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Abstract

Objective—TNFα antagonists are effective for treating rheumatoid arthritis and other 

inflammatory diseases, but their use can be complicated by lupus-like phenomena. We 

investigated the role of TNFα in murine lupus.

Methods—TLR7 ligand-driven lupus was induced in B6 and B6-TNFα−/− mice using pristane. 

Autoantibodies and type I interferon (IFN-I) production were measured and the effects on IFN-I-

producing plasmacytoid dendritic cells (pDCs), Ly6Chi monocytes, and TNFα-producing 

neutrophils were determined.

Results—TNFα−/− mice did not spontaneously develop autoantibodies or clinical manifestations, 

suggesting that TNFα deficiency alone is insufficient to cause lupus. Although IFN-I levels were 

comparable in untreated TNFα−/− and B6 mice, untreated TNFα−/− mice had increased circulating 

pDCs and “pDC-like” cells, enhancing their potential to make IFN-I. When treated with pristane, 

TNFα−/− mice developed more severe lupus than controls with increased levels of anti-Sm/RNP 

autoantibodies, IFN-I, pDCs, and peritoneal inflammatory (Ly6Chi) monocytes. Neutrophils, 

which promoted resolution of inflammation, were decreased considerably in pristane-treated 

TNFα−/− mice, whereas the inflammatory monocyte and pDC responses and IFN-I were increased 

and prolonged.

Conclusions—Low levels of TNFα increased circulating pDC numbers, enhancing the potential 

to make IFN-I. But this did not lead to IFN-I production or autoimmunity unless there was 

concomitant exposure to endogenous TLR7 ligands released from dead cells following pristane 

treatment. In patients, the rate of clearance of dead cells along with TNFα levels may influence 

who will develop lupus when treated with TNFα inhibitors.

Type I interferon (IFN-I) is strongly implicated in the pathogenesis of SLE. Peripheral blood 

mononuclear cells (PBMC) from ~60% of adult and nearly all pediatric SLE patients over-
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express IFN-I regulated genes (interferon signature) (1), individuals with three copies of the 

type I interferon gene cluster develop lupus-like disease (2), and IFNα exacerbates lupus in 

NZB/W mice (3). In contrast, tumor necrosis factor α (TNFα) is critical to the pathogenesis 

of rheumatoid arthritis (RA), inflammatory bowel disease, and psoriasis (4), diseases that are 

treated with TNFα inhibitors (TNFIs).

Up to 60% of patients treated with TNFIs develop antinuclear antibodies (ANA) and 10–

20% develop anti-double-stranded (ds) DNA autoantibodies, but <1% develop clinical lupus 

(5–7). The pathogenesis of TNFI-induced lupus remains uncertain and the risk factors are 

incompletely understood. Patients with Sjogren’s syndrome treated with a TNFI have 

increased IFN-I levels (8), suggesting that TNFα negatively regulates IFN-I production. 

Consistent with that possibility, TNFα inhibits the generation of plasmacytoid dendritic cells 

(pDCs) and IFN-I secretion by pDCs upon viral triggering. Further, in vitro culture of 

PBMCs with a TNFI increases IFNα expression (9). Here, we examined whether TNFα 

deficient (TNFα−/−) mice develop lupus. Although TNFα deficiency was associated with 

increased pDC generation, it did not induce autoantibodies or lupus-like manifestations 

spontaneously. However, when lupus was induced by the inflammatory hydrocarbon 

pristane (2,6,10,14 tetramethylpentadecane, TMPD), IFN-I and autoantibody levels were 5-

fold higher in TNFα−/− vs. TNFα-intact mice. These observations may have implications for 

the pathogenesis of human TNFI-induced lupus.

Materials and Methods

Mice

Mice were bred and maintained under specific pathogen-free conditions at the University of 

Florida Animal Facility. C57BL/6 (B6) and B6,129S-Tnftm1Gkl/J (TNFα−/−) mice were 

from Jackson Laboratory (Bar Harbor, ME). To induce lupus, 0.5 ml pristane (Sigma-

Aldrich) was injected i.p. Controls were left untreated (10, 11). Serum from the tail vein (0–

24 weeks after pristane injection) was analyzed for autoantibodies (10). These studies were 

approved by the Institutional Animal Care and Use Committee.

ELISA

Total Ig levels were measured by ELISA as described (11, 12). Anti-RNP/Sm ELISA used 

1:400 diluted mouse sera and 1:1000 goat anti-mouse IgG second Abs (10). Anti-dsDNA 

antibodies were quantified by ELISA (1:400 serum dilution) using S1 nuclease-treated calf 

thymus DNA as antigen (13). Anti-U1A (anti-RNP subset) antibodies were quantified by 

ELISA using recombinant U1A antigen, 1:400 diluted serum samples, and 1:1000 alkaline 

phosphatase-conjugated goat anti-mouse isotype antibodies (10).

To quantify anti-U1A autoantibodies in B6 vs. TNFα−/− mice, equal amounts of serum 

from each mouse in the two groups (B6 n=12, TNFα−/− n=12) were pooled and serially 

diluted (fold from 1:400 to 1:2,624,400). Optical densities (ELISA) using samples from the 

two groups were plotted as a function of serum dilution. To estimate the relative levels of 

anti-U1A, O.D. was plotted as a function of the log dilution at an O.D. of 0.7 and X-

intercepts were determined.
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Fluorescent ANA assay

Serum ANA were detected by Crithidia luciliae kinetoplast staining assay (Inova) following 

the manufacturer’s protocol. Serum dilution was 1:100 and secondary antibody was goat 

anti-mouse IgG (20 μg/ml).

Quantitative PCR (Q-PCR)

Q-PCR was performed as described (12, 14) using RNA extracted from 106 peritoneal cells 

using TRIzol (Invitrogen). Peripheral blood RNA was isolated with QIAamp RNA Blood 

Mini Kit (Qiagen). cDNA was synthesized using the Superscript II First-Strand Synthesis kit 

(Invitrogen) according to the manufacturer’s protocol. SYBR Green Q-PCR analysis was 

performed using an Opticon II thermocycler (Bio-Rad). Primer sequences were as follows: 

IFN-stimulated gene (ISG)-15 forward, 5′-GAGCTAGAGCCTGCAGCAAT and reverse, 

5′-TAAGACCGTCCTGGAGCACT-3′; IRF7 forward, 5′-

ACAGCACAGGGCGTTTTATC-3′ and reverse, 5′-GAGCCCAGCATTTTCTCTTG-3′; 

Mx-1 forward, 5′-GATCCGACTTCACTTCCAGATGG-3′ and reverse, 5′-

CATCTCAGTGGTAGTCCAACCC-3′; CXCL5 forward, 5′-

CCCCTTCCTCAGTCATAGCC-3′ and reverse, 5′-TGGATTCCGCTTAGCTTTCT-3′; 

TCF4 (E2-2) forward, 5′-GTGGACATTTCACTGGCTCA-3′ and reverse, 5′-

CCCTGCTAGTCATGTGGTCA-3′; SPIB forward, 5′-AACCACCATGCTTGCTCTG-3′, 

and reverse, 5′-CTGGGTAACTGAAGGGCTTG-3′; CXCL2 forward: 5′-

AAGTTTGCCTTGACCCTGAA-3′; reverse: 5′-CGAGGCACATCAGGTACGAT-3′ and 

CXCL3 forward: 5′-CCACTCTCAAGGATGGTCAA-3′, reverse: 5′-

GGATGGATCGCTTTTCTCTG-3′; Dock2 forward: 5′-

CTTCTTCCAAGTCTCAGATGG-3′, reverse: 5′-TTCCCACAGTGCTCGGCTCA-3′; 

IL1α forward: 5′-TGTGACTGCCCAAGATGAAG-3′ and reverse, 5′-

CTTAGTGCCGTGAGTTTCCC-3′; IL1β forward: 5′-TGAAGCAGCTATGGCAACTG-3′ 

and reverse, 5′-AGGTCAAAGGTTTGGAAG-3′; BAFF forward: 5′-

AGGGACCAGAGGAAACAGAA-3′ and reverse, 5′-AAAGCTGAGAAGCCATGGAA-3′.

Flow cytometry

Flow cytometry was performed as described (10, 15). Cells were incubated with anti-mouse 

CD16/32 (Fc Block; BD Biosciences) before staining with primary antibody or isotype 

control antibodies (10 min, 22°C). Ten-thousand to 50,000 events per sample were acquired 

using a CYAN ADP flow cytometer (Beckman-Coulter) and analyzed with FCS Express 3 

(De Novo Software). The following antibodies were used: anti-ScaI-phycoerythrin (PE), 

anti-TNFα-allophycocyanin, anti-Ly6G-PE, anti-B220-allophycocyanin-CY7, anti-CD11c-

allophycocyanin, anti-B220-FITC, anti-Ly6C-FITC, anti-CCR7-PE (BD Bioscience), 

avidin-PE-CY7, anti-CD11b-Brilliant Violet, anti-CCR9-FITC, and anti-PDCA-1-biotin 

(BioLegend). Intracellular TNFα staining was performed as described (16).

Monocyte depletion

Clodronate-containing liposomes (anionic, clo-lip) were purchased from Formumax (Palo 

Alto, CA) and administrated as described (17). To deplete peritoneal monocytes in TNFα−/

− mice, 150 μl of clo-lip were injected i.p. into mice treated with pristane 2 weeks earlier. 
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Peritoneal cells were collected two days later and percentages of Ly6Chi and Ly6Clo 

monocytes and pDCs were determined. Expression of the interferon-regulated markers 

Sca-1 (fluorescence intensity, flow cytometry) and IRF7 (Q-PCR) were quantified.

Neutrophil transfer

Neutrophil donors (B6 mice) were treated with 1.5 ml thioglycollate i.p. 5-hours before 

harvesting peritoneal cells. Clo-lip (0.1 ml i.p.) were injected 30 minutes after injecting the 

thioglycollate. Donor peritoneal cells were pooled. Splenocytes from the same donor mice 

served as a control and were treated similarly with clo-lip. RBCs were lysed with 10 ml 

RBC lysis buffer (Qiagene). Cells were pelleted at 4°C and immediately re-suspended at 5 × 

106/ml in medium. Three TNFα−/− mice pretreated with pristane 2-weeks earlier received 

either 5 × 106 monocyte-depleted peritoneal cells (mainly neutrophils) or splenocytes 

(mainly lymphocytes) i.p. Composition of the donor cell populations was verified by flow 

cytometry. Positive control was TNFα−/− mice treated with pristane for 2-weeks but not 

injected with donor cells. Negative control was untreated TNFα−/− mice.

Cytokine ELISAs

CCL19 and CXCL5 ELISAs (R&D Systems) were performed following the manufacturer’s 

instructions. Optical density was converted to concentration using standard curves based on 

recombinant chemokines using Softmax Pro 4.3 (Molecular Devices).

Assessment of glomerulonephritis

Glomerular cellularity was evaluated by counting nuclei per glomerular cross-section (18). 

Renal immune complex deposition was evaluated by direct immunofluorescence of 4-μm 

frozen sections stained with FITC-conjugated rat anti-mouse C3 mAb (Cedarlane) (18).

Statistical analysis

Statistical analyses were performed using Prism 4.0 software (GraphPad). Differences 

between groups were analyzed by unpaired Student t test (normally distributed data) or 

Mann-Whitney U test (non-normally distributed data). Data are shown as mean ± SD for 

normally distributed data sets. Normality was determined by the D’agostino and Person 

omnibus test. All tests were two-sided; p < 0.05 was considered significant.

Results

Pristane-treated B6 mice develop a TLR7-driven lupus syndrome associated with IFN-I and 

TNFα production and accumulation of dead cells in the bone marrow (BM) (16, 19). Un-

cleared dead cells are likely to be the source of endogenous TLR7 ligands driving the 

inflammatory response to pristane. We examined the effect of TNFα deficiency on the 

pathogenesis of lupus in pristane-treated mice as a means of modeling TNFI-induced lupus.

Increased autoantibody production in TNFα−/− mice

In B6-TNFα−/− and TNFα-intact B6 mice, anti-U1A autoantibodies were first detected 6–12 

weeks after pristane treatment (Fig. 1A). Although the onset was similar, anti-U1A levels 

were increased 24-weeks post-pristane in TNFα−/− mice (P=0.0006, Student’s t-test). 
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Moreover, 10/12 TNFα−/− mice had high-levels of anti-U1A autoantibodies vs. 2/12 

controls at 6-months. Anti-U1A autoantibody titers (24 weeks) were substantially higher in 

pooled sera from TNFα−/− mice vs. controls (Fig. 1A, right panel). A significant difference 

was still observed at a serum dilution of 1:874,800. When the data were analyzed using a log 

plot, the mean autoantibody level in TNFα−/− mice was 5.37-fold higher in TNFα−/− mice 

than in wild type B6 mice (not shown).

TNFα−/− mice also had higher anti-Sm/RNP antibodies (Fig. 1B). However, consistent with 

previous observations (19), pristane-treated B6 mice did not produce anti-dsDNA or anti-

ssDNA antibodies (Fig. 1B). Anti-DNA autoantibodies also were absent in pristane-treated 

TNFα−/− mice, suggesting that absence of TNFα did not break tolerance to DNA. Total 

IgG2b/IgG2c levels, the predominant isotypes of anti-Sm/RNP, were similar in TNFα−/− 

and B6 mice (Fig. 1C). Although TNFI therapy induces ANA in many patients, untreated 

TNFα-deficient mice were ANA negative up to 12-months of age (n=6) (Fig. 1D). In 

contrast, 28-weeks post-pristane, sera from 3/6 TNFα−/− mice were strongly positive.

Glomerulonephritis is generally mild in pristane-treated B6 mice (19). Although intensity of 

C3 staining 12-weeks after pristane treatment was somewhat increased in TNFα−/− vs. B6 

controls, glomerular cellularity was similar (Fig. 1D).

Increased IFN-I production in pristane-treated TNFα−/− mice

Since autoantibody production in pristane-treated mice is IFN-I dependent, we examined 

expression of the IFN-I inducible protein Sca-1 on circulating B cells (20). Sca-1 

fluorescence intensity was increased in TNFα−/− mice as early as 1-week after pristane 

treatment (Fig. 2A). Similarly, Q-PCR showed increased expression of interferon-stimulated 

genes Irf7, Mx1, and Tnfsf13b (BAFF) in peritoneal cells from TNFα−/− mice 1-week after 

pristane treatment (Fig. 2B). Irf7 and Mx-1 expression further increased in TNFα−/− mice at 

6-weeks, but were not significantly different than in B6. BAFF levels fell in TNFα−/− mice 

and did not differ between the strains at 6-weeks. CD11b+Ly6G+ peritoneal neutrophils 

from B6 mice exhibited increased intracellular TNFα 2-weeks after pristane treatment and 

staining increased up to 6-weeks before returning to baseline (Fig. 2C). This TNFα 

production was shown previously to require TLR7 (16).

TNFα affects Ly6Chi (inflammatory) monocytes

Total peritoneal cell number was determined at different time-points in B6 and TNFα−/− 

mice (Fig. 3A, Right). Ly6Chi monocytes are a major source of IFN-I in pristane-treated 

mice (21). In the peritoneum, IFNAR signaling blocks their maturation to Ly6Clo monocyte/

macrophages. The percentage of peritoneal Ly6Chi monocytes (CD11b+Ly6G−Ly6Chi) was 

increased in TNFα−/− mice up to 12-weeks after pristane treatment (Fig. 3A, Left). 
Consistent with the increased IFN-I activity at 1-week (Fig. 2A, B), Ly6Chi monocyte 

counts also were increased in TNFα−/− mice (Fig. 3B). In contrast, at 2- and 6-weeks Ly6Chi 

monocyte counts were comparable in B6 and TNFα−/− mice (Fig. 3B) and IFN-I activity 

was less divergent (Fig. 2B). However, resolution of inflammation was delayed in TNFα−/− 

mice, as indicated by a higher percentage of Ly6Chi monocytes at 32 weeks post-pristane 
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(Fig. 3B). Moreover, cell surface staining intensity of Ly6C (an interferon-inducible gene) 

was increased in the Ly6Chi monocytes from TNFα−/− mice (Fig. 3B, Lower)

Ly6Chi monocytes are a major source of IFN-I production in pristane-treated B6 mice. To 

evaluate the source of IFN-I production in the TNFα−/− mice, we depleted monocytes with 

clo-lip 2-weeks after pristane treatment (Fig. 3C). At 48-hours after pristane treatment the 

percentage of Ly6ChiCD11b+ cells was reduced by ~90% following i.p. injection of clo-lip, 

whereas there was little effect on CD11b−CD11cintB220+PDCA1+ pDCs, which are poorly 

phagocytic. Mice were pre-bled 24-hours before clo-lip treatment to verify that the two 

groups had similar expression of the interferon-inducible marker ScaI on peripheral blood 

B220+ cells (flow cytometry, not shown). Forty-eight hours after clo-lip treatment, 

expression of ScaI was reduced substantially in peritoneal exudate cells (PECs) by flow 

cytometry and there was a trend toward reduced IRF7 mRNA expression (Q-PCR) (Fig. 

3D). Taken together, these data suggest that, as reported in wild-type B6 mice (20), Ly6Chi 

monocytes are responsible for much of the type I interferon produced in the peritoneum of 

pristane-treated TNFα−/− mice.

Defective neutrophil recruitment in TNFα−/− mice affects inflammation resolution

Since neutrophils are the main source of TNFα in the BM and peritoneum of pristane-

treated B6 mice (16) and their apoptosis promotes resolution of inflammation (16), we 

examined CD11b+Ly6G+ peritoneal neutrophils (Fig. 4A). TNFα−/− mice had markedly 

fewer peritoneal neutrophils than controls by percentage and absolute count, especially near 

the peak of the acute inflammatory response (6-weeks) (Fig. 4A). Similarly, peripheral 

blood neutrophils were decreased (Fig. 4A, right). There was no significant change of the 

percentage of neutrophils in the BM 6 weeks after pristane treatment, suggesting that there is 

not an intrinsic deficiency in neutrophil maturation in the TNFα−/− mice (not shown). 

Peritoneal IL-1α and IL-1β transcripts as well as expression of the neutrophil chemokines 

CXCL2, CXCL3, and CXCL5 all were decreased in TNFα−/− mice (Fig. 4B). Decreased 

CXCL5 production was confirmed by ELISA (not shown).

Apoptotic neutrophils are thought to play a critical role in the resolution phase of 

inflammation (22). To explore the possibility that a deficiency of peritoneal neutrophils 

contributes to the prolonged inflammatory response to pristane in TNFα−/− mice, we 

performed neutrophil transfer experiments and assessed apoptosis/necrosis. TNFα−/− mice 

and control B6 mice were injected with pristane and 1-week later PECs were stained for 

apoptotic and necrotic cells using annexin V and 7AAD (Fig. 4C). Although there was no 

significant difference in early apoptotic cells (annexin V+7AAD−), TNFα−/− mice had more 

late apoptotic/necrotic (annexin V+7AAD+) PECs than controls. Since necrotic cells tend to 

be pro-inflammatory, this may contribute to the increased inflammatory response in TNFα−/

− mice.

To examine the functional role of neutrophils, we transferred enriched peritoneal neutrophils 

(elicited by thioglycollate injection) or splenic lymphocytes into pristane-treated TNFα−/− 

mice (Fig. 4D). Pre-treatment ScaI expression on peripheral blood B cells (B220+) was 

similar in all recipients (Fig. 4D, left). The recipients received either 5 × 106 Clo-Lip treated 

PECs (enriched in neutrophils) or Clo-Lip treated splenocytes (enriched in lymphocytes) as 
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a control (Fig. 4D, Pre-treatment, right panel). Two-days after transfer, ScaI expression 

(flow cytometry) on recipient peripheral blood B cells was similar in the two treatment 

groups and comparable to non-transferred TNFα−/− mice (Fig. 4D, after treatment). 

However 3 days after transfer, TNFα−/− mice that were treated i.p. with B6 neutrophils 

exhibited significantly lower ScaI expression on peritoneal B cells than recipients of an 

equal number of splenocytes (Fig. 4D, after treatment). ScaI expression in the recipients of 

splenocytes was comparable to that in positive control mice (no cell transfer). Thus, 

increasing the number of peritoneal neutrophils suppressed peritoneal interferon levels 

(measured as expression of the interferon-inducible cell surface marker Sca-1) in pristane-

treated mice, consistent with the proposal that neutrophils are involved in the resolution of 

inflammation. Taken together, these experiments suggest two potential mechanisms by 

which TNFα deficiency could promote chronic inflammation: 1) by increasing the number 

of necrotic cells, and 2) by decreasing the number of peritoneal neutrophils that promote 

resolution.

Increased pDCs in TNFα−/− mice

Although pDCs represent <3% of peritoneal cells, they produce up to 1000-fold more IFN-I 

than myeloid dendritic cells (23). Because TNFα inhibits pDC differentiation from CD34+ 

hematopoietic progenitor cells (9), we asked whether pDCs (CD11cint PDCA1hi B220+ 

Ly6C+ cells) were increased in TNFα−/− mice. Indeed, they were increased in PECs of 

TNFα−/− mice 6-weeks post-pristane (Fig. 5A, B, Table 1). PDCs increased as early as 1-

week in both strains, but were dramatically elevated in TNFα−/− mice (Fig. 5B). In B6 mice, 

pDC levels peaked at ~6-weeks before declining. But in TNFα−/− mice they remained 

elevated through the 12-week time-point (Fig. 5B). Interestingly TNFα−/− mice exhibited a 

second population of cells (“P2”, Fig. 5A) with surface markers similar to pDCs except for 

lower B220 expression. This population expressed Ly6C and PDCA-1, two important pDC 

markers, comparably to regular pDCs. The P2 population was nearly absent in B6 mice, 

whereas a population of cells with higher CD11c and CD11b expression, lower PDCA-1, 

and negative Ly6C (“P1”, Figs. 5A, C) was seen instead. P1 may represent conventional 

dendritic cells (Table 1). P2 cells also were seen in peripheral blood of TNFα−/− mice 6-

weeks after pristane treatment (Fig. 5A). P1 and P2 were readily distinguishable from 

Ly6Chi monocytes (CD11c− CD11b+ PDCA1int B220− Ly6Chi; Fig. 5C, Table 1).

The increased numbers of pDCs and P2 cells probably were unrelated to altered chemokine 

production, as the pDC-attractive chemokine CCL19 was present at similar levels in 

TNFα−/− and B6 mice (Fig. 5C). We also checked CCR7 and CCR9 expression on the 

surface of peritoneal pDCs (CD11b−CD11cintB220+PDCA1+) from TNFα−/− and B6 mice 

6-weeks after pristane treatment and found no significant difference in the expression of 

CCR7 (Fig. 5C, right). However the percentage of CCR9+ pDCs was lower in TNFα−/− 

mice. Unexpectedly, the mean fluorescence intensity of CCR9 staining was lower on TNFα

−/− pDCs than on pDCs from B6 controls, suggesting that decreased chemokine receptor 

expression is not responsible for the increased number of pDCs in the TNFα−/− mice (Fig. 

5C). Even before treatment, TNFα−/− mice had a higher percentage of peripheral blood 

pDCs than controls (Fig. 5C, 0 days). This persisted up to 6-weeks after pristane treatment 

(Fig. 5C). In contrast, fewer pDCs were seen in BM from untreated and 6-week pristane-
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treated TNFα−/− mice vs. controls (Fig. 5D). Thus, pDCs may mature more rapidly and/or 

migrate more rapidly to sites of inflammation in TNFα−/− mice. Consistent with that 

possibility, mRNAs for E2-2 and SpiB, key transcription factors mediating pDC maturation 

(24), and Dock2, a hematopoietic cell-specific Rac GTPase activator essential for pDC and 

lymphocyte migration in response to CCL19 and other chemokines (25–27), were increased 

in TNFα−/− mice (Fig. 5D).

Discussion

ANAs and anti-dsDNA antibodies are common in patients treated with TNFIs but <1% 

develop clinical SLE (5–7, 28). Increased IFN-I levels may promote lupus in these patients, 

though the factors determining who will develop disease remain unclear. The view of lupus 

as strictly IFN-I-mediated may be overly simplistic, and multiple TLR7-stimulated 

cytokines, including IFN-I and TNFα, may help explain the diversity of clinical 

manifestations (16). Analogous to the polar forms of leprosy, which depend on the balance 

of IL-4 vs. IFNγ (29), autoantibodies/nephritis and hematological manifestations/arthritis 

may be at opposite ends of a clinical spectrum of SLE reflecting the balance of IFN-I vs. 

TNFα, respectively (16). We found that TNFα−/− mice did not spontaneously develop 

serological or clinical manifestations of lupus or the interferon signature (Figs. 1–2), despite 

increased numbers of circulating pDCs (Fig. 5). But when chronic TLR7-driven 

inflammation was induced with pristane, autoantibody, IFN-I, and Ly6Chi monocyte levels 

all were higher in TNFα−/− vs. B6 mice. In contrast, pristane-treated TNFα−/− mice do not 

develop hematological abnormalities (16). Thus, although TNFα-deficiency was insufficient 

alone to cause lupus, the increased numbers of pDCs may help polarize TLR7-stimulated 

cytokine production toward high IFN-I levels, promoting autoantibody production.

Absence of TNFα enhances autoantibody responses

Anti-Sm/RNP autoantibodies are reported in TNFI-induced lupus (6, 7), but anti-dsDNA 

antibodies are more common (though only present in ~10–20% of patients). Compared with 

controls, TNFα−/− mice had markedly higher levels of anti-Sm/RNP autoantibodies (more 

than 5-fold increased anti-U1A) after pristane treatment (Fig. 1A), suggesting that absence 

of TNFα promotes either the breaking of tolerance or the maturation of autoantibody-

producing plasma cells. Pristane-treated B6-TNFα−/− mice, like B6 controls (19), did not 

produce anti-DNA autoantibodies (Figs. 1B), and anti-Sm/RNP autoantibody production 

was not accelerated in TNFα−/− mice (Fig. 1A), suggesting that TNFα-deficiency does not 

fundamentally alter B cell tolerance in pristane-induced lupus. Somewhat unexpectedly, 

pristane-treated TNFα−/− mice did not exhibit major differences in splenic B cell subsets in 

comparison with B6 controls (unpublished data).

TNFα−/− mice lack normal B cell follicles, organized follicular dendritic cell networks, and 

germinal centers since TNFα is required during development of secondary lymphoid tissue 

to create a milieu permissive of germinal center formation (30, 31). In contrast, germinal 

centers form normally after immunization of adult TNFI-treated mice. TNFI-treated mice 

have impaired T cell-dependent antibody responses, but TNFα−/− mice produce antigen-

specific IgG after immunization with TNP-KLH, though at lower levels than wild-type 
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mice, whereas IgG responses to the TI-2 antigen TNP-Ficoll are enhanced (30). Although 

lacking normal germinal centers, early T cell responses are intact in TNFα−/− mice 

following immunization (31). The enhanced IgG anti-Sm/RNP response in TNFα−/− mice 

(Fig. 1) is suggestive of a TI-2 response, but pristane does not induce anti-Sm/RNP in T 

cell-deficient mice (32). Thus, pristane may stimulate the extrafollicular differentiation of 

anti-Sm/RNP autoantibody-producing cells, as also has been reported for rheumatoid factor 

(33, 34). It will be of interest to see if IL-21-producing extrafollicular T cells (35) drive this 

anti-Sm/RNP response. Further studies are needed to definitively address the question of 

how TNFα deficiency enhances serum autoantibody levels.

Increased IFN-I and altered pDC homeostasis in TNFα−/− mice

Autoantibody production and renal disease in pristane-induced lupus is highly dependent on 

IFN-I production (19). In wild-type mice, much of this IFN-I is produced by Ly6Chi 

monocytes (20). However, pDCs produce up to 1000-fold more IFN-I than other cell types 

and have been implicated as key players in the pathogenesis of lupus (36). We show in 

Figure 3 that as in wild-type mice, Ly6Chi monocytes were a significant, but not the only, 

source of IFN-I in TNFα−/− mice. Untreated TNFα−/− mice had decreased BM pDCs and 

increased circulating pDCs (Fig. 5), which may be poised to over-produce IFN-I. However, 

IFN-I levels were comparable in untreated TNFα−/− and B6 mice (Fig. 2), suggesting that 

these circulating pDCs are not detrimental unless the mice are exposed to TLR7 ligands 

(37), probably derived from dead cells (16). Interestingly, the number of late apoptotic/

necrotic cells was higher in pristane-treated TNFα−/− mice vs. controls (Fig. 4C), and could 

serve as a source of endogenous TLR7 ligands driving inflammatory cytokine production 

and possibly B cell differentiation.

We also identified a novel “pDC-like” cell population in TNFα−/− mice (P2, Fig. 5), the 

nature of which remains to be determined. We speculate that the P2 cells in blood and PECs 

of TNFα−/− mice are pDC precursors that prematurely exit the BM. The E2-2-inducible 

transcription factor SpiB regulates Ly49Q expression on naïve murine peripheral pDCs and 

mature BM pDCs and is necessary for optimal IFNα production (38, 39). Absence of SpiB 

causes premature export of immature (Ly49Q−) pDCs from the BM (40). Additional studies 

are needed to evaluate SpiB expression in BM pDCs and circulating P2 cells and whether or 

not the P2 cells are Ly49Q−.

Deficient neutrophil response may contribute to the enhanced inflammatory response in 
TNFα−/− mice

Neutrophils are recruited to the pristane-treated peritoneum in response to IL-1α and the 

neutrophil-attractive chemokine CXCL5 (21). This response was attenuated in TNFα−/− 

mice (Fig. 4). Although other neutrophil chemokines (CXCL2, CXCL3) also were reduced, 

CXCL5 production is TNFα-driven (41, 42), and CXCL5 mRNA and protein levels were 

decreased in TNFα−/− mice (Fig. 4B), suggesting that decreased CXCL5 was at least partly 

responsible for the attenuated peritoneal neutrophil influx.

Neutrophil extracellular traps (NETs) released by dying neutrophils are pro-inflammatory 

(43). However, neutrophil apoptosis also promotes resolution of inflammation by inducing 
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the development of anti-inflammatory macrophages and by generating annexin A1 and other 

mediators, blocking further neutrophil recruitment (22). Thus, deficient neutrophil 

recruitment into the peritoneum could delay resolution of inflammation. Consistent with that 

possibility, transfer of neutrophils into the peritoneum of pristane-treated TNFα−/− mice 

inhibited local IFN-I production while having little effect on IFN-I levels in the peripheral 

blood (Fig. 4D). Finally, as IFN-I prevents Ly6Chi inflammatory monocytes from 

developing into non-inflammatory peritoneal macrophages (17), dysregulated IFN-I 

production in TNFα−/− mice may favor chronic inflammation over resolution.

Implications for TNFI-induced lupus

The mechanisms of TNFI-induced lupus are uncertain. One hypothesis is that TNFIs cause 

apoptosis of inflammatory cells, releasing endogenous immunostimulatory molecules (44, 

45). Alternatively, TNFα antagonists may promote autoimmunity by increasing 

susceptibility to infections (46) or deviating cytokine production away from TH2 and toward 

a TH1 profile (44, 47). Finally, TNFI-lupus may be precipitated by removing the negative 

regulatory effects of TNFα on pDCs or other IFN-I producing cells (9). Our data are 

consistent with the latter hypothesis, but suggest that removal of TNFα alone is insufficient 

to induce autoimmunity. A hereditary or acquired inability to rapidly clear autologous TLR7 

ligands may synergize with TNFα blockade in TNFI-treated patients to drive IFN-I 

production by an expanded pDC population. Consistent with that idea, the risk of developing 

lupus is higher in individuals who are ANA/anti-dsDNA autoantibody positive before 

treatment with TNFI (6, 48, 49). It may be useful to evaluate the clinical utility of pre-

treatment screening for autoantibodies and/or delayed clearance of apoptotic cells as a 

means of assessing risk for TNFI-lupus.
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Figure 1. Increased autoantibody production in TNFα−/− mice
A, Left: B6-TNFα−/− (open circles) and TNFα-intact B6 mice (closed circles) were treated 

with pristane. Serum was collected at the indicated time-points and anti-U1A levels were 

measured: 3 days and 2, 6, and 12 weeks (N=4–6); 3 and 24 weeks (N=8–12). Sera from 

untreated B6 mice served as a control (dashed line). Right: Anti-U1A antibody titration 

curves of pooled (12 mice/group) week 24 sera from TNFα−/− (open circles) or B6 mice 

(closed circles). B, IgG anti-Sm/RNP autoantibody levels (ELISA) 24-weeks after pristane 

treatment. IgG anti-dsDNA and anti-ssDNA autoantibody levels (ELISA) 24-weeks after 

pristane treatment (12/group). Dashed line indicates positive control. C, Serum levels of 

total IgG1, IgG2b, IgG2c, and IgG3 in pristane-treated TNFα−/− and B6 mice (B6 N=12, 

TNFα−/− mice N=11). D, Left, Representative fluorescent ANA staining with sera from 

untreated and pristane-treated (28 weeks earlier) TNFα−/− mice (6 mice/group). Middle, 
Top, FITC-conjugated anti-mouse C3 antibody staining of renal tissue (4 μm sections) 3 

months after pristane treatment. Bottom, staining with hematoxylin & eosin. Right, 
glomerular cellularity was evaluated by counting the number of nuclei per glomerulus. 

Similar counts were obtained by two independent observers. * P < 0.05; *** P <0.001 by 

unpaired Student’s t-test (A) or Mann-Whitney test (B). NS, not significant.
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Figure 2. Increased IFN-I production in pristane-treated TNFα−/− mice
A, B6-TNFα−/− and TNFα-intact B6 mice were injected with pristane and peripheral blood 

was collected at different times (3–5 mice per data point). Erythrocytes were lysed and 

leukocytes were stained for Sca-1, gated on the CD19+ B cell population (solid squares, 

TNFα−/− mice; open circles, B6 mice). B, expression of interferon-stimulated genes Irf7, 

Mx-1, and BAFF (Tnfsf13b) in peripheral blood cells 1 week (top) and 6 weeks (bottom) 

after pristane treatment (Q-PCR). C, Total peritoneal exudate cells were surface-stained with 

anti-Ly6G and stained intracellularly for TNFα (TNFα+Ly6G+ cells as a % of total 

peritoneal exudate cells).
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Figure 3. TNFα affects Ly6Chi (inflammatory) monocytes
A, Peritoneal cells were analyzed by flow cytometry 0–12 weeks after pristane injection. 

Left: Percentages of CD11b+Ly6Chi monocytes (rectangles) in total peritoneal exudate cells 

were assessed by flow cytometry. Right, total peritoneal cell counts in TNFα−/− (open 

circles) and B6 (closed circles) mice at 0–12 weeks after pristane treatment. B, Top: 
Comparison of CD11b+Ly6Chi monocytes at different time-points (3–5 mice per group). 

Bottom left, Ly6Chi monocytes (CD11b+Ly6ChiLy6G−) as a percentage of total peritoneal 

exudate cells at 32 weeks. Bottom right, Ly6C expression (MFI) on peritoneal Ly6Chi 

monocytes. C, Top: Flow cytometry of pristane-elicited peritoneal cells 2-days following 

treatment with clodronate liposomes (Clo-Lip) or PBS. Boxed areas indicate the percentage 

of Ly6Chigh monocytes (4 mice per group). Bottom left and right: Percentage of peritoneal 

Ly6Chi monocytes (left) and pDCs (right) in PBS or Clo-Lip treated mice. D: MFI of ScaI 

expression (flow cytometry) on peritoneal B cells and expression of IRF7 mRNA (Q-PCR) 

after PBS or Clo-Lip treatment in peritoneal exudate cells. * P < 0.05; ** P < 0.01; *** P < 

0.001 unpaired Student’s t test.
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Figure 4. Defective neutrophil recruitment in TNFα−/− mice
Peritoneal cells from TNFα−/− and B6 mice were analyzed by flow cytometry at 0–12 weeks 

after pristane treatment. A, Left, percentages of CD11b+Ly6G+ neutrophils (rectangles). 

Middle, absolute CD11b+Ly6G+ neutrophil numbers at 0, 1, 6, and 12 weeks after pristane 

treatment (3–5 mice per group; absolute number = total peritoneal cell count X fraction of 

neutrophils). Right, percentages of CD11b+Ly6G+ neutrophils in peripheral blood at 0 to 6 

weeks. B, Expression of IL1α and IL1β and neutrophil attractive chemokines CXCL2, 

CXCL3 in peritoneal exudate cells (Q-PCR) at 6 weeks. C, Percentages of apoptotic 

(annexin V+, 7AAD−) and necrotic (annexin V+, 7AAD+) cells in peritoneal exudate from 

B6 and TNFα−/− mice 2-weeks after pristane treatment. D, Left, recipient TNFα−/− mice 

2-weeks post-pristane treatment were verified to have similar levels of ScaI expression in 

peripheral blood mononuclear cells (PBMC) before neutrophil transfer (RPEC, recipients of 

peritoneal neutrophils; RSPL, recipients of splenocytes). Composition of peritoneal donor 

cells from peritoneal exudate cells (PEC) and spleen (SPL) following treatment with 

clondronate liposomes (3 mice/group). Right, ScaI expression (mean fluorescence intensity 

by flow cytometry) on peripheral blood B220+ cells and B220+ peritoneal exudate cells 

(PEC) 2 days and 3 days after donor cell transfer. * P < 0.05; *** P <0.001 by unpaired 

Student’s t test. NS, not significant.

Xu et al. Page 17

Arthritis Rheumatol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. Increased pDCs in TNFα−/− mice
Peritoneal cells were collected from pristane-treated (6 weeks) TNFα−/− and B6 mice. A, 
left, pDC gating strategy. After gating on live cells, the CD11b−CD11c+ cell population 

(box) was analyzed for B220 and PDCA-1 staining (middle). PDCA-1+ cells (middle, box) 

were analyzed for Ly6C staining (right). pDCs, P1, and P2 populations are indicated. Right, 
pDCs (CD11b−CD11c+PDCA1+B220+) in peripheral blood (flow cytometry) of B6 mice 

(top) and TNFα−/− mice (bottom) 6-weeks after pristane injection. Population P2 is seen in 

the TNFα−/− but not B6 mice. B, upper panel, pDC numbers in peritoneal exudate cells 

(PEC) (3–6 per group). Lower panel, percentage of P1/P2 cells and pDCs as a percentage of 

total PEC. C, histograms showing surface staining of pDCs, population 1/2 (P1/2) cells, and 

Ly6Chi monocytes. Staining with isotype control is shown as a gray-filled histogram. Mean 

Xu et al. Page 18

Arthritis Rheumatol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



fluorescence intensity (MFI) of each surface stain is indicated for B6 (black) and B6-

TNFα−/− (red) mice (see also Table 1). Right upper, level of CCL19 in peritoneal lavage 6 

weeks after pristane treatment (ELISA) and CCR7 and CCR9 staining of pDC (MFI, flow 

cytometry). Right lower, percentage of pDCs in peripheral blood over time. D, percentage 

of pDCs (CD11b−CD11c+ PDCA1+B220+) in bone marrow (BM) of untreated and 6-week 

pristane-treated mice. Expression of pDC differentiation factors (E2-2, SpiB) and the pDC 

regulatory factor Dock2 was evaluated by Q-PCR in BM, peripheral blood mononuclear 

cells (PBMC), and peritoneal exudate cells (PEC) from untreated or pristane-treated (1-

week, 6-weeks) mice (N = 3–4 in each group) * P < 0.05; ** P <0.01; *** P <0.001 by 

unpaired Student’s t test. NS, not significant.
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