding the 

pathogenesis of lupus.

Patients and Methods

Mice.

Female C57BL/6 (B6) mice (5-10 per group, Jackson Laboratory, Bar Harbor, ME) 

maintained under specific pathogen free conditions were injected i.p. with 0.5 ml of either 

pristane (Sigma-Aldrich, St. Louis, MO) or mineral oil (MO, C.B. Fleet Co., Lynchburg, 

VA). Peritoneal exudate cells (PEC) were collected by lavage 3-14 days later (20). This 
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study followed the recommendations of the Animal Welfare Act and US Government 

Principles for the Utilization and Care of Vertebrate Animals and was approved by the UF 

IACUC.

Flow cytometry, cell sorting, and RNA isolation.

Flow cytometry was performed using anti-mouse CD16/32 (Fc Block; BD Biosciences, 

Woburn, MA) before staining with primary antibody or isotype controls. Cells were surface-

stained, fixed/permeabilized (Fix-Perm buffer, eBioscience, San Diego, CA), and then 

stained intracellularly. Monoclonal antibodies used for flow cytometry are listed in Table S1. 

For cell purification, PEC were incubated with anti-CD11b-BV421, CD138-APC, Ly6C-

Alexa Fluor 488, and Ly6G-APC-Cy7 antibodies (20). Peritoneal NCM (CD11b
+CD138+Ly6C−Ly6G−, which we previously have termed “CD138+ macrophages”) and CM 

(CD11b+CD138−Ly6ChiLy6G−, which we previously have termed Ly6Chi monocyte/

macrophages) (18) were flow-sorted using a FACSAria cell sorter (3 mice/group, 30,000 

cells/mouse). The gating strategy is shown in Figure 1A. Cells were lysed immediately and 

RNA was isolated using the RNeasy Microkit (Qiagen, Gaithersburg, MD).

Gene expression profiling.

RNA sequencing (RNA-seq) was performed at Broad Institute using the Smart-Seq2 

platform (21–23). Smart-Seq2 libraries were prepared by the Broad Institute Technology 

Labs and sequenced using the Broad Genomics Platform (Cambridge, MA). Transcripts 

were quantified using the BTL computational pipeline with Cuffquant version 2.2.1 (24). 

Preliminary data analysis confirmed that purity of the sorted cells was high: Ly6c2 was 

expressed much more highly in CM and Sdc1 (encoding syndecan-1/CD138) in NCM. 

Reproducibility between mice also was high (not shown). Gene set enrichment analysis 

(GSEA) was performed using the Broad Institute GSEA Desktop v2.2.4 software and 

hallmark gene sets from the Molecular Signature Database (MSigDB v.6.2) (25, 26). A false 

discovery rate (FDR) of q < 0.25 was considered significant (25). Heat maps were 

constructed using Java Treeview (27). Data and materials availability: The RNA-seq data 

discussed in this publication are available from the corresponding author upon request.

Quantitative PCR (qPCR).

qPCR was performed using RNA from 106 mouse PEC (TRIzol, Invitrogen, Waltham, MA). 

cDNA was synthesized using the Superscript II First-Strand Synthesis kit (Invitrogen). 

SYBR Green qPCR analysis was performed using the CFX Connect Real-Time system (Bio-

Rad, Hercules, CA). Gene expression was normalized to 18S RNA and the expression level 

was calculated using the 2-ΔΔCt method. Primer sequences were as follows: mouse Mx1: 

forward 5′-GATCCGACTTCACTTCCAGATGG-3′, reverse 5′-

CATCTCAGTGGTAGTCCAACCC-3′; mouse 18S: forward 5′-

CGGCTACCACATCCAAGGAA-3′, reverse 5′-GCTGGAATTACCGCGGCT-3′; human 

LY6E: forward 5′-CAGCTCGCTGATGTG CTTCT-3′, reverse 5′-

CAGACACAGTCACGCAGTAGT-3′; human CXCL10: forward 5′-

GTGGCATTCAAGGAGTACCTC-3′, reverse 5′-TGATGGCCTTCGATTCTGGATT-3; 

human ISG15: forward 5′-CGCAGATCACCCAGAAGATCG-3′, reverse 5′-
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TTCGTCGCATTTGTCCACCA-3; human MX1: forward 5′-

GGTGGTCCCCAGTAATGTGG-3′, reverse 5′-CGTCAAGATTCCGATGGTCCT-3 .

In vitro IFNα-stimulated Stat1 phosphorylation.

At day-15 after pristane treatment, PEC were cultured for 0-15-min in AIM-V medium in 

the presence or absence of IFNα4 (100 U/ml, R&D Systems, Minneapolis, MN). Cells were 

fixed/permeabilized for flow cytometry and stained with anti-CD11b, Ly6G, Ly6C, CD138, 

and phospho-Stat1 antibodies (Table S1). The mean fluorescence intensity (MFI) of 

phospho-Stat1 staining in the CD11b+Ly6G−Ly6ChiCD138− and CD11b+Ly6G
−Ly6CloCD138+ cells was determined.

Transwell assays.

Total PEC were isolated 14-d after pristane treatment, resuspended in RPMI culture medium 

containing 10% fetal bovine serum, and placed in the top well of an 8 μm Falcon 

Fluoroblock multiwall insert (Becton-Dickinson). The lower chamber was filled with culture 

medium containing CX3CL1 (200 ng/ml, R&D Systems) or with culture medium alone. 

After 4-h, cells in the upper and lower chambers were analyzed by flow cytometry (CD11b, 

Ly6C, CD138, Ly6G staining). Cell migration in response to CX3CL1 (CM and NCM 

subsets) was calculated as a % of migration with medium alone.

Flow cytometry of human blood cells.

Heparinized whole blood was obtained from SLE patients (n=10) meeting ACR criteria (28) 

and healthy donors with no autoimmune disease (n=11). Monoclonal antibodies were added 

to 100 μl of blood as follows: anti-CD14-PerCP, anti-CD16-FITC, anti-CD64-PE, anti-

CD45-BV421 and anti-IFNΑR1-APC (Table S1) and incubated for 20-min in the dark. 

Lysis/Fix buffer was added for 5-min, and the cells were washed and re-suspended in PBS 

for flow cytometry. Neutrophils, monocytes and lymphocytes were identified as CD45+ cells 

with high (neutrophils), low (lymphocytes), or intermediate (monocytes) side scatter (SSC). 

The monocyte population was gated for further analyzing the CD14++CD16− (CM), 

CD14++CD16+ (intermediate monocytes, IM) and CD14+CD16++ (NCM). CD14++CD16− 

monocytes are the human equivalent of murine CM, whereas CD14+CD16++ monocytes are 

the equivalent of murine NCM (29). In some experiments, CM and NCM were stained with 

CD169 and CD64. This study followed recommendations of the International Committee of 

Medical Journal Editors and was approved by the UF Institutional Review Board. All 

subjects gave written informed consent in accordance with the Declaration of Helsinki.

Expression of ISGs in human PBMC subsets.

PBMCs were isolated from 8 healthy controls (30-ml heparinized peripheral blood) by 

Ficoll-Hypaque density gradient centrifugation and cultured for 11-h in the presence of 

either IFNα2b (1000 U/ml, R&D Systems) or vehicle (PBS). Cells were stained with anti-

CD3, CD19, CD14, and CD16 antibodies and flow-sorted using a FACSAria cell sorter. T 

cells (CD3+CD19−CD14−CD16−), B cells (CD3−CD19+CD14−CD16−), CM 

(CD3−CD19−CD14++CD16−), and NCM (CD3−CD19−CD14+CD16++) were collected and 
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lysed immediately. RNA was isolated using the RNeasy Microkit and the expression of ISGs 

(LY6E, CXCL10, ISG15, and MX1) was determined by qPCR as above.

Responsiveness of human monocytes to IFN-I in vitro.

PBMCs from SLE patients (n=9) and healthy controls (n=8) were isolated by Ficoll-

Hypaque density gradient centrifugation as above and cultured for 24-h with IFNα2b (1000 

U/ml) or PBS followed by incubation with fluorescently-labeled monoclonal antibodies and 

flow cytometry. After gating on CM (CD14++CD16−), IFNAR1 and CD64 staining intensity 

(MFI) was determined.

Statistical analysis.

Statistical analyses were performed using Prism 6.0 (GraphPad Software). Differences 

between groups were analyzed by two-sided unpaired Student t test unless otherwise 

indicated in the figure legend. Data were expressed as mean ± SD. p < 0.05 was considered 

significant. Experiments were repeated at least twice.

Results

PEC from mice treated with pristane or MO contain several myeloid populations including 

CD11b+Ly6G−Ly6Chi CM, CD11b+Ly6CloLy6G-CD138+ NCM, and CD11b+Ly6G+ 

neutrophils (Fig. 1A). CM and NCM both expressed surface markers characteristic of Mϕ 
(F4/80, CD68, and CD115). F4/80 staining was higher in Mϕ from pristane- vs. MO-treated 

mice. As expected (30), CM expressed higher levels of CD62L than NCM (Fig. 1B). Both 

subsets expressed chemokine receptors involved in Mϕ migration (Fig. 1C). As expected 

(18), CM expressed more CCR2 than NCM. Pristane treatment increased the expression of 

CCR5, CX3CR1, and CCR2 on NCM and increased CX3CR1 expression on CM, 

suggesting that it may promote Mϕ recruitment to the inflamed peritoneum more potently 

than MO. We previously showed that the recruitment of CM to the peritoneum is dependent 

on CCR2/CCL2 in pristane-treated mice (31). CM from pristane-treated mice also migrated 

toward CX3CL1 (the ligand for CX3CR1) more efficiently than NCM (Fig. 1C, right).

CM from pristane- and MO-treated mice expressed similar levels of most surface markers, 

although the M1 Mϕ marker CD274 was higher in CM from pristane-treated mice (Fig. 1D). 

In contrast, surface staining of NCM from pristane-treated and MO-treated mice differed 

somewhat, with higher Ly6C and CD274 and lower CD11c, CD273, and CD36 surface 

staining on NCM from pristane-treated mice (Fig. 1D). However, in both pristane- and MO-

treated mice, surface staining for the scavenger receptor CD36, which promotes the 

phagocytosis of apoptotic cells (32), was considerably higher in NCM vs. CM (Fig. 1E). The 

staining pattern for Marco, another scavenger receptor involved in the phagocytosis of 

apoptotic cells (18, 33), was similar: increased in NCM vs. CM, with higher expression on 

NCM from pristane- vs. MO-treated mice (Fig. 1E).

We previously showed that NCM from pristane-treated mice make more TNFα and that 

TNFα production and the surface phenotype become more “MO-like” after LXR agonist 

treatment (20). Thus, there may be more than one subset of NCM or these cells may exhibit 

a greater degree of phenotypic/functional plasticity than CM, potentially influencing 
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whether peritoneal inflammation resolves or becomes chronic, resulting in autoimmune 

disease.

High expression of ISGs in NCM from pristane-treated mice.

To explore peritoneal Mϕ heterogeneity further, we performed transcriptional profiling of 

flow-sorted peritoneal Mϕ from pristane- and MO-treated mice (Fig. 2). Examination of the 

top 50 features differentially expressed by peritoneal NCM from pristane- vs. MO-treated 

mice revealed that eight of the top ten genes over-expressed in pristane-treated mice were 

ISGs associated with antiviral responses (Fig. 2A, red dots). Although expression of these 8 

transcripts was substantially higher in NCM from pristane- vs. MO-treated mice, they also 

were differentially expressed in CM from pristane- vs. MO-treated mice (Fig. 2B). The 

highest expression levels were in CM from pristane-treated mice. Transcripts over-

represented in NCM from MO-treated mice included genes reported to have an inhibitory/

immunomodulatory function, including Il1r2, Lcn2, Mmp9, and NfkbIl1 (Fig. 2A, blue 
squares).

Weak expression of the ISG Mx1 in peritoneal NCM relative to CM from pristane-treated 

mice (Fig. 2B) was confirmed by qPCR (Fig. 2C, left). Similarly, surface staining for the 

IFN-I regulated protein CD169 (Siglec1) was higher on both CM and NCM from pristane- 

vs. MO-treated mice (Fig. 2C, right). Interestingly, Siglec1 mRNA appeared to be expressed 

at relatively higher levels in NCM from pristane-treated mice than other ISGs (Fig. 2B). This 

was reflected in high levels of Siglec1 (CD169) surface staining on NCM from pristane-

treated mice (Fig. 2C).

Increased IFN-I sensitivity of CM vs. NCM.

Peritoneal injection of pristane, but not MO, induces a strong interferon signature (31). 

Transcriptional profiling of CM vs. NCM from pristane-treated mice revealed that many of 

the top 50 genes over-expressed by CM from pristane-treated mice were ISGs (Fig. 3A, red 
dots). GSEA confirmed that CM over-expressed members of the Hallmark IFNα Response 

Gene Set (25, 26) (Fig. 3B–C, Table S2). CM also up-regulated transcripts in the “IFNγ-

response” and “inflammatory response” gene sets (Table S2). Expression of the top 10 ISGs 

(bracket, Fig. 3B) was markedly lower in CM from MO-treated mice vs. those from 

pristane-treated mice (Fig. 2B and 3D). The only exception was Ifitm1, which was 

expressed at high levels in CM from both pristane- and MO-treated mice (Fig. 3D). 

However, like most other ISGs, Ifitm1 was expressed only at low levels in NCM. 

Surprisingly, the peritoneal NCM and CM were flow-sorted from the same mice and 

therefore were exposed to the same concentration of IFN-I prior to isolation, suggesting that 

NCM from pristane-treated mice might be less sensitive to IFN-I than CM.

ISG expression is related to Ifnar1 levels.

RNA-sequencing suggested that Ifnar1 transcripts were less abundant in NCM vs. CM from 

both pristane- and MO-treated mice (Fig. 4A). The expression of Ifnar2 and other 

intermediates in the IFNAR signaling pathway (Tyk2 and Jak1) also appeared lower in 

NCM. In pristane-treated mice, expression of downstream genes encoding subunits of the 

transcription factor ISGF3 (Stat1, Stat2, and Irf9), was lower in NCM than in CM, but these 
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genes are IFN-I regulated (34). We confirmed by flow cytometry that NCM from pristane-

treated mice had substantially lower Ifnar1 surface staining than CM (Fig. 4B). CD11b
+Ly6G+ neutrophils and “other cells” (mainly lymphocytes) from the peritoneal exudates 

exhibited little or no Ifnar1 staining. Thus, CM may be poised to express an interferon-

regulated transcriptional program when stimulated by IFN-I. To test that possibility, PECs 

were isolated 15-d after pristane treatment and incubated with IFNα4 (100 U/ml) for 0-15 

min, followed by measurement of phospho-Stat1 (p-Stat1) in Mϕ subsets by flow cytometry 

(Fig. 4C). At baseline (before IFNα treatment), p-Stat1 levels in CM were significantly 

higher than in NCM from the same mice (P < 0.01, Student t-test) and this pattern persisted 

after incubation with IFNα4. In CM, IFNα4 treatment enhanced the phosphorylation of 

Stat1 (P = 0.01, Student t-test), although the effect was not dramatic. This may suggest that 

Stat1 phosphorylation already was near-maximal in freshly isolated peritoneal CM from 

pristane-treated mice. Although signaling through the IFNγ receptor (IFNGR) also results in 

Stat1 phosphorylation, NCM and CM expressed similar levels of Ifngr1; expression of 

Ifngr2 mRNA may have been slightly lower in NCM (Fig. 4D). Thus, low Stat1 

phosphorylation in NCM correlated with the low level of Ifnar1 mRNA and protein 

expressed by these cells.

IFNAR expression and IFN-I responsiveness of human monocyte subsets.

We examined PBMCs from SLE patients and healthy controls to see if the variable IFN-I 

responsiveness is also seen in human monocytes. Three human monocyte subsets have been 

described, CD14++CD16− (CM), CD14++CD16+ (intermediate monocytes, IM) and 

CD14+CD16++ (NCM) (35, 36) (Fig. 5A, R4, R5, and R6, respectively). CM and IM from 

peripheral blood of both healthy controls and SLE patients exhibited IFNAR1 surface 

staining, whereas NCM had minimal staining (Fig. 5B). CM express higher levels of the 

IFN-I regulated gene CD64 than NCM (37) and CD64 staining (flow cytometry) on total 

CD14+ cells correlates strongly with the interferon signature (38). Consistent with the 

IFNAR1 staining pattern, CM and IM, but not NCM, from healthy controls and SLE patients 

stained strongly for CD64 (Fig. 5C). Neutrophils (Neut) and lymphocytes (Lymph) (Fig. 5A, 

R1 and R3, respectively) had only weak IFNAR1 expression (Fig. 5B). Thus, as in mouse 

Mϕ, the IFNAR was expressed differentially on human CM/IM vs. NCM.

Interestingly, IFNAR1 protein expression was lower on peripheral blood CM/IM, as well as 

NCM and neutrophils, from SLE patients vs. healthy controls (Fig. 5B). This difference also 

was seen in a second cohort of SLE patients and healthy controls, although it was not 

statistically significant (Fig. 5D). To see if CM from SLE patients were more responsive to 

IFN-I, we cultured PBMC from SLE patients and healthy controls for 24-h with IFNα2b and 

then measured surface staining of the IFN-I regulated protein CD64. The increase of CD64 

staining (ΔMFI) was similar in CD14++CD16− CM from SLE patients and healthy controls, 

suggesting that monocytes from SLE patients were not hypersensitive to signaling through 

the IFNAR (Fig. 5E, left). However, IFNAR1 surface staining was lower in CM cultured 24-

h with IFNα2b than in controls cultured with PBS (Fig. 5E, right). In contrast, in CM 

cultured for 1.5-h with IFNα2b exhibited similar IFNAR1 staining to PBS controls (not 

shown).
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Based on their differential IFNAR1 expression, we hypothesized that ISG expression would 

be higher in human CM vs. NCM, as seen in mice. CD64 and CD169 are surface markers 

used to assess the interferon signature in human cells by flow cytometry (38, 39). In murine 

Mϕ, levels of Fcgr1 (CD64) and Siglec1 (CD169) transcripts correlated and were higher in 

CM than NCM (Fig. 6A), consistent with other ISGs (Figs. 2 and 3). By flow cytometry, a 

similar pattern was seen in human CM, although the two markers were not significantly 

correlated in NCM (Fig. 6B). Analysis of mRNA levels in flow-sorted CM, NCM, CD3+ T 

cells, and CD19+ B cells for LY6E, CXCL10 (IP-10), ISG15, and MX1 by qPCR confirmed 

that ISG expression was higher in CM than in NCM after IFNα2b stimulation. (Fig. 6C).

Discussion

The hydrocarbon oil pristane causes non-remitting peritoneal inflammation, a strong 

interferon signature, and clinical features of lupus in non-autoimmune prone mice (6). Other 

hydrocarbon oils, such as MO, cause acute inflammation without inducing over-expression 

of ISGs or lupus. Resolution of peritoneal inflammation in MO-treated mice is associated 

with the disappearance of CM and with increasing numbers of NCM (18). Diverse 

mechanisms regulate the resolution of inflammation (40, 41). We show here that differential 

expression of the IFNAR on monocytes and Mϕ may influence whether inflammation 

resolves or becomes chronic. We also show that CM are the primary IFN-I responsive cell 

type in mouse PECs and in human PBMCs. The balance between CM and NCM plays a 

previously unrecognized role determining the magnitude of the interferon signature.

Differential interferon responsiveness in monocyte/Mϕ subsets.

Unexpectedly, we found that in mouse PEC, ISG expression was lower in NCM than in CM 

exposed to the same concentration of IFN-I (Fig. 3). The data suggest that the explanation 

lies in the level of IFNAR expression. Ifnar1 transcripts and IFNAR surface staining both 

were lower in NCM vs. CM (Fig. 4). Peritoneal lymphocytes and neutrophils also had little 

or no Ifnar1 surface staining. The low level of Ifnar1 may be functionally significant, as it 

correlated with lower Stat1 activation in NCM (Fig. 4C).

Similarly, IFNAR expression was lower on human NCM vs. CM and IM (Fig. 5). Consistent 

with the mouse data, there was relatively little IFNAR expression on human neutrophils and 

lymphocytes, suggesting that the CM are a major determinant of the interferon signature in 

human PBMCs. The relative expression of ISGs (LY6E, CXCL10, ISG15, and MX1) in 

flow-sorted PBMC subsets supports that conclusion (Fig. 6C). Thus, signaling through the 

IFNAR of CM may be a significant determinant of the interferon signature in human 

PBMCs isolated by density gradient centrifugation (containing monocytes and lymphocytes, 

but few neutrophils). A predominance of CM/IM over NCM may favor a strong interferon 

signature. Although IFNAR expression on neutrophils was lower than on CM, neutrophils 

are more numerous than monocytes and could influence the interferon signature in blood 

samples collected in PAXgene tubes.

Although the overall pattern of IFNAR1 expression was similar on murine peritoneal Mϕ 
and human circulating monocyte subsets (i.e. higher on CM than NCM), there was a trend 

toward lower IFNAR1 expression on CM from SLE patients vs. controls (Fig. 5B). Several 
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factors may influence IFNAR expression on human monocytes. As in mice with pristane-

induced lupus (31), CCR2-CCL2 mediated recruitment of CM to inflamed tissues may alter 

the proportions of CM and NCM in the blood of SLE patients. In addition, circulating CM in 

most SLE patients are exposed to higher concentrations of IFN-I than those from healthy 

controls. Although the lower IFNAR staining on SLE vs. control CM was not statistically 

significant, it was reproducible in two independent cohorts (Fig. 5B and 5D). CM from SLE 

patients and healthy controls displayed similar induction of ISG expression in vitro (Fig. 5E, 

left), suggesting that SLE monocytes were not hyper-responsive to IFNα. However, when 

CM from both SLE patients and healthy controls were cultured with IFNα2b, IFNAR1 

surface staining was reduced (Fig. 5E, right). There are two potential explanations. The anti-

IFNAR monoclonal antibody might compete with IFNα2 for binding to IFNAR1, as is true 

of other monoclonal anti-IFNAR1 antibodies (42, 43). Alternatively, since IFN-I binding 

induces IFNAR1 internalization (44), receptor expression could be modulated by 

endogenous IFN-I (SLE patients) or exogenous IFNα2b (in vitro). The latter explanation 

may be more likely, since a 1-h preincubation with IFNα2b prior to staining with anti-

IFNAR antibodies did not cause a dose-dependent reduction in IFNAR staining (not shown).

The differential expression of Ifnar1 mRNA in murine peritoneal CM is under investigation. 

Although enhanced degradation of the IFNAR1 chain is reported in colorectal cancer and 

influenza infection (45, 46), the low level of Ifnar1 transcripts in NCM in murine lupus is 

more consistent with transcriptional regulation. However, further studies are necessary to 

determine the mechanisms that regulate IFNAR1 expression in lupus monocytes/Mϕ.

Clinical significance.

ISGs are expressed at high levels by PBMCs from patients with lupus (1, 2) or genetic 

interferonopathies (13). Although it is assumed that the interferon signature results from 

over-production of IFN-I, our data suggest the situation is more complex than that. First, the 

interferon signature critically depends on the responsiveness of monocytes/Mϕ to signaling 

through the IFNAR. Second, CM express high levels of the IFNAR1 and exhibit a strong 

interferon signature, whereas NCM and other blood cells have little IFNAR1 expression and 

only a weak interferon signature. Finally, even in CM, there would be no interferon signature 

without IFN-I production. This probably explains the low IFN-I regulated gene expression in 

CM from MO- vs. pristane-treated mice (Figs. 2–3) despite their comparable levels of 

Ifnar1, Ifnar2, Tyk2, and Jak1 mRNAs (Fig. 4). Thus, the interferon signature, which is used 

increasingly to monitor disease activity and/or response to therapy, is a composite measure 

of both IFN-I production and IFNAR expression on monocytes/Mϕ. Consequently, 

therapeutic intervention could abolish the interferon signature by driving monocyte/Mϕ 
differentiation toward an anti-inflammatory phenotype without substantially affecting the 

production of interferon. Recent studies suggest it may be feasible in principle to accomplish 

this using LXR agonists (20).

Relationship of IFNAR expression to disease severity.

The balance between CM and NCM also could influence disease severity. Monocyte/Mϕ 
infiltration of target organs is seen in glomerulonephritis and atherosclerosis (47, 48), both 

of which are associated with IFN-I production in lupus (4, 49). Lupus monocytes/Mϕ secrete 
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higher than normal levels of proinflammatory cytokines and have an impaired capacity to 

take up apoptotic cells (18, 50, 51), possibly reflecting an imbalance between CM and NCM 

(18). In comparison with CM, NCM exhibited higher surface expression of the scavenger 

receptors CD36 and Marco (Fig. 1E). We showed previously that treatment with anti-Marco 

neutralizing antibodies or the class A scavenger receptor antagonist Poly(I) reduces in vivo 
phagocytosis of apoptotic cells by ~30% (18). Like Marco, the class B scavenger receptor 

CD36 promotes clearance of apoptotic cells (52). Increased NCM expression of CD36 and 

Marco may help prevent the interferon signature by reducing the generation and release of 

TLR7/8/9 ligands from uncleared apoptotic cells undergoing secondary necrosis (53). Thus, 

NCM may help limit the interferon signature in two ways: 1) by their insensitivity to 

signaling through the IFNAR and 2) by removing dead cells and preventing TLR-mediated 

IFN-I production. It will be of interest in the future to examine the relationship of IFNAR 

expression on tissue infiltrating monocyte/Mϕ to disease severity (lupus nephritis, 

accelerated atherosclerosis).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Surface staining phenotypes of Mϕ subsets.
A, gating strategy for flow-sorting CM and NCM from PEC from pristane or MO-treated 

mice. Cells were purified based on forward scatter (FSC), side scatter (SSC), and surface 

staining with monoclonal antibodies specific for CD11b, Ly6G, Ly6C, and CD138. B, Mϕ 
marker expression on flow-sorted CM and NCM from MO (solid line) vs. pristane (dotted 

line) treated mice. Cells were stained with monoclonal antibodies specific for F4/80 (Emr1), 

CD68, CD115 (Csf1r), and CD62L (Sell). C, Left, chemokine receptor expression on CM 

and NCM from MO vs. pristane treated mice. Cells were stained with monoclonal antibodies 
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specific for CCR5, CX3CR1, and CCR2. Right, transwell assay showing the migration of 

PEC from pristane-treated mice toward CX3CL1 (200 ng/ml, representative of 3 separate 

experiments). D, Cells were surface stained with monoclonal antibodies specific for Ly6C, 

IL-10 receptor (IL10R), CD138, CD274, CD11b, CD273, CD11c, CD36, CD169, and MHC 

class II (MHCII). E, Flow cytometry analysis of CD36 (up) and Marco (bottom) on the 

surface of NCM and CM from 14-day pristane and mineral oil treated mice. **** P < 

0.0001, *** P < 0.001, ** P < 0.01 (Student t-test).
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Figure 2. Transcriptional profiling of NCM from pristane vs. MO-treated mice.
A, Heat map of the top 50 features for NCM from mineral oil (MO) vs. pristane treated 

mice. Of the top 10 genes over-expressed in pristane-treated mice, 8 were ISGs associated 

with antiviral responses (red dots). Genes reported to have an inhibitory or 

immunomodulatory function over-represented in NCM from MO-treated mice are indicated 

by blue squares. B, Expression of the 8 ISGs (red dots, Fig. 2A) in the CM and NCM from 

pristane vs. MO-treated mice. Fpkm, fragment per kilobase million. C, Left, Mx1 expression 

levels relative to 18S rRNA (qPCR) in CM vs. NCM from pristane- and MO-treated mice. 
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Right, flow cytometry of CD169 (Siglec1) surface staining on CM and NCM from pristane 

vs. MO treated mice. * P=0.016, vs. CM, **** P < 0.0001 (Student t-test). n.s., not 

significant.
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Figure 3. Gene expression in Mϕ subsets from pristane or MO treated mice.
CM and NCM from pristane-treated mice were flow-sorted as in Fig. 1 and analyzed by 

RNA-Seq. A, heat map of the top 50 features for CM vs. NCM from pristane treated mice. 

Genes represented in the Hallmark IFNα Gene Set are indicated by a red dot. B, GSEA, 

hallmark interferon-α response gene pathway, CM vs. NCM from pristane treated mice. 

Expression levels of the top 10 genes (indicated by bracket) in CM and NCM are shown in 

Figs. 2B and 3D. C, GSEA enrichment plot, hallmark interferon-α response gene pathway. 

D, Expression of Cxcl10, Ifit3, Ifitm1, Sell, Il15, and Isg15 in CM vs. NCM from pristane- 

and MO-treated mice. Fpkm, fragment per kilobase million.
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Figure 4. NCM express lower levels of IFNAR than CM.
A, Expression of genes involved in IFNAR signaling (Ifnar1, Ifnar2, Tyk2, Jak1, Stat1, 

Stat2, and Irf9 in CM vs. NCM from pristane- and MO-treated mice. B, Ifnar surface 

staining of PEC subsets (CM, NCM, Ly6G+ neutrophils (Neut), and CD11b−Ly6C
−CD138−Ly6G− cells (Other), primarily lymphocytes. MFI, mean fluorescence intensity. 

Right, representative flow cytometry plot showing IFNAR staining of CM, NCM, Neut, and 

Other cells. C, Intracellular phospho-Stat1 (p-stat) staining in peritoneal CM vs. NCM from 

pristane-treated mice 0-15 minutes after adding IFNα4. D, Expression of mRNA encoding 

interferon-γ receptor chains Ifngr1 and Ifngr2 in CM vs. NCM from pristane- and MO-
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treated mice. * P < 0.05, ** P < 0.01, **** P < 0.0001, NCM vs. CM (Student t-test). Fpkm, 

fragment per kilobase million.
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Figure 5. Flow cytometry of IFNAR and CD64 in human PBMCs.
PBMCs were isolated from SLE patients (n=10), and healthy controls (n=11) and analyzed 

by forward scatter (FSC), side scatter (SSC), and staining with anti-CD14, CD16, CD45, 

CD64, and IFNAR antibodies, showing neutrophils (R1), monocytes (R2), and lymphocytes 

(R3). Surface staining of IFNAR and CD64 (mean fluorescence intensity, MFI) on 

CD14++CD16− (CM, R4), CD14++CD16+ (IM, R5), and CD14+CD16++ (NCM, R6) 

monocytes were quantified by flow cytometry. A, Gating strategy. B, IFNAR1 staining on 

monocyte subsets, neutrophils (Neut), and lymphocytes (Lymph) from peripheral blood of 
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healthy controls (left) and SLE patients (right). C, CD64 staining on monocyte subsets, 

neutrophils, and lymphocytes from peripheral blood of healthy controls (left) and SLE 

patients (right). **** P < 0.0001 vs. CM (Student t-test). D, IFNAR staining on CM from 

peripheral blood of healthy controls (HC) and SLE patients. E, Left, change in CD64 surface 

staining (Δ MFI) on CM from SLE patients, and healthy controls (HC) after for 24-h culture 

with IFNα2 (1000 U/ml). n.s., not significant (Student t-test). Right, IFNAR1 expression 

(MFI) on CM after culture in vitro with PBS or IFNα2 (1000U/ml) for 24h (P < 0.02, paired 

Student t-test).
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Figure 6. Expression of ISGs in human PBMC subsets.
A, Correlation of Siglec1 (CD169) and Fcgr1 (CD64) mRNA levels in murine CM vs. NCM 

from pristane- and MO-treated mice (Fpkm, fragment per kilobase million) (Spearman rank 

correlation). B, Correlation of CD169 and CD64) surface staining levels on human CM and 

NCM. (MFI, mean fluorescence intensity, flow cytometry) (Spearman rank correlation). C, 
expression of ISGs (LY6E, CXCL10, ISG15) by qPCR in flow-sorted human PBMC subsets 
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11-h after treatment with IFNα2b (1000 U/ml). Cell subsets: T cells (CD3+), B cells 

(CD19+), CM, and NCM. **, P < 0.01, CM vs. NCM, paired Wilcoxon rank sum test.
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