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Abstract

Localized upregulation of Type I IFN was previously implicated in development of Borrelia 

burgdorferi induced arthritis in C3H mice, and was remarkable due to its absence in the mildly 

arthritic C57BL/6 (B6) mice. Independently, forward genetics analysis identified a quantitative 

trait locus (QTL) on Chr4, termed Bbaa1 that regulates Lyme arthritis severity and includes the 15 

Type I IFN genes. Involvement of Bbaa1 in arthritis development was confirmed in B6 mice 

congenic for the C3H allele of Bbaa1 (B6.C3-Bbaa1), which developed more severe Lyme 

arthritis and K/B×N model of rheumatoid arthritis (RA) than did parental B6 mice. Administration 

of a Type I IFN receptor blocking mAb reduced the severity of both Lyme arthritis and RA in 

B6.C3-Bbaa1 mice, formally linking genetic elements within Bbaa1 to pathological production of 

Type I IFN. Bone marrow derived macrophages (BMDM) from Bbaa1 congenic mice implicated 

this locus as a regulator of Type I IFN induction and downstream target gene expression. Bbaa1 

mediated regulation of IFN inducible genes was upstream of IFN receptor dependent 

amplification, however, the overall magnitude of the response was dependent on autocrine/

paracrine responses to IFNβ. Additionally, the Bbaa1 locus modulated the functional phenotype 

ascribed to BMDM: the B6 allele promoted expression of M2 markers while the C3H allele 

promoted induction of M1 responses. This report identifies a genetic locus physically and 

functionally linked to Type I IFN that contributes to the pathogenesis of both Lyme and 

rheumatoid arthritis.
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INTRODUCTION

Lyme disease is caused by infection with the tick borne spirochete, Borrelia burgdorferi, 

and is associated with a spectrum of disease symptoms and severity (1, 2). A localized skin 

lesion at the site of the tick bite is found in 70% of infected individuals, and can progress to 

disseminated infection resulting in skin lesions, peripheral neuropathies, inflammation of the 

central nervous system, carditis, and accompanying fatigue (3). Arthritis occurs in 30–60% 

of patients, and is often identified by effusive swelling and tendonitis in the knee (4). The 

variability in clinical symptoms reflects a number of factors including invasive potential of 

the infecting genotype of B. burgdorferi and inherent variances in the host response to 

infection (5, 6). Patient studies have identified multiple components of the innate and 

adaptive immune response that contribute to host defense, disease resolution, and arthritis 

pathogenesis (7–14). Much of the analysis of the varied spectrum of disease in patients has 

focused on a comparison between those whose disease resolves readily following antibiotic 

treatment and those whose symptoms persist for months following treatment, and suggests 

that failure to suppress the inflammatory response and/or initiation of an autoimmune 

response are important in chronic disease (15, 16).

Barthold et al made the seminal observation that different inbred strains of mice consistently 

display a spectrum of disease severity following infection with B. burgdorferi, thus 

demonstrating host factors inherent to different strains of mice are major determinants of 

Lyme arthritis severity (6). Two mouse strains, C57BL/6 (B6) and C3H, display extremes of 

arthritis severity and have been used extensively as experimental models for study of 

disease. These studies have revealed involvement of numerous components of the 

inflammatory response to B. burgdorferi in the development and resolution of Lyme 

arthritis, similar to those implicated in human disease (17). Previously, using global gene 

expression analysis, we identified an IFN signature response in the joint tissue of B. 

burgdorferi-infected C3H mice that preceded the development of severe arthritis and was 

absent from mildly arthritic B6 mice (18). Blocking the Type I IFN receptor (INFAR1), 

either with a neutralizing monoclonal antibody (mAb) or by gene ablation, reduced the 

severity of arthritis in C3H mice, formally linking Type I IFN to Lyme arthritis (19, 20). 

Numerous investigators have studied the Type I IFN response to B. burgdorferi in murine 

and human myeloid cells, and identified pathogen receptor signaling pathways involved in 

this response (21–25). Pathological production of Type I IFN has also been implicated in a 

number of inflammatory conditions, suggesting a predisposition to IFN production could be 

a common contributor to inflammatory disease (26–29).

We have also employed forward genetic analysis to identify quantitative trait loci (QTL) 

controlling the difference in Lyme arthritis severity in B6 and C3H mice. This approach led 

to the identification of 23 B. burgdorferi associated loci (Bbaa) regulating responses to B. 

burgdorferi infection, and included six Bbaa regulating arthritis severity (30–32). We have 

recently validated the utility of this rigorous and unbiased approach with the positional 

cloning of beta-glucuronidase, Gusb, within Bbaa2 on Chr5, as a major determinant of 

Lyme arthritis severity in mice (33). Gusb also regulates the severity of rheumatoid arthritis 

(RA) in mice. In the current study we have extended our analysis of Bbaa1 on Chr4 and 

have identified the Type I IFN gene cluster (IFNβ and 14 IFNα genes, 88.5–88.7 Mbp) as 
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positional candidates for Bbaa1 (34). The development of interval specific congenic lines 

(ISCL) on the B6 and C3H backgrounds allowed direct assessment of the contribution of 

Bbaa1 to Lyme arthritis and RA, and the dependence on production of Type I IFN. The 

studies reported here identify Bbaa1 as a regulator of Type I IFN during both Lyme arthritis 

and RA development, thus indicating a second example of QTL analysis of Lyme arthritis 

providing novel insight to other models of inflammatory arthritis. These findings suggest 

Type I IFN as a tractable target for therapeutic intervention in Lyme and rheumatoid 

arthritis, and other syndromes associated with IFN dysregulation.

MATERIALS AND METHODS

Mice

C3H/HeNCrl mice were obtained from Charles River Breeding laboratories. C57BL/6NCr 

(B6) mice from the National Cancer Institute (NCI) were maintained as a colony in our 

Animal Research Center. Reciprocal interval specific congenic lines (ISCL) for Bbaa1 on 

Chr4 were generated on both B6 and C3H backgrounds as described (32) and are indicated 

as B6.C3-Bbaa1 (9.32–94.97 Mbp) and C3.B6-Bbaa1 (3.58–150.8 Mbp) with introgressed 

region of Chr4 indicated in parentheses. B6-IFNAR1−/− mice were provided by Dr. Murali-

Krisna Kaja University of Washington, Seattle, WA, and backcrossed to C3H to generate 

C3H-IFNAR1−/− mice as described (19). All mice were housed in the University of Utah 

Animal Research Center (Salt Lake City, UT) and followed protocols approved by the 

institutional review committee for the care and use of mice in biomedical research.

Bacterial cultures and infections, and assessment of arthritis severity

A low passage clonal derivative of Borrelia burgdorferi strain N40 was stored at −80°C and 

cultured 4–5 days in BSK prior to infection experiments. Mice were infected with 2×104 

spirochetes by intradermal injection into the skin of the back (35). Ankle measurements 

were obtained using a metric caliper before and at 4 weeks of infection. Rear ankle joints 

were prepared for assessment of histopathology by removal of skin and fixation of the tissue 

in 10% neutral buffered formalin as described (19). Decalcified joints were embedded in 

paraffin, sectioned at 3μm, and stained with hematoxylin and eosin. Coded slides were 

scored from 0 to 5 for various aspects of disease, including severity and extent of the lesion, 

PMN leukocyte and mononuclear cell (e.g., monocyte, macrophage) infiltration, tendon 

sheath thickening (e.g., synoviocyte and fibroblast hyperplasia), and reactive/reparative 

responses (e.g., periosteal hyperplasia and new bone formation and remodeling), with 5 

representing the most severe lesion, and 0 representing no lesion. Infection was confirmed in 

mice euthanized prior to 14 days post infection by culturing bladder tissue in BSK II media 

containing 6% rabbit serum, phosphomycin, and rifampicin. ELISA quantification of B. 

burgdorferi-specific IgM and IgG concentrations were used to confirm infection in mice 

euthanized at and after 14 days post infection as described (36).

In vivo blocking of Type I IFN receptor

The IFN receptor (IFNAR1) blocking mAb MAR1-5A3 or isotype control (Bio X Cell) was 

administered by a single intraperitoneal injection of 2.5 mg mAb the day before infection 

with B. burgdorferi or the administration of K/B×N serum, Figs 2, 9 (20, 37).
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K/B×N serum transfer model of rheumatoid arthritis

K/B×N serum was collected from KRN×NOD offspring at the peak of spontaneous arthritis 

(9 wks.), as described(38). K/B×N serum (100μl) was administered by intraperitoneal 

injection on days 0 and 2 (33, 39). Rear ankle measurements were made prior to serum 

transfer on Day 0, and on Days 1, 2, 4, and 7. At day 7, joints were removed for 

histopathological assessment of arthritis, as described for Lyme arthritis.

Isolation of RNA and quantitative RT-PCR

For all experiments examining gene expression in joint tissue, mice were killed, and the skin 

was removed from the tibiotarsal joints. Ankle joints were excised, immersed in RNA Later 

(Qiagen) and stored at −80°C. Total RNA was recovered from homogenized tissue using 

Trizol reagent (Invitrogen) (19). RNA recovered from tissue and cells was reverse-

transcribed and transcripts were quantified using a Roche LC-480 according to our 

previously described protocols (32). Primer sequences used in this study for β–actin, Igtp, 

Iigp, Stat1, Nos2, Arg (18), Cxcl9, Cxcl10, Oasl2, Tyki (20) Gbp2 (25), Tnfα, Ifnβ (40), 

IL-10 (41), Mrc1 (42) can be found in the indicated citations. Primers for Stat2 were: Stat2 

forward (5′-GCTTCCTCTATCCCCGAATC -3′) and reverse (5′-

ATCAATGGCAACTCCTGGTC -3′).

Cell culture

Bone marrow derived macrophages (BMDM) were isolated from the femurs and tibias of 

mice that were cultured for 7 days in L929-cell conditioned media as a source of 

macrophage colony stimulating factor, as previously described (43). Macrophage cultures 

were plated in 12 well dishes at a density of 7.5 × 105/ml in media containing the serum 

replacement Nutridoma (Roche) and stimulated with live B. burgdorferi cN40 (7.4 × 106/

ml), sonicated B. burgdorferi (5μg/ml) (40), or Poly (dI:dC) (10 ng/ml, Sigma). Macrophage 

cultures were stimulated at 37°C, 5% CO2 and harvested either at 1, 3, or 6 hours for RNA 

extraction, as indicated. IFNβ (PBL laboratories) was added at the indicated concentrations.

Phagocytosis Assay

Peritoneal macrophages were harvested 4 days after intraperitoneal administration of 3 ml of 

3% sterile thioglycolate. Macrophages were collected with ice-cold PBS, and red blood cells 

lysed with ACK lysis buffer. Cells in RPMI-10%FBS were plated at 5×105/well in 12-well 

plate and allowed to adhere overnight, when non-adherent cells were removed by washing. 

B. burgdorferi N40 expressing GFP were added to the macrophages in RPMU.B (75% 

RPMI+10%FBS+24%BSKII) at a 50:1 ratio(44) (45). Plates were centrifuged at 500×g for 5 

minutes and incubated for 1 or 2 hours at 37°C, conditions previously shown to capture 

midway and maximal phagocytosis (46). Wells were washed to remove unassociated 

bacteria. Cells from one set of replicate wells were collected with a cell scraper and 

represented total cell associated bacteria. A second set of replicate cells were incubated with 

0.25% trypsin in RPMI for 7 minutes at 37°C to release extracellular bacteria from the 

macrophages prior to collecting, and are referred to as trypsin-resistant (47). Cells collected 

in both manners were washed 3 times in cold PBS, suspended in flow buffer, and analyzed 
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using a BD LSRII flow cytometer. Baseline fluorescence was determined for cells not 

receiving GFP B. burgdorferi in each treatment group.

Data and statistical analyses

All graphical data represent the mean ± SEM. Statistical analysis was performed using 

Prism 5.0c software. Multiple-sample data sets were analyzed by one-way ANOVA with 

appropriate post-hoc test as indicated: Bonferroni (Figs. 3,4,7,9, Table 1). Two-sample data 

sets were analyzed by Student’s t-test (Figs. 1,2,6,8). Categorical data for histopathology 

were assessed by the Mann Whitney U test (Figs. 1,2,8,9) or Kruskal-Wallis test with 

Dunn’s multiple comparison (Fig 9). Statistical significance (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).

RESULTS

The C3H allele of Bbaa1 confers increased arthritis severity when transferred to B6 mice

Our previous studies revealed a major, differential contribution of Type I IFN to the 

development of Lyme arthritis in C3H mice, which could be overcome by blocking the Type 

I IFN receptor signaling with neutralizing mAb or by gene ablation (19, 20). We also noted 

that Bbaa1, a QTL controlling the severity of Lyme arthritis on Chr4 encompassed a cluster 

of 15 Type I IFN genes, prompting a more mechanistic analysis of the role of Bbaa1 as a 

regulator of Lyme arthritis severity (30, 32).

To assess the impact of Bbaa1 on Lyme arthritis severity, reciprocal ISCL were developed 

in which Bbaa1 was introgressed onto each background. B6 mice possessing C3H Bbaa1 

(B6.C3-Bbaa1) displayed more severe Lyme arthritis than B6 mice at four weeks of 

infection with B. burgdorferi, as assessed by ankle swelling and histopathology (Fig. 1. A, 

B). Importantly, arthritis in B6.C3-Bbaa1 mice was intermediate between that of the B6 and 

C3H parental strains, consistent with the presence of multiple other QTL that were not 

transferred to the B6 background in the Bbaa1 congenic. Notably, the reciprocal transfer of 

the B6 allele of Bbaa1 onto the C3H background (C3.B6-Bbaa1) did not result in a 

reduction in B. burgdorferi-induced arthritis severity when compared with the infected C3H 

parent. This may reflect the presence of allelic loci outside of Bbaa1 that mask its impact, 

and is consistent with the identification of Bbaa1 with the (B6×C3)F2 intercross, but not 

with the (B6×C3)F1 crossed to either B6 or C3H parent (30).

Effect of blocking Type I IFN receptor on Lyme arthritis in B6.C3-Bbaa1 mice

The results from Fig 1 demonstrated that Bbaa1 regulates arthritis severity on the B6 

background. Although the B6.C3-Bbaa1 congenic interval is large (9.32–94.97 Mbp) and 

encodes numerous genes, it nevertheless encompasses the IFNα/β cluster (88.5–88.7 Mbp) 

that encode Type I IFNs implicated in Lyme arthritis (19, 20, 34). All IFNα and IFNβ 

proteins signal through the IFNAR receptor, comprised of IFNAR1 and IFNAR2 chains (48, 

49). To determine if the greater arthritis in B6.C3-Bbaa1 mice relative to B6 mice was 

dependent on Type I IFN, B6.C3-Bbaa1 mice were treated with a blocking mAb to IFNAR1 

component of the Type I IFN receptor (MAR1-5A3) one day prior to infection (20). B6.C3-

Bbaa1 mice treated with isotype control mAb developed more severe Lyme arthritis than B6 
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mice as assessed by ankle measurement and lesion scoring (Fig. 2), similar to the results of 

Fig. 1. Administration of the receptor blocking mAb reduced arthritis severity to levels 

indistinguishable from wild type B6 (Fig. 2). Thus, the increased arthritis severity of B6.C3-

Bbaa1 mice is a function of Type I IFN responses dependent on feed forward amplification 

through the IFNAR1 receptor, and identify the IFNαβ cluster as a positional candidate for 

Bbaa1.

Magnitude of the Type I IFN response in joint tissue is partially regulated by Bbaa1

As previously reported, joint tissue of B. burgdorferi infected C3H mice revealed a strong 

IFN signature at 1 week of infection that was absent in B6 mice (18). Tissue from B6.C3-

Bbaa1 also displayed an elevation in several of the transcripts previously characterized as 

upregulated only in C3H mice, Table I. Interestingly, the magnitude of transcriptional 

upregulation of the relatively long-lived chemokines Cxcl9 and Cxcl10 approached the 

magnitude seen in C3H joint tissue, Table I. As these and other chemokines directly 

participate in recruitment of inflammatory cells to the joint, their upregulation is highly 

relevant to arthritis (50, 51). These results are consistent with the combined contribution of 

Bbaa1 and additional Bbaa to the complete IFN transcriptional profile seen C3H mice. 

Importantly, the biological significance of the portion of the IFN response regulated by 

Bbaa1 was demonstrated by the impact of receptor blocking mAb on arthritis development 

in infected B6.C3-Bbaa1 mice (Fig. 2).

Bbaa1 dependent regulation of Type I IFN activation revealed in BMDMs

Previously, ex vivo analysis of cells from the joint tissue of uninfected C3H mice identified 

myeloid cells as the likely initiators of B. burgdorferi-induced IFN production (19). Myeloid 

cells are present at relatively low levels in the joint tissue and difficult to recover, therefore 

bone marrow derived macrophages (BMDM) were used as a pure population to assess the 

impact of the Bbaa1 locus on IFN induction and signature response, further utilizing the 

Bbaa1 ISCL. BMDM were generated from 6–8 wk old B6, C3H, and the two Bbaa1 ISCL 

by culture of bone marrow cells for 6 days in the presence of M-CSF. Transcriptional 

responses of BMDM were analyzed at 6 hours following addition of living or sonicated B. 

burgdorferi or media control. As reported previously, macrophages from C3H mice 

displayed a higher level of transcriptional induction of IFNβ and numerous IFN-inducible 

transcripts than did macrophages from B6 mice (20, 25, 32). B6.C3-Bbaa1 macrophages 

displayed elevated transcriptional responses, similar to those seen in C3H macrophages and 

consistent with Bbaa1 regulation of the IFN responses (Fig. 3). The IFN transcriptional 

response of C3.B6-Bbaa1 macrophages was greatly reduced relative to C3H macrophages, 

consistent with a reduced induction of Type I IFN when the B6-Bbaa1 allele was present. 

Sonicated B. burgdorferi elicited responses similar to living B. burgdorferi, indicating that 

ligands only present in viable organisms were not responsible for the differential magnitude.

This finding supports a major regulatory role for C3-Bbaa1 in regulating Type I IFN 

responses in B6.C3-Bbaa1 myeloid lineage cells, which translates to the arthritis 

exacerbating effect also seen in B6.C3-Bbaa1. The reciprocal situation is somewhat 

confounding, in that the suppressive effect of B6-Bbaa1 on IFN responses was readily 

demonstrated in highly purified BMDM from C3.B6-Bbaa1 mice (Fig. 3), but did not 
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translate to reduced severity of Lyme arthritis (Fig 1). This suggests that distinct pathways 

play a major role in arthritis development in C3H mice, and may overwhelm the impact of 

myeloid produced Type I IFN in the complex context of the joint tissue. Consistent with this 

is the less stringent control of expression of the NF-κB dependent cytokine TNFα, a 

component of an important distinct signaling pathway (Fig 3).

One interpretation of the findings of Fig 3 was that Bbaa1 encoded a sensor for B. 

burgdorferi that was responsible for the range in magnitude of the IFN response. 

Alternatively, the effect of Bbaa1 could be dependent on a component of phagocytic 

recognition or internalization necessary for degradation/trafficking of B. burgdorferi that has 

been linked to macrophage initiation of IFN responses to this organism (21, 52, 53). 

Peritoneal macrophages from B6 and C3H mice were used to assess the impact of Bbaa1 on 

the uptake of GFP-expressing B. burgdorferi at 1 and 2 hours incubation, times previously 

determined to capture intermediate and maximal phagocytosis (46). Trypsin treatment was 

used to release adherent extracellular bacteria and allow estimation of those that had been 

incorporated into an intracellular compartment. Macrophages from C3H mice displayed 

somewhat greater association and phagocytosis of B. burgdorferi than those from B6 mice at 

1 hour, but by 2 hours both cell-associated and trypsin-resistant bacteria were equivalent, 

arguing that the dramatic difference in magnitude of the IFN response at 6 hours was not 

reflective of major differences in phagocytic capacity, Fig 4.

To test the generality of Bbaa1 alleles on IFN induction the TLR3 ligand poly I:C, a 

surrogate for double stranded viral RNA, was assessed. In fact, the relative induction of 

IFNβ and downstream transcripts in B6, C3H, and Bbaa1 congenic macrophages revealed a 

pattern for poly I:C similar to that observed with B. burgdorferi (Fig. 5). This argues that the 

impact of alleles of Bbaa1 on IFN dysregulation is not limited to a particular bacterial sensor 

or to a bacterial specific trafficking pathway. Rather, the hyperinduction of Type I IFN 

associated with the C3H allele of Bbaa1 is an inherent property of this locus, and is not 

unique to the responses to B. burgdorferi and Lyme arthritis.

Are macrophages from C3H mice “primed” for the Type I IFN response?

The heightened IFN signature response of C3H and B6.C3-Bbaa1 macrophages suggested 

that the C3H allele of Bbaa1 promotes transcriptional priming of macrophage responses to 

B. burgdorferi or other stimuli. To interrogate the initial response to B. burgdorferi, 

dissociated from the receptor dependent feed forward stage, BMDM from C3H and B6 mice 

deficient in the IFNAR1 gene were treated with B. burgdorferi or poly I:C and assessed for 

elevation in transcripts. None of the IFN inducible transcripts were elevated in resting 

BMDM from IFNAR1−/− mice on either background, and none of the IFN inducible 

transcripts were upregulated following treatment with B. burgdorferi or poly I:C (Fig. 6). 

Thus responses to B. burgdorferi were dependent on autocrine release of Type I IFN and 

amplification through the Type I IFN receptor. This was true even for very early 

transcriptional responses reported to be independent of feed forward engagement in the 

response to certain intracellular bacterial pathogens (Stat1, Stat2, Tyki) (54) (Fig. 6). These 

transcripts were also not detectable at 1 hour of stimulation (not shown). Thus, the 

manifestation of hyperactivation of Type I IFN is dependent on a functioning IFN receptor. 
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B. burgdorferi induction of TNFα and IL-10 was not influenced by the absence of IFNAR1, 

consistent with the known dependence of these cytokines on NF-κB mediated responses to 

the spirochete, and confirming the fidelity of NF-κB pathway in IFNAR1−/− BMDM. 

Interestingly, poly I:C induction of IL-10 was dependent on IFNAR1 signaling, while poly 

I:C induction of TNFα was too low to determine the impact of receptor deletion (Fig. 6).

We considered the possibility that BMDM from C3H mice and B6.C3-Bbaa1 mice were 

poised to respond to Type I IFN by expressing a higher resting level of the IFN receptor 

associated signal transducers and activators of transcription family members Stat1 and Stat2, 

relative to B6 and C3.B6-Bbaa1 BMDM (55). In fact, resting levels of Stat1 and Stat2 

transcripts were similar in all four genotypes of BMDM, therefore, not supporting a C3H-

Bbaa1 dependent poised state (Fig. 6 and not shown). The resting levels of the transcription 

factor IRF3, upstream of IFN initiation, were also similar in all four BMDM genotypes as 

were the extremely low levels of the inducible transcription factor IRF7 (not shown) (56, 

57). Additional experiments also failed to reveal increased presence of STAT1 protein or 

phosphorylated STAT1 in resting C3H or B6.C3-Bbaa1 BMDM, (not shown).

The results of Fig 6 demonstrated that Bbaa1 regulation of IFN inducible transcripts by B. 

burgdorferi and poly I:C was only observable in the later stage of induction, following 

autocrine/paracrine activities of Type I IFN. To determine the impact of Bbaa1 allele on this 

amplification stage of the IFN response, BMDM from C3H and B6 mice were treated with 

increasing concentrations of IFNβ and transcripts were analyzed. By assessing the response 

to IFNβ, any possible differences in uptake and sensing of B. burgdorferi were eliminated. 

BMDM from B6 and C3H mice revealed virtually identical magnitude of induction of 

numerous IFN signature genes at 3 hours of treatment (Fig. 7A). Importantly, dose response 

curves revealed similar thresholds and maximal responses to IFNβ by both mouse strains. 

This is consistent with similar ligand affinity and activation state of the Type I IFN receptor 

expressed by B6 and C3H macrophages, and independence from Bbaa1 regulation at this 

stage of the response.

Transcripts known to be associated with the well-characterized macrophage effector states 

M1 and M2 were also assessed in B6 and C3H treated with IFNβ (58). Transcripts for the 

M1 associated enzyme inducible nitric oxide synthase (Nos2) were more highly upregulated 

in response to IFNβ in C3H than B6 macrophages (Fig 7B). In contrast, transcripts for the 

alternatively activated M2 macrophage marker, arginase (Arg1) were more highly induced 

in BMDM from B6 than C3H mice (Fig 7B) (59). Levels of a second M2 macrophage 

marker, Mrc1, trended higher in B6 than C3H macrophages. These findings suggest the 

interesting hypothesis that Bbaa1 impacts the functional phenotype of macrophages by 

modulating downstream signaling pathways. As M1 macrophages are considered to be pro-

inflammatory while M2 macrophages are associated with wound repair and modulation of 

inflammation, this difference could be highly relevant to the inflammatory state of the B. 

burgdorferi-infected joint (60).

Does Bbaa1 regulate expression of M1 and M2 markers in macrophages?

BMDM generated by culturing with M-CSF are considered to possess characteristics 

associated with M2 phenotype macrophages, functionally associated with wound repair and 
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restriction of inflammation (59). In fact, we previously identified Arg1 as transcriptionally 

upregulated in joint tissue of B. burgdorferi infected B6 mice but not C3H mice, suggesting 

correlation of Arg1 expression with the reduced inflammation and arthritis seen in B6 mice 

(18). To assess the intriguing possibility that Bbaa1 alleles influence the functional 

phenotype of macrophages, freshly derived and fully differentiated BMDM from B6, C3H, 

B6.C3-Bbaa1, and C3.B6-Bbaa1 mice were assessed for Arg1 and Mrc1. Remarkably, 

resting macrophages from B6 mice expressed higher levels of Arg1 than did macrophages 

from C3H mice, and this distinction was dependent on Bbaa1, as indicated with 

macrophages from Bbaa1 congenic mice (Fig. 8). In contrast, although the level of Mrc1 

was greater in B6 than C3H macrophages, this difference was not regulated by Bbaa1 (Fig. 

8). Transcripts for the M1 marker Nos2 were not expressed in resting BMDM (not shown), 

but were rapidly upregulated in response to B. burgdorferi (Fig. 8). Induction of Nos2 was 

regulated by Bbaa1, as levels were higher in BMDM from C3H and B6.C3-Bbaa1 mice than 

from B6 and C3.B6-Bbaa1 mice (Fig 8). This finding is consistent with the hypothesis that 

inherent patterns of gene expression, regulated by Bbaa1 alleles, direct the functional 

phenotype of macrophages as classically (M1) vs. alternatively (M2) poised. Importantly, 

Nos2 was previously found to be dispensable for arthritis development, therefore, its 

expression should be considered an indicator of macrophage phenotype rather than a 

mediator of disease (61).

Impact of Bbaa1 on the K/B×N serum transfer model of rheumatoid arthritis

QTL analysis for Lyme disease severity that recently allowed identification of Gusb as a 

major regulator of Lyme arthritis also revealed a similar regulatory potential for the K/B×N 

serum transfer model of RA (33). This prompted us to consider the possibility that Bbaa1 

might also regulate RA. Additionally, an IFN signature has recently been described in a 

subgroup of RA patients who fail to respond to TNF blocking therapies, suggesting an 

existing patient population with dysregulated Type I IFN (62). The K/B×N serum transfer 

model has been used extensively to assess factors that contribute to the effector stage of 

arthritis as it bypasses the requirement for permissive MHC alleles (39). K/B×N serum 

contains an autoantibody to glucose-6-phosphate isomerase, which is widely expressed and 

particularly accessible on bone within the joints, and the severity of this arthritis can be 

regulated by limiting quantities of administered K/B×N serum. To test the impact of Bbaa1 

a submaximal dose (100μl) of K/B×N serum was given to B6 and B6.C3-Bbaa1 mice. C3H 

mice were included as a in this experiment as their response to K/B×N serum has not 

previously been reported. Measurement of the rear ankle joints indicated more severe 

arthritis in C3H than B6 mice as early as 1 day following the first dose of K/B×N serum, and 

much greater severity by Day 7 (Fig. 9A). By Day 7, ankle swelling in B6.C3-Bbaa1 mice 

was much greater than seen in B6 mice, and indistinguishable from C3H (Fig. 9A). 

Histopathological assessment of the overall lesion score was determined at Day 7, and 

confirmed severe lesions in C3H and B6.C3-Bbaa1 mice and very mild disease in B6 mice 

(Fig. 9B). Thus, Bbaa1 is a robust regulator of RA severity.

To determine if the effect of Bbaa1 was mediated through Type I IFN production and feed 

forward, the B6.C3-Bbaa1 mice were treated with IFNAR1 blocking mAb, as in the Lyme 

arthritis experiment in Fig 2. B6.C3-Bbaa1 ISCL received a single dose of MAR1-5A3 or 
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isotype control the day before the first administration of K/B×N serum. Blocking the Type I 

IFN receptor in B6.C3-Bbaa1 resulted in a reduction in arthritis severity to the level seen in 

B6 mice, implicating Type I IFN in this model of RA (Fig. 10A). Histopathological analysis 

also revealed greatly reduced lesion scores in receptor blocked B6.C3-Bbaa1 mice, (Fig. 

10B).

DISCUSSION

In this study forward genetic analysis of Lyme arthritis severity has implicated the IFNαβ 

gene cluster within Bbaa1 as a candidate regulator of Lyme arthritis: B. burgdorferi 

infection of the B6.C3-Bbaa1 ISCL resulted in more severe ankle swelling and arthritic 

lesions than seen in parental B6 mice (Fig. 1). A second major finding was that Bbaa1 also 

regulated RA, as demonstrated in B6.C3-Bbaa1 mice treated with K/B×N serum (Fig. 9). In 

both arthritis models the heightened severity in B6.C3-Bbaa1 mice was reduced by 

treatment with an IFN receptor blocking mAb (Figs. 2,10). Thus, the exacerbated Lyme and 

rheumatoid arthritis in B6.C3-Bbaa1 mice is dependent on Type I IFN production and feed 

forward amplification, directly establishing a shared pathological process dependent on 

localized production of Type I IFN.

This is the second example of forward genetics identification of a Lyme arthritis QTL that 

also influences RA. Gusb was positionally cloned as a major regulator of Lyme arthritis 

severity within Bbaa2 on Chr5, and the disease exacerbating Gusb allele was also found to 

increase the severity of the K/B×N model of RA (33). The identification of Gusb provided 

an unexpected correlation of disease severity with reduced lysosomal enzyme activity and 

the subsequent accumulation of undigested glycosaminoglycans in joint tissue of both B. 

burgdorferi infected and autoantibody treated arthritis. Thus, both infection-triggered and 

antibody-induced arthritis share a second pathway for exacerbated disease.

In the case of Bbaa1, the involvement of Type I IFN in Lyme arthritis in C3H mice had 

previously been established through ablation of the IFNAR1 gene and by blocking IFNAR 

function with mAb (19, 20). Type I IFNs have also been identified in patients with various 

manifestations of Lyme disease, including skin lesions and cognitive deficits (63, 64), and 

have been implicated in B lymphocyte accumulation in the lymph nodes of infected mice 

(65). Taken in context with these previous findings, the current genetic identification of 

Bbaa1 implicates the cluster encoding the IFNαβ genes as a candidate regulator of Lyme 

arthritis. Importantly, disruption of IFNAR signaling had no effect on control of B. 

burgdorferi in joint or other tissue, indicating Type I IFN is selectively involved in 

pathological arthritis development and, therefore, could serve as a target for therapeutic 

intervention in patients (19, 20). The linkage of Bbaa1 to RA was somewhat surprising as 

others have reported that exogenous administration of human IFNα reduces the severity of 

RA in a murine model of collagen antibody induced arthritis (66). However, our findings are 

consistent with several published patient studies that have characterized a Type I IFN 

signature in synovial and blood cells from a cohort of patients who fail to respond to TNF 

targeting biologicals (62, 67). Therefore, the B6.C3-Bbaa1 mouse could provide an 

important new animal model for this RA patient group. Dysregulation of Type I IFN has 

also been associated with the pathological development of systemic lupus erythematosus, 
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Sjogrens syndrome, scleroderma, Type I diabetes (29, 68–72), and in serious side effects 

from therapeutic use of IFNα/β in patients with hepatitis C virus and multiple sclerosis (26, 

28). Thus, the identification of a genetic predisposition to exaggerated IFN responses could 

ultimately impact additional pathological conditions.

The identification of a genetic predisposition to Type I IFN hyperactivation in Lyme and 

rheumatoid arthritis emphasizes that entirely distinct initiators can trigger common pathways 

of arthritis exacerbation. It further validates the unbiased approach of forward genetics in 

identification of biologically relevant pathological pathways. Interestingly, neither Gusb nor 

Type I IFN have been identified as candidates for RA in numerous other murine QTL 

analyses, possibly reflecting the exclusion of C3H mice in collagen-induced arthritis studies 

due to lack of required MHC susceptibility allele (73). GWAS studies of patients with RA 

and juvenile idiopathic arthritis have identified polymorphisms in genes involved in the IFN 

signaling cascade such as Irf5, Irf8, Tyk2 and IL-21, although, the Type I IFN gene cluster 

itself has not been identified (74, 75). Thus, the B6.C3-Bbaa1 mouse provides a new 

experimental model to assess genetic predisposition to both microbial and autoimmune 

induced Type I IFN.

In considering the Type I IFN cluster as a candidate for Lyme arthritis and RA, IFNβ is the 

most obvious candidate gene as it is expressed at higher levels than any of the IFNα genes in 

response to B. burgdorferi in joint tissue and macrophages (20, 76). Additionally, the 

affinity of the IFNAR for IFNβ protein is much higher than for any of the IFNα proteins, 

making it a dominant contributor to the receptor dependent induction of downstream 

effectors (77, 78). However, support for IFNβ as a candidate gene is undermined by the 

complete absence of SNPs distinguishing C3H and B6 IFNβ genes, including the coding 

sequences and 3000 bps of flanking sequence that encompasses the well-characterized 

promoter/enhancer region (34, 79). Interestingly, there are numerous SNPs within and 

immediately adjacent to the IFNα genes. SNPs in IFNα1, IFNα2, IFNα4, IFNα6, IFNα11, 

and IFNαb result in altered protein sequences that potentially influence function while other 

SNPs are positioned within putative regulatory regions and could influence promoter 

strength or RNA stability. There are also transcribed pseudogenes within this 200,000 bp 

region whose regulatory functions have not been investigated. Additionally, there are a large 

number of non-IFN genes within Bbaa1 that could act to influence the level of IFNαβ 

transcription, possibly through assembly of transcriptional complexes or through altered 

chromatin accessibility. Future studies will require development of advanced recombinant 

ISCL in order to identify and critically test candidate genes.

The development of Bbaa1 ISCL provides a powerful tool to assess the regulation of Type I 

IFN induction. Several laboratories have characterized a Type I IFN response to B. 

burgdorferi RNA in human mononuclear cells that is dependent on TLR7 or TLR8 and 

MyD88, while others have characterized MyD88 independent responses to B. burgdorferi 

RNA and other components in murine BMDM (21–25, 52). Together, these findings present 

a complex picture of the Type I IFN response in human and murine cells, involving multiple 

ligands that vary with particular cell types. Our findings with macrophages from Bbaa1 

ISCL indicate a dominant effect of this locus on the magnitude of IFN response to B. 

burgdorferi ligands and to the viral mimic poly I:C (Figs. 3–6). Thus, Bbaa1 appears to 
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function as a global rheostat of Type I IFN responses, regulating the initial production of 

Type I IFN and the ultimate magnitude of the autocrine/paracrine amplified response (Fig 

7). These findings clearly translate to the increased arthritis seen in B. burgdorferi infected 

B6.C3-Bbaa1 mice, indicating relevance to disease pathogenesis in the context of the B6 

background (Fig. 1).

Unexpectedly, BMDM from Bbaa1 congenic mice also revealed differential expression of 

classic markers of the M1/M2 phenotype in BMDM (Figs.7,8). It has recently been 

suggested that low or “tonic” levels of Type I IFN actually prime macrophages for an M1 

response, consistent with the hyperactivation of Type I IFN in BMDM from C3H and 

B6.C3-Bbaa1 mice (80, 81). In fact, our previous global gene expression analysis identified 

Arg1 as strongly upregulated in joint tissue of B. burgdorferi infected B6 but not C3H mice, 

also consistent with a modulatory role of Arg1 in B6 responses and possible suppression of 

the Type I IFN response (18). Taken together, these findings lead to the hypothesis that 

Type I IFN exacerbates arthritis development in C3H mice by promoting a pro-arthritic M1 

macrophage response in the joint tissue, while the M2 response inherent to B6 mice 

modulates localized inflammation and prevents severe arthritis. This is an unexpected 

finding with clear implications for understanding and counteracting inflammatory responses 

involved in arthritic lesion formation, but distinct from host defense. It also poses the 

intriguing possibility that Type I IFN promotes M1 macrophage development in vivo, 

impacting the severity of Lyme arthritis and RA. Thus, the continued development of 

advanced Bbaa1 congenic lines will provide an opportunity for identification of genetic 

elements linked to Type I IFN expression and their involvement in pathological conditions 

extending beyond Lyme arthritis.
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Figure 1. Interval specific congenic mice reveal contribution of C3H allele of Bbaa1 to Lyme 
arthritis severity
B6, C3H, B6.C3-Bbaa1, and C3.B6-Bbaa1 mice were infected with 2 × 104 B. burgdorferi 

and arthritis was assessed at 4 wks. of infection, as described in Materials and Methods, and 

shown for (A) Change in ankle measurement and (B) Overall lesion score. Statistical 

significance of differences between ISCL and background parental strain were determined 

by Student’s t-test for ankle swelling and Mann Whitney U test for Overall lesion. All 

categories were negative for uninfected mice, injected with BSK media, and are not shown 

in the figure. Groups consisted of approximately equal numbers of male and female mice, 

with n=22 B6, 20 C3H, 23 B6.C3-Bbaa1, and 30 C3.B6-Bbaa1.
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Figure 2. mAb blocking of Type I IFN signaling prevents the Bbaa1 dependent increase in 
arthritis in B. burgdorferi infected mice
B6.C3-Bbaa1 mice were treated with 2.5 mg MAR1-5A3 blocking mAb or isotype control 

the day before infection. Congenic and parental B6 and C3H mice were infected with B. 

burgdorferi and arthritis severity analyzed at 4 wks. of infection, shown for (A) Change in 

ankle measurement and (B) Overall lesion score. Statistical significance was determined by 

Student’s t-test for ankle swelling while the Mann Whitney U test was used for Overall 

lesion. n=5 per group.
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Figure 3. Bone marrow derived macrophages (BMDM) reveal Bbaa1 regulates the magnitude of 
the IFN response to B. burgdorferi.
RT-PCR analysis of transcripts in BMDM from B6, C3H, B6.C3-Bba1 and C3.B6-Bbaa1 

mice treated with media, sonicated B. burgdorferi (sonicate) or living B. burgdorferi (B. 

burgdorferi) for 6 hours. Transcript levels for Ifnβ, Gbp2, Cxcl9, Cxcl10, Iigp, and Tnfα 

were normalized to β-actin. Data are averages ± SE, with trends representative of 5 separate 

experiments. Significance determined by ANOVA, with Bonferroni post-hoc comparison, 

shown for ISCL with appropriate background parental strain. Differences between B6 and 

C3H for Ifnβ, Gbp2, Cxcl9, Cxcl10, and Iigp were also significant (not shown).
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Figure 4. Phagocytic capacity of macrophages from B6 and C3H mice
Peritoneal macrophages (5 × 105) were incubated with GFP-B. burgdorferi for 1 (A) and 

2(B) hours at 37°C. Cells collected in the absence of trypsin (Total Cell Associated) or 

following incubation with trypsin (Trypsin Resistant) to remove extracellular bacteria. The 

percentage of macrophages with associated bacteria was determined by flow cytometry, as 

compared with cells not receiving bacteria. Data are averages ± SE, and are representative of 

2 separate experiments. Significance determined by ANOVA, with Bonferroni post-hoc 

comparison; for B6 vs. C3H in each treatment group.
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Figure 5. Bbaa1 regulates BMDM responses to poly I:C
RT-PCR analysis of transcript induction in BMDM from B6, C3H, B6-C3.Bba1 and C3.B6-

Bbaa1 mice treated with poly I:C for 6 hours. Transcript levels for Ifnβ, Gbp2, and Iigp 

were normalized to β-actin. Data are averages ± SE, with trends representative of 2 separate 

experiments. Significance determined by ANOVA, with Bonferroni post-hoc comparison; 

shown for ISCL with appropriate background parental strain and for B6 vs. C3H.

Ma et al. Page 22

J Immunol. Author manuscript; available in PMC 2015 December 15.

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 6. Bbaa1 regulation of IFN profile is dependent on IFNAR feed forward
RT-PCR of transcript induction in BMDM from B6, C3H, B6-IFNAR1−/−, and C3H-

IFNAR1−/− mice incubated with media, B. burgdorferi, or poly I:C for 6 hours. Transcript 

levels for Stat1, Stat2, Oasl2, Nos2. Tyki, Cxcl9, Cxcl10, IL-10, and Tnfα were normalized 

to β-actin. Significance determined by ANOVA, with Bonferroni post-hoc comparison; 

shown for B6 vs. B6-IFNAR1−/− and C3H vs. C3H-IFNAR1−/−.
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Figure 7. Responses of BMDM to increasing doses of IFNβ

BMDM from B6 and C3H mice were treated with 0.4–100 Units/ml of IFNβ, and 

transcriptional responses measured at 3 hours. Transcript levels of Tyki, Nos2, Iigp, Arg1, 

Oasl2, and Mrc1 were normalized to β-actin. Data points indicate mean ± SE. Statistical 

significance between mouse strains were determined by Student’s t-test, as are indicated for 

Nos2 and Arg1.
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Figure 8. Bbaa1 regulated levels of expression of M1 and M2 markers in resting and activated 
macrophages
BMDM from B6, C3H, B6.C3-Bbaa1 and C3.B6-Bbaa1 mice were assessed for M2 

markers Arg1 and Mrc1 prior to addition of stimulant. Expression of the M1 marker Nos2 

was assessed at 6 hours of stimulation with B. burgdorferi. All transcripts were normalized 

to β-actin. Shown are mean ± SE for one experiment, representative of 2 separate 

experiments. Significance determined by ANOVA, with Bonferroni post-hoc comparison; 

shown for ISCL with appropriate background parental strain and for B6 vs. C3H.
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Figure 9. Impact of Bbaa1 on severity of K/B×N serum transfer arthritis
B6, B6.C3-Bbaa1, and C3H mice were treated with 100 μl K/B×N serum on Days 0 and 2, 

and arthritis was assessed by change in ankle measurement on Days 1–7 (A) and by 

histopathological scoring for overall lesion score on Day 7 (B), as described in Materials and 

Methods. Statistical significance was determined by Student’s t-test for ankle swelling and 

Mann Whitney U test Overall lesion. n=5
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Figure 10. Enhanced rheumatoid arthritis in B6.C3-Bbaa1 mice is dependent on Type I IFN
B6.C3-Bbaa1 mice were treated with 2.5 mg MAR1-5A3 blocking mAb or isotype control 

the day before administration of K/B×N serum. B6.C3-Bbaa1 and B6 mice received 100 μl 

of K/B×N serum on Days 0 and 2. Arthritis was assessed by change in ankle measurement 

on Days 1–7 (A) and by histopathological scoring for Overall lesion score on Day 7 (B), as 

described in Materials and Methods. Statistical significance was determined by ANOVA, 

with Bonferroni post-hoc comparison for ankle measurements, and Kruskal-Wallis test with 

Dunn’s multiple comparison for Overall lesion. n=5.
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