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ABSTRACT 

Systemic Lupus Erythematosus (SLE) is an autoimmune disease characterized by 

the production of autoantibodies directed against ubiquitous self-antigens, many of which 

are nuclear autoantigens like dsDNA and chromatin (Pisetsky, 2016), and by elevated type 

I interferons (IFN) (Hooks et al., 1979; Weckerle et al., 2011), a family of pro-

inflammatory cytokines that have antiviral activity (Pestka et al., 2004). Microarray 

analysis of peripheral blood mononuclear cells (PBMC) from SLE patients discovered the 

increased expression of IFN-responsive genes that was named the IFN Signature (Baechler 

et al., 2003a; Bennett et al., 2003b; Crow et al., 2003). Genome wide association studies 

indicate a clear genetic component in lupus pathogenesis (Chung et al., 2011; SLEGEN et 

al., 2008) and murine models of SLE confirm genetic drivers of the disease (Morel, 2010; 

Morel et al., 2000). However, the concordance of SLE in monozygotic twins is only 30-

40% (Connolly and Hakonarson, 2012), while the incidence of disease in genetically 

identical mice varies between animal housing facilities (Yoshida et al., 2002), suggesting 

that both genetic and environmental factors play prominent roles in lupus pathogenesis. 

Furthermore, defects in both the innate and adaptive immune system are found in SLE 

patients (Weidenbusch et al., 2017). Here I will briefly discuss the various aspects of 

dendritic cells and B cells in lupus pathogenesis that I have studied throughout the course 

of my thesis. 

Among the endogenous but also possible environmental factors suspected to affect 

DC activation, sex hormones are important candidates. They have long been thought to 

play a role in the pathogenesis of SLE, as the female to male prevalence ratio ranges from 
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4.3:1 to 13.6:1 (Petri, 2002). As the onset of SLE is more frequent in women of 

childbearing age (Petri, 2002), estrogens could be responsible for this bias. We investigated 

the effects of sex and estrogens on the IFN Signature in conventional GM-CSF-bone 

marrow-derived DCs (cDCs), from male and female Triple Congenic 

B6.NZM.Sle1/Sle2/Sle3 (TCSle) lupus prone mice or from wild type C57BL/6 mice, 

generated with titrations of 17-beta-estradiol (E2). We found that cDCs from pre-diseased 

TCSle male mice express the IFN Signature as female TCSle cDCs do. Furthermore, E2 

stimulation, regardless of sex, modulates type-I IFN-dependent and -independent 

activation of cDCs in response to TLR stimulation. Finally, we found that lupus cDCs have 

higher metabolism than wild type cDCs in both sexes, and estrogen enhances the metabolic 

pathways in cDCs, suggesting a mechanistic link between estrogen, immunometabolism 

and the IFN Signature in lupus (Lee et al., 2018). 

Previously the Gallucci lab had discovered that TCSle cDCs produced greater 

amounts of IL-10 in response to TLR agonists than wild type cDCs. Moreover, we found 

that TCSle cDCs express IL-27. Here we show that cDCs from TCSle mice produce more 

IL-10 than wild type congenic cDCs and IL-27 upon TLR stimulation: both IL-10 and IL-

27 cytokine production is prevented by blocking the type I IFN receptor (IFNAR) with 

specific antibodies. Moreover, RNA sequencing analysis of a cohort of SLE patients 

reveals higher gene expression of these cytokines in SLE patients expressing a high IFN 

signature. 

IL-10 is considered an anti-inflammatory cytokine that can impede multiple 

immune cell functions and reduce immunopathology (Couper et al., 2008). In contrast to 
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IL-10, IL-27 is a member of the IL-12 family that is produced by antigen-presenting cells 

(Hooper et al., 2017a) and can have either pro- or anti-inflammatory effects on T and B 

cells and in autoimmunity (Meka et al., 2015). Therefore, care must be taken in 

therapeutically targeting type I IFN in SLE as this may inadvertently also decrease anti-

inflammatory pathways. 

In parallel to the E2-cDC project, a collaboration between the Gallucci and Tükel 

labs had shown that the natural complex amyloid Curli/DNA, present in bacterial biofilms, 

induces autoantibodies in lupus-prone and wild-type mice, suggesting Curli/DNA 

complexes as novel players in SLE pathogenesis (Gallo et al., 2015). This effect was 

diminished in TLR2 or TLR9 deficient mice (Tursi et al., 2017). To better understand how 

curli/DNA complexes broke tolerance, I took a reductionist approach: we hypothesized 

that curli/DNA complexes, due to its repetitive and fibrillar nature, as well as its ability to 

stimulate TLRs, could induce isotype switching of anti-dsDNA B cells in a T-independent 

(TI) manner. We found that Curli/DNA complexes activated B cell non-canonical NFB, 

aicda and isotype switching in absence of T cells help in vitro. This TI isotype switching 

was enhanced in 3H9 B cells, which have DNA specific BCR heavy chains. Furthermore, 

Curli competent bacteria induced autoantibodies in CD40L-/- mice, which lack T cell help. 

These results support the thesis that bacterial infections, through the production of immune 

stimuli like curli, can directly stimulate B cells and break tolerance toward DNA in lupus 

through molecular mimicry. 

Murine infection studies in Sle models, including studies with curli-producing 

bacteria, are traditionally done in specific-pathogen free (SPF) facilities. However, studies 
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suggest the immune system of healthy humans matures as humans are exposed to 

pathogens over there lifetime (Machado et al., 1994; Thome et al., 2016; Thome et al., 

2014). Similarly, wild-type murine models confirm that aged mice raised in SPF facilities 

do not develop a robust memory population in non-lymphoid tissues: co-housing of SPF 

mice with pet store mice is able to rescue these memory populations to similar levels seen 

in pet store and feral mice (Beura et al., 2016). Therefore, we tested whether exposure to 

non-SPF mice could induce a mature immune system and enhance disease progression of 

NZBW-F1 mice. Indeed, ZNBW-F1 mice co-housed in “dirty conditions” had increased 

memory populations and accelerated anti-dsDNA Ab production. 

This thesis enriches our knowledge of the complexity of lupus pathogenesis and 

presents evidence that dendritic cells, as central modulators of the immune system, in 

response to TLR signaling have a proinflammatory profile that can be enhanced by sex, 

estrogen and genetics. However, this is counteracted by the type I IFN, IL-10/IL-27 

network that can modulate inflammation suggesting a more complex role for IFN in the 

pathogenesis of lupus. Furthermore, infections can modulate both the innate and adaptive 

immune systems and drive pathogenesis of lupus, in part by directly breaking B cell 

tolerance to DNA. 
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CHAPTER 1 INTRODUCTION 

Systemic lupus erythematosus (SLE) is a complex autoimmune disorder of 

unknown etiology. Colloquially referred to as the “great imitator”, SLE can often mimic 

or be mistaken for other diseases due to the plethora of potential manifestations of SLE. 

The heterogenous nature of this disease is highlighted by the American College of 

Rheumatology’s eleven criteria for lupus (Malar rash, skin rash, photosensitivity, mouth or 

nose ulcers, nonerosive arthritis, cardio-pulmonary involvement, neurologic disorders, 

kidney disorder, blood disorder, immunological disorder, antinuclear antibodies) in which 

either at least four criteria, including at least one immunological and one clinical criterion, 

must be met or biopsy proving lupus nephritis in the presence of antinuclear antibodies 

(Petri, 2002). However, the pathogenesis of this complex disease remains unclear. Here I 

discuss how genetics, sex hormones and environmental infections contribute to SLE. 

Genetics of SLE and Sle 

Concordance of SLE in monozygotic twins has been reported to be 30-40% 

(Connolly and Hakonarson, 2012). In contrast, other autoimmune disorders such as 

rheumatoid arthritis or multiple sclerosis have reported respective concordances of 15.4% 

(Silman et al., 1993) and 24% (Hansen et al., 2005) of disease in monozygotic twins 

indicating that genetics is a particularly strong driver of SLE compared to other 

autoimmune disorders. The complexity in the pathogenesis of SLE can be, in part, 

explained by genome wide association studies that suggest a myriad of different disease 

alleles (Chung et al., 2011; SLEGEN et al., 2008) in which multiple polymorphisms, while 

individually weak, culminate in disease. In contrast, monogenic SLE is rare (Belot and 
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Cimaz, 2012). Despite its rarity, monogenic SLE and monogenic murine models of 

systemic lupus erythematosus (Sle) have nonetheless given insight into pathways that are 

dysregulated in SLE. Here I describe a few examples. 

Monogenic Sle: DNAses 

The frequency of TREX1 (DNAse III) mutations have been reported to be 0.5% of 

lupus cohorts (Namjou et al., 2011). TREX1, is a major mammalian 3’-5’ DNA 

exonuclease (Mazur and Perrino, 2001) that can degrade immunostimulatory viral DNA 

and endogenous retrieval DNA in the cytoplasm (Yan et al., 2009). However, deficiency 

of this TREX1 in murine models leads to a lupus like autoimmunity through accumulation 

of endogenous single stranded DNA and activation of type I interferon (IFN), a family of 

pro-inflammatory cytokines that elicit a specific profile of stimulated genes (Pestka et al., 

2004). This IFN response (Stetson et al., 2008) is triggered through cyclic GMP-AMP 

synthase (cGAS) and adaptor stimulator of IFN genes (STING) (Gray et al., 2015). 

Similarly, DNAse II (a lysosomal endonuclease responsible for degrading apoptotic debris) 

deficiency results in embryonic lethality that can be rescued by type I IFN receptor 

(IFNAR) deficiency (Yoshida et al., 2005) although these mice still develop 

autoantibodies. Additional removal of Unc93b, a chaperone for toll-like receptor (TLR)7 

and TLR9, abrogates autoantibody production to nucleic acid in DNAse II, IFNAR, 

Unc93b triple KO mice (Baum et al., 2015). Collectively, these results suggest that an 

accrual of damaged or improper disposal of self-DNA can result in type I IFN-TLR 

mediated autoimmunity in SLE. 
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Monogenic Sle: Fas 

Fas receptor, also known as CD95, is a death receptor that induces apoptotic cell 

death signaling and is important in both immune surveillance and homeostasis (Gallo et 

al., 2017). Mutations in Fas/FasL pathways result in autoimmune lymphoproliferative 

disorder in humans with one reported case of classic SLE features (Rieux-Laucat et al., 

1995; Wu et al., 1996). Similarly, MRL-Faslpr/lpr (MRL-lpr) mice, which have the lupus-

prone background of the MRL and a lymphoproliferation mutation in Fas that inactivates 

FAS-mediated apoptosis, have T and B cell hyperactivity, autoAb production, immune 

complex deposition in the kidney, and renal disease (Warren et al., 1984). These mice are 

a prototypic model of murine Sle. 

Monogenic Sle: TLR7 

Overabundance of TLR7 has been studied as another monogenic murine model of 

Sle in BXSB mice. A translocation of a portion of the X chromosome onto the Y 

chromosome creates a Y-linked autoimmune accelerator (Yaa) locus that contains the gene 

encoding TLR7 in male BXSB mice. Bar body formation prevents overexpression of TLR7 

in female mice: male BXSB develop lupus at higher incidence than female BXSB mice 

(Pisitkun et al., 2006). Similarly, in humans, TLR7 and TLR9 RNA is significantly higher 

in SLE patients compared to healthy controls (Lyn-Cook et al., 2014) and functional 

polymorphisms in TLR7 is associated with SLE with a stronger effect in males than females 

(Shen et al., 2010). 
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Monogenic vs Polygenic Sle Models 

The aforementioned studies discuss how single gene alterations in TLR signaling, 

apoptosis, DNA clearance and IFN pathways can have dramatic effects in murine models 

of Sle and recapitulate many aspects of the human disease. However, the majority of lupus 

patients do not have monogenic lupus (Belot and Cimaz, 2012). Furthermore, careful 

observation of several of these monogenic lupus models reveal them to be more complex: 

Non-autoimmune-prone C57BL/6 mice (B6)-Yaa congenic mice do not develop Sle to the 

same capacity of BXSB mice indicating that duplication of TLR7 alone cannot explain the 

disease phenotype (Izui et al., 1988). Similarly, B6-lpr congenic mice and MRL-lpr mice 

do not develop the same level of disease (Warren et al., 1984). These differences can be 

explained, in part, by reports of mutations or deletion in FcγRIIB in both MRL and BXSB 

mice but not B6 mice (Jiang et al., 2000). Unlike most Fc receptors, FcγRIIB is unique in 

its inhibitory capacity that reduces B cell and dendritic cell activation (Nimmerjahn and 

Ravetch, 2006). Although FcγRIIB deficiency does not drive Sle pathogenesis on its own, 

it can modify the disease (Boross et al., 2011; Rahman et al., 2007). Polymorphisms in 

FcγRIIB are also associated with susceptibility to SLE (Willcocks et al., 2010). Therefore, 

while these “monogenic” models have provided valuable information in understanding 

aspects of SLE, care must be taken to pick the appropriate model and background. 

A cross between the New Zealand Black (NZB) and New Zealand White (NZW) 

mice, each strain which individually have mild lupus symptoms, results in an NZBW-F1 

model that has been considered to be a close reflection to human SLE due to the female 

sex bias in development of strong autoimmunity and immune complex mediated 

glomerulonephritis (GN) (Wakeland et al., 2001). These strains of mice were eventually 
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bred to homozygosity (NZM2410) (Rudofsky et al., 1993) before three chromosomal 

intervals were identified as containing strong susceptibility alleles to GN (Morel et al., 

1994). Sle1 on murine chromosome 1 contained 3 loci, expressed in B and T cells, with 

each loci capable of inducing loss of tolerance to chromatin (Morel et al., 2001). Sle2 on 

murine chromosome 4 was responsible for polyclonal B cell reactivity and increased 

splenic B1 B cells (Mohan et al., 1997). Sle3 on murine chromosome 7 was responsible for 

general CD4 T cell proliferation and apoptosis resistance, and stronger T-dependent 

antigen response (Mohan et al., 1999). While individually, none of these chromosomal 

intervals could induce GN in a B6 background, triple congenic B6.NZM.Sle1/Sle2/Sle3 

(TCSle) mice were able to recreate the female sex bias in development of strong 

autoimmunity and immune complex mediated GN seen in NZBW-F1 mice (Morel et al., 

2000). However, unlike the NZBW-F1 mice, TCSle mice allow for better dissection of Sle 

due to having a proper wild-type control in C57B/6 mice. 

 

Toll-Like Receptor (TLR) Dysregulation in SLE 

TLR7 and TLR9, as respective sensors of single stranded RNA and double stranded 

DNA, from both endogenous and exogenous sources, can promote IFN production and 

have also been implicated in activating dendritic cells and B cells in lupus (Celhar et al., 

2015a; Celhar et al., 2012; Santiago-Raber et al., 2009). 

TLR9 plays a seemingly paradoxical role in lupus. It’s been shown that activation 

of TLR9 in B cells is a regulatory checkpoint (Nickerson et al., 2013; Pone et al., 2015; 



6 

 

Sindhava et al., 2017) and Tlr9 deficient lupus-prone mice have worsened lupus disease 

(Christensen et al., 2006) suggesting a protective nature of TLR9 in Sle. Yet, TLR9 is also 

required for pathogenic isotype switch of anti-dsDNA Abs in mice (Christensen et al., 

2006; Ehlers et al., 2006; Nickerson et al., 2013) while TLR7 is required for anti-RNA Abs 

in mice (Christensen and Shlomchik, 2007; Christensen et al., 2006). As TLR9 recognizes 

double stranded DNA and TLR7 recognizes single stranded RNA, this suggests that loss 

of tolerance to nucleic acids require both TLR and BCR to be specific to said antigen.  

Different CpG sequences can also have agonistic (Ohto et al., 2015) or antagonistic 

effects on TLR9 signaling. The selective signaling of TLR9 can be relaxed in the presence 

of  IFNα (Uccellini et al., 2008) and adjuvants (Akkaya et al., 2017), explaining how TLR9 

can be both protective yet required for some pathogenicity. Furthermore, TLR9 can 

suppress TLR7 function (Nickerson et al., 2010) through competition of Unc93b, a 

chaperone for TLR7 and TLR9 to the endosome (Fukui et al., 2011). Therefore, TLR9 

deletion may worsen disease not through absence of an inhibitory signal from TLR9 but 

from an overabundance of TLR7 (in a similar manner to the Yaa locus in BXSB mice). 

 

Interferon and the Interferon Signature 

Interferons were first discovered and found to protect cells from viral infections in 

1957 (Isaacs and Lindenmann, 1957). Since then, IFN have been further stratified into three 

main families; type 1 IFN that are composed of 13 IFNα (14 in mice), a single IFNβ and 

several less studied IFN that signal through type I IFN receptor (IFNAR); type II IFN, a 
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single IFNγ that signals through type II IFN receptor (IFNγR) (Pestka et al., 2004); and 

type III IFN which will not be discussed. 

Almost all cells can produce low levels of type I IFNs in response to activation of 

pattern recognition receptors such as cGAS. Viral DNA or excessive endogenous cytosolic 

DNA (as discussed above in TREX1-/- mice) activates cGAS which then activates the 

adaptor stimulator of IFN genes (STING) and type I IFN production (Goubau et al., 2013; 

Gray et al., 2015). TLRs located in endosomal compartments (e.g. TLR7 and TLR9) can 

also recognize extracellular viral RNA and DNA which then promotes IFN production 

through MyD88-, IRF7- and IRF3-dependent pathways (Moynagh, 2005). While TLR7 

and TLR9 are expressed in multiple cells, Dendritic Cells (DCs) have particularly high 

levels of TLR7 and TLR9 (Schreibelt et al., 2010) and are specialized in producing 

exceptionally high levels of type I IFNs (Liu, 2005): DCs will be further discussed in detail 

later. 

Type I IFNs can then stimulate the expression of interferon stimulated genes (ISG) 

such as ISG15 or MX1. ISG15 has been shown to have activity against influenza, herpes 

and Sindbis viruses (Lenschow et al., 2007) while murine MX1 and human MXA are 

GTPases with antiviral properties that can inhibit influenza virus transcription (Pavlovic et 

al., 1992). In conjunction with other ISGs (Yan and Chen, 2012), type I IFNs play a critical 

role in viral clearance in healthy individuals. 

PBMCs from SLE patients have been reported to have an IFN signature: liberal 

estimates suggest 286 genes, including ISG15, MX1 and IRF7, are augmented compared to 

PBMCs from healthy control, constitutively ex vivo, thus in absence of experimental 
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stimulation (Baechler et al., 2003a; Bennett et al., 2003b; Crow et al., 2003). Furthermore, 

SLE patients have high levels of serum IFNα (Hooks et al., 1979; Ytterberg and Schnitzer, 

1982) that precedes SLE diagnosis (Munroe et al., 2016; Munroe et al., 2014). There are 

anecdotal reports of SLE developing in patients treated with IFNα therapy (Niewold and 

Swedler, 2005). Age- and sex-related patterns of serum IFNα in lupus families also indicate 

a heritable IFNα pattern (Niewold et al., 2007b). Together with the murine data, described 

below, indicating that the ability to respond to type IFNs is necessary for lupus 

development, these results led to a major focus on IFNα in SLE research and clinical trials. 

 

Human IFN & SLE 

Clinical trials focused on neutralizing IFNα (Sifalimumab, Rontalizumab, IFNκ) 

did not show differences at primary end points between drug- and placebo-treated patient 

groups. Surprisingly, within the IFN-signature negative group, the Rontalizumab-treated 

group had fewer flares (Lauwerys et al., 2014). As there are 13 human IFNα (Pestka et al., 

2004), and not all are neutralized by the aforementioned drugs, the poor results were 

hypothesized to be a result of incomplete IFNα neutralization. More recent clinical trials 

have attempted to block all IFNα by targeting their receptor, IFNAR, instead: Anifrolumab 

was a promising anti-IFNAR monoclonal Ab that was found to substantially reduce disease 

activity in SLE patients in a phase IIb trial (Furie et al., 2017; Riggs et al., 2018). 

Unfortunately, AstraZenca recently reported that phase III trial of Anifrolumab did not 

meet the primary endpoint in reduction of disease activity although a full evaluation of the 

data is not yet available. 
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There have been recent reports that the IFN signature in SLE patients is actually a 

modular conglomeration of IFNα, IFNβ, and IFNγ signatures. The modular signature 

analysis allowed for stratification of patients with quiescent disease (Chiche et al., 2014). 

In support of this, others have found that serum IFNγ levels rise prior to IFNα in SLE 

patients before diagnosis (Munroe et al., 2016) and SLE patient B cells have elevated IFN-

β (Hamilton et al., 2018). That is not to say that IFNα does not play a role in SLE 

pathogenesis. As previously mentioned, anti-IFNα (Rontalizumab) treatment only reduced 

incidence of flares in the IFN-signature negative group (Lauwerys et al., 2014). This 

suggests that IFNα may play a pathogenic role prior to the development of an IFN 

signature: IFNα neutralization (Rontalizumab) is effective at this stage and may delay an 

IFN signature. However, as SLE progresses and an IFN signature (fueled by IFNα, IFNβ 

and IFNγ (Chiche et al., 2014)) is present, IFN dysregulation may be too severe for 

IFNα/IFNAR neutralization to work.  

Murine IFN & Sle 

Murine models of lupus provide stronger evidence for a role of type I IFNs in lupus. 

TCSle mice, derived from NZBW-F1 mice, have an IFN signature similar to that of SLE 

patients (Sriram et al., 2012a) while administration of an adenovirus vector that expresses 

recombinant IFNα exacerbated end organ damage in TCSle and NZBW-F1 mice (Fairhurst 

et al., 2008; Mathian et al., 2005) suggesting a parallel between these mice and disease. 

Reports in multiple models of Sle show abrogation of disease progression with the 

deletion of IFNAR (Agrawal et al., 2009; Braun et al., 2003; Santiago-Raber et al., 2003; 

Yoshida et al., 2005). However anti-IFNAR mAb treatment only transiently reduced 
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disease in MRL-lpr mice (Baccala et al., 2012). Furthermore, long-term anti-IFNAR mAb 

treatment increased survival of BXSB mice although, efficacy of this treatment declined if 

administration of anti-IFNAR mAb was delayed (Baccala et al., 2012), mimicking the poor 

clinical outcome of targeting type I IFN signaling in human patients: despite evidence that 

type I IFN is crucial for development of murine Sle, neutralizing type I IFN signaling may 

not be sufficient to curb disease.  

Between recent reports that the IFN signature is a conglomeration of IFNα, IFNβ, 

and IFNγ signatures (Chiche et al., 2014), elevated serum IFNγ (Munroe et al., 2016) and 

elevated IFN-β (Hamilton et al., 2018) along with murine studies that support a role of 

IFNβ, and IFNγ in Sle (Domeier et al., 2016; Haas et al., 1997; Haas et al., 1998; Hron and 

Peng, 2004; Jackson et al., 2016; Sriram et al., 2012a), it is clear that the IFN signature is 

not fully understood. Therefore, additional studies to better understand the nuances of the 

IFN signature are still required. 

 

Dendritic Cells 

Dendritic cells (DC) play a critical role in modulating the immune system 

(Banchereau and Steinman, 1998). DCs reside in virtually all tissues and are in part 

characterized and named after the long processes or “dendrites” alike branches of a tree. 

DCs sample the environment by both phagocytosis and macropinocytosis. In the absence 

of inflammation, DCs will process antigens, present antigen on major histocompatibility 

complex I (MHCI) and complex II (MHCII) and generate tolerance (Steinman et al., 2003). 
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However, in the presence of damage-associated molecular patterns (DAMPs) and 

pathogen-associated molecular patterns (PAMPs) recognized via pattern recognition 

receptors, such as TLRs, DC antigen presentation can also induce immune activation and 

inflammation. 

While both tolerogenic and immunogenic antigen-presentation utilize MHCII and 

MHCI (Signal 1), they differ in other aspects. Co-inhibitory molecules, such as 

programmed death one (PD-1) can inhibit CD8 T cell function (Lim et al., 2015) while co-

stimulatory molecules (signal 2), such as CD86 (Caux et al., 1994) have been shown to 

activate T cells and promote their differentiation into mature CD4 helper and CD8 

cytotoxic T cells (Banchereau and Steinman, 1998; Mosmann and Coffman, 1989). 

Additional cytokines (signal 3) produced by DCs further modulate maturation of T cells 

(Th1 vs Th2 vs Th17) (Merad et al., 2013). While other immune cells possess some 

capacity to present antigen, these three signals contribute to ability of DCs to activate naïve 

T cells which earns them the title professional antigen-presenting cell (APC). 

There are multiple DC subsets, including but not limited to conventional DCs 

(cDCs), lymphoid DCs and plasmacytoid DCs (pDCs). Although all of these subsets have 

been shown to suppress or promote differentiation of T cells (Kuwana, 2002), DC subsets 

have further specialized roles. For example, pDCs have particularly high levels of TLR7 

and TLR9 (Schreibelt et al., 2010) and are specialized in producing exceptionally high 

levels of type I IFNs (Liu, 2005) poising pDCs as particularly apt in combating viral 

infections. In contrast, cDCs have a different repertoire of TLR expression, express higher 

levels of MHCII and co-stimulatory molecules, and are better poised to process and present 
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antigen to T cells than pDCs (Merad et al., 2013; Schreibelt et al., 2010). Abnormalities 

have been found in both cDCs and pDCs in mouse and human lupus (Klarquist et al., 2016); 

an interesting fact that further highlights the complexity of lupus pathogenesis, is that both 

experimental models of ablation and accumulation of DCs lead to production of lupus 

autoAbs (Lamagna et al., 2013; Teichmann et al., 2010). 

 

Sex, IFN and Dendritic Cells 

As major producers of type I IFNs in response to TLR7 and TLR9 signaling, pDCs 

have been a major focus of SLE research (Elkon and Stone, 2011a; Guiducci et al., 2010; 

Rönnblom and Alm, 2002). However, while pDCs are textbook producers of IFNα, it has 

been shown that PBMCs from SLE patients produce a significant amount of IFNα from 

cell types other than pDCs (Blanco et al., 2001). Furthermore, as discussed above, the IFN 

signature cannot be attributed to IFNα alone (Chiche et al., 2014), suggesting that other 

cell types need to be assessed. 

CDCs from SLE patients showed a dysregulated expression of immunomodulatory 

factors such as BLyS, CD86 (Decker et al., 2006; Ding et al., 2006; Gerl et al., 2010; Jin 

et al., 2008) and PD-L1 (Mozaffarian et al., 2008), and induced greater allogeneic T cell 

proliferation than their healthy counterparts (Ding et al., 2006). Similarly, TCSle cDCs  

have been reported to induce greater proliferation and IgM secretion from B cells in vitro 

(Sang et al., 2014). In vivo analysis of pre-disease TCSle mice report an IFN signature and 

elevated Ifnβ expression in female TCSle mice. However, this was found in cDCs, B cells 



13 

 

and T cells but not pDCs (Sriram et al., 2012a), further supporting the importance of 

investigating the mechanisms leading to the IFN Signature in cDCs. 

Onset of SLE is more frequent in women of childbearing age. This is reflected in 

female to male prevalence ratio of SLE ranging from 4.3:1 to 13.6:1 depending on age 

(Petri, 2002). Furthermore, SLE females have significantly higher levels of serum IFN 

between ages of 12 and 22 (Niewold et al., 2008). Therefore, it has been hypothesized that 

elevated hormones associated with puberty in women, specifically estrogen, can drive IFN 

production and SLE pathogenesis. Fulvestrant, a selective estrogen receptor modulator, 

decreased SLE disease activity index in a small clinical trial (Abdou et al., 2008). Both 

TCSle mice and its parent strain, NZBW-F1, have a strong female sex bias, making them 

strong candidates to study the effects of estrogen in Sle. In addition, the congenic nature of 

the TCSle allows for a model with healthy controls. Due to the sex bias in SLE patients 

and TCSle mice, initial studies from our lab characterized the murine IFN signature in 

female TCSle mice. In CHAPTER 2 we investigated how sex and estrogen can modulate 

the IFN signature, cytokine production, costimulatory molecules and immunometabolism 

of cDCs comparing cells from female and male TCSle and B6 mice. 

IFN, IL-10 and IL-27 network 

I have previously discussed the recent failures of clinical trials that target type 1 

IFN in SLE. This may in part be due to an IFN signature, fueled by IFNα, IFNβ and IFNγ 

(Chiche et al., 2014)), which results in IFN dysregulation too severe for IFNα/IFNAR 

neutralization to work. However, these failures may also be due to type 1 IFN inducing 

both pro- and anti-inflammatory cytokines. 
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For example, IL-10 has broad anti-inflammatory properties by suppressing 

production of pro-inflammatory cytokines (reviewed in (Mosser and Zhang, 2008)). 

Similarly, IL-27 is a member of the IL-12 family that is produced by antigen-presenting 

cells (Hooper et al., 2017a) and can have either pro- or anti-inflammatory effects on T and 

B cells and in autoimmunity (Meka et al., 2015). 

IL-10 is particularly confusing in SLE. IL-10 has been shown to be beneficial in 

disease progression in one murine model of Sle. IL-10 deficient MRL-lpr mice have 

enhanced anti-dsDNA IgG2a and IgG2b autoAbs at 10 weeks but not by 14 or 17 weeks. 

In line with these results, 10-week-old MRL-lpr mice treated with recombinant IL-10 at 6 

weeks of age had reduced anti-dsDNA IgG2a autoAbs at 10 weeks of age but not 14 or 17 

weeks. Despite no difference in anti-dsDNA autoAbs at 17 weeks, 17-week-old IL-10 

deficient MRL-lpr mice had increased serum urea nitrogen and kidney pathology (Yin et 

al., 2002). In contrast, IL-10 was initially shown to be detrimental in another murine model: 

administration of anti-IL-10 neutralizing antibodies delayed onset of disease in NZB/W F1 

mice while exogenous IL-10 accelerated disease progression in NZB/W F1 mice. (Ishida 

et al., 1994). 

Since then, a unique subset of B cells that produce IL-10 (B10 cells) have also been 

shown to dampen inflammatory responses (Yanaba et al., 2008). Young (4-week-old) 

NZB/W F1 mice have an expanded B10 population that can affect disease progression. B 

cell depletion, with anti-CD20 Ab, in 4-week-old NZB/W F1 mice was found to be 

detrimental. B cell depletion in 12-28-week-old NZB/W F1 mice was found to be 

beneficial. B cell depletion during late-stage disease did not affect survival (Haas et al., 
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2010). This suggests that B10 cells, as an anti-inflammatory population, are protective 

early on (prior to ANA development) in NZB/W F1 mice. At the stage of autoAb 

development, inflammatory B cells help drive disease. Once end organ damage is 

established, B cells do not play a major role in disease development. Follow up studies 

show that CD19-/- NZB/W F1 mice have no ANA but accelerated renal disease. Transfer 

of B10 cells into CD19-/- NZB/W F1 mice prolonged their survival and induced expansion 

of Tregs (Watanabe et al., 2010) confirming the role of B10 cells as a protective population 

in NZB/W F1 mice. Ishida et al report that neutralizing IL-10, from birth for 41 weeks, in 

NZB/W F1 mice delay onset of autoimmunity (Ishida et al., 1994). While this 

neutralization may transiently block the early spike of anti-inflammatory B10 cells at 4 

weeks, I hypothesize that beneficial effects of IL-10 neutralization in NZB/W F1 mice 

reported by Ishida et al is predominantly due to blocking autoAb production and 

inflammatory B cells at later time points. 

Autocrine I-IFNs were shown to contribute to TLR-induced IL-10 production in 

wild type cells (Liu et al., 2014) and IL-27 in macrophages (Iyer et al., 2010). Therefore, 

it is not unexpected that serum levels of IL-10 are often elevated in SLE patients with active 

disease (Chun et al., 2007; Park et al., 1998) and in relatives of SLE patients (Llorente et 

al., 1997; Llorente et al., 1993), especially considering that IL-10 was discovered as a B 

cell growth factor important for differentiation, function and survival of B cells (Peng et 

al., 2013). Similarly, serum levels of IL-27 have been found increased in SLE and correlate 

with disease activity and levels of autoantibodies (Qiu et al., 2013). 
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Therefore, blocking type 1 IFN may also lead to unintended consequences by 

blocking these cytokines. Therefore, in CHAPTER 3, I discuss how type I-IFN, IL-27 and 

IL-10 production are regulated in TCSle cDCs.  

 

Infection and Microbiome as an environmental factor in SLE 

As described above, murine models of lupus are predominantly inbred and 

genetically homogeneous strains that have clear genetic components inducing lupus. 

However, incidence of disease in genetically identical NZBW-F1 mice varies between 

animal housing facilities (virus free, barrier at University of North Carolina; MHV free, 

barrier at University of Florida or conventional housing at University of Cincinnati) 

(Yoshida et al., 2002) suggesting that environmental factors affect murine lupus models.  

A recent appreciation for the role of bacterial commensals in maintaining 

homeostasis and specifically in regulating development and functions of the immune 

system has spurred a new line of research in autoimmunity that is focused on understanding 

the pathogenic effects of the microbiome (Vieira et al., 2014), the huge mass of bacteria 

and viruses living on our skin and mucosa. 

Initial studies aimed at determining if the microbiome was one of these factors 

influencing the incidence of autoimmunity in lupus-prone mice and housed NZB mice in 

conventional and germ-free conditions. Modest reduction in certain disease phenotype was 

observed in some of these studies (East and Branca, 1969; East et al., 1967; Unni et al., 

1975). Furthermore, no difference in disease was found between conventionally housed 
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MRL-lpr mice and germ-free MRL-lpr mice (Maldonado et al., 1999). However, others 

found a more prominent role in altering the microbiome. Vancomycin treatment or oral 

gavage of Lactobacillus spp and L. reuteri in MRL-lpr mice drastically increased survival 

(from 10% to 90% at 21 weeks of age) while decreasing proteinuria, GN, anti-dsDNA 

IgG2a, gut permeability and serum LPS (Mu et al., 2017a; Mu et al., 2017b). Therefore, 

while the strong genetics of MRL-lpr mice can drive the disease in the absence of 

microbiome, modifying the microbiome can drastically alter disease progression even in 

lupus models with strong genetic drivers. 

 More recently, Enterococcus gallinarum (E. gallinarum) has been identified in 

mesenteric lymph nodes, liver and spleen cultures of (NZW x BXSB) F1 mice, but not 

C57BL/6 control mice: vancomycin treatment reduced immunopathology and E. 

gallinarum translocation to the liver in (NZW x BXSB) F1 mice. Intramuscular vaccination 

of heat killed E. gallinarum could prolong survival of (NZW x BXSB) F1 mice. Finally, E. 

gallinarum was found in liver biopsies of SLE patients, but not healthy controls (Vieira et 

al., 2018). Collectively, this suggests E. gallinarum as a strong candidate in driving anti-

dsDNA autoAbs while antibiotics or probiotics may reduce its effect. 

E. gallinarum promoting anti-dsDNA Abs is just one an example of bacteria that 

can promote autoimmunity as individual SLE patients have a heterogenous repertoire of 

autoAbs (Sontheimer et al., 1992). Longitudinal studies have found that anti-Ro/SSA, anti-

SmRNP, anti-nRNP, anti-chromatin, anti-Sm, and anti-La/SSB autoantibodies 

accumulated years prior to anti-dsDNA Ab positivity and diagnosis of SLE (Munroe et al., 

2016). These initial autoAbs prior to SLE diagnosis generally recognize nuclear proteins 
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that interacts with nucleic acids suggesting that late-appearing anti-dsDNA autoAbs may 

be a result of epitope spreading. Alternatively, there is the possibility that molecular 

mimicry from multiple bacterial antigens may also result in the multiple of autoAb seen in 

SLE patients. 

A study of SLE patients suggest molecular mimicry of bacterial Ro60 in the 

induction of one of these early appearing autoAbs. Memory T cells from anti-Ro60 positive 

patients, could proliferate and produce cytokines in response to both human Ro60 and 

homologous bacterial Ro60 from skin commensal Propionibacterium propionicum. 

Memory T cells that proliferated in response to human Ro60 were also capable of 

responding to homologous Ro60 from gut commensal Bacteroides thetaiotaomicron (B. 

theta) (Greiling et al., 2018). Interestingly, mono-colonization of E. gallinarum in germ-

free C57BL/6 mice induced anti-RNA and anti-dsDNA IgG autoAbs (Vieira et al., 2018). 

In contrast, mono-colonization of germ-free C57BL/6 mice with B. theta but not E. 

gallinarum, could induce anti-Ro60 antibodies (Greiling et al., 2018). Another study 

reports SLE patients had high levels of serum IgG anti-Ruminococcus gnavus Abs: these 

Abs correlated with IgG reactivity against native DNA,  human glomerular extract and 

specifically with renal disease: no correlation was found between anti-Ruminococcus 

gnavus Ab and anti-Ro Ab. (Azzouz et al., 2019). Collectively, this suggests the idea that 

diverse autoAb repertoire can be partially attributed to diverse molecular mimicry from 

bacterial antigen. It is therefore important to understand the mechanisms involved in this 

pro-autoimmune effect of bacteria. 
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Location Location Location 

SLE is a complex disease that can seemingly afflict organs at random depending 

on the patient. Infections are a major cause of morbidity and mortality in SLE patients and 

95% of infections leading to hospitalization are bacterial (Feldman et al., 2015). Urinary 

tract infections, soft tissue infections, and pneumonia are common in patients with SLE 

and present a higher co-morbidity than in patients without SLE (Nieves and Izmirly, 2016). 

Patients with SLE are more prone to systemic infections by enteric organisms including 

Salmonella enterica (Nieves and Izmirly, 2016; Pablos et al., 1994; Tsai et al., 2007). As 

previously discussed, differences in mean bacterial load of Propionibacterium 

propionicum between anti-Ro60 positive and negative SLE patients are reported from chest 

swabs not fecal microbiome (Greiling et al., 2018). Similarly, E. gallinarum was found in 

liver biopsies of SLE patients but not healthy controls (Vieira et al., 2018). Therefore it is 

not entirely surprising that principal component analysis of fecal microbiota profiles of 

SLE patients and healthy controls revealed no specific clustering of clinical features to 

stool samples (Hevia et al., 2014) nor anti-Ro/SSA autoAbs (van der Meulen et al., 2018). 

This suggests that systemic bacterial infections may not be represented in the gut 

microbiome of SLE patients.  

As previously discussed, oral vancomycin treatment in MRL-lpr mice drastically 

increased survival while decreasing serum LPS (Mu et al., 2017a). Vancomycin targets the 

cell wall of gram-positive bacteria and is poorly absorbed in the gastrointestinal tract and 

is therefore unable to affect systemic LPS-producing gram-negative bacteria directly. This 

suggests that control of gut microbiome with vancomycin in murine models of lupus 

control systemic infection which drive disease. Similar improvement in survival and 
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decrease in serum LPS were seen with oral gavage of probiotic Lactobacillus spp and L. 

reuteri (Mu et al., 2017b) suggesting modulation of the microbiome of SLE patients with 

antibiotics or probiotics as a possible therapeutic technique. Perhaps, the heterogenous 

repertoire of autoAbs and end organ damage seen in SLE patients may be the result of a 

heterogenous repertoire of molecular mimicry of heterogenous systemic infection that are 

supported by general dysbiosis in the gut. 

The probiotic E. coli Nissle 1917 (EcN) (Nissle, 1957) has been shown to have 

efficacy in maintaining gut homeostasis. For example, oral EcN administration decreased 

recovery time of infants and toddlers suffering from acute diarrhea (Henker et al., 2007). 

In mice, EcN can compete with and reduce intestinal colonization of Salmonella enterica 

serovar Typhimurium (S. Typhimurium) (Deriu et al., 2013). Furthermore, in DSS-induced 

colitis models, oral or rectal administration of EcN was able to reduce colitis severity. This 

affect was abrogated in either TLR2 or TLR4 deficient mice (Grabig et al., 2006) 

suggesting a synergistic requirement in TLR2/TLR4 signaling for EcN beneficial 

properties. However, systemic EcN infection has also been shown to induce autoAbs in 

mice (Gallo et al., 2015) that is partially dependent on TLR2 signaling (Tursi et al., 2017) 

suggesting that the location of the probiotic EcN and its TLR2 ligand determines its 

pathogenic or protective effects. 

Curli 

One possible TLR2 ligand is bacterial amyloid curli (Tükel et al., 2010; Tükel et 

al., 2005; Tükel et al., 2009). Curli is a functional amyloid produced by Enterobacteriaceae 

such as S. Typhimurium and E. coli during the generation of biofilms (Barnhart and 
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Chapman, 2006; Chapman et al., 2002). Curli have also been shown to increase intestinal 

integrity during infection with S. Typhimurium in a TLR2/PI3K dependent manner 

(Oppong et al., 2013). Similarly, oral treatment of curli can increase il10 expression and 

rescue mice in TNBS-induced colitis models (Oppong et al., 2015) suggesting that curli 

could be the TLR2 ligand that confers the protective effect of EcN (Grabig et al., 2006). 

Both SLE patients and healthy controls are exposed to curli as testified by the 

presence of anti-curli antibodies in the sera of both populations. SLE patients have 

significantly more anti-curli IgA antibodies than healthy controls: no difference between 

total population of SLE and healthy patients was found in anti-curli IgG titers. However, 

significantly more anti-curli and anti-dsDNA IgG antibodies were found in SLE patients 

with persistent bacteriuria than SLE patients without bacteriuria: 3 urinary tract infection 

isolates from persistent bacteriuria patients contained curli-producing uropathogenic E. 

coli (Pachucki et al., 2018) suggesting that persistent infection with curli producing 

bacteria enhances anti-dsDNA autoAbs in SLE patients. Others have shown that some 

pathogenic E. coli isolates from human blood cultures of sepsis patients produce curli. 

Furthermore, sepsis patient serum contain anti-CsgA IgG antibodies, the major subunit of 

curli, (Bian et al., 2000) confirming that systemic infection in humans with curli-producing 

bacteria results in anti-curli antibodies. 

As discussed more in details in Chapter 4, systemic exposure to curli/DNA, as a 

purified compound or as systemic infection, induces anti-dsDNA autoAbs (Gallo et al., 

2015). The ability of curli producing E. coli or curli fibrils to induce autoAbs was partially 

dependent upon TLR2 and TLR9 (Tursi et al., 2017). These data strongly suggest a role 
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for curli/DNA as a PAMP that stimulate the innate immune system and trigger 

autoimmunity. However, the mechanism by which curli breaks B cell tolerance is not fully 

understood. 

The SLE B cell paradox and curli 

The paradox: Pathogenic anti-dsDNA autoAbs in SLE patients are from isotype 

switched B cells that have undergone somatic hypermutation (SHM), suggesting T cell 

help. However, T-cell receptor-MHC grooves can only recognize peptide suggesting T 

cells cannot help in SHM of B cells that recognize dsDNA. 

The T-dependent hypothesis: Longitudinal studies have found that antibodies 

against nuclear peptide/nucleic acid complexes accumulates years prior to anti-dsDNA Ab 

positivity and diagnosis of SLE (Munroe et al., 2016). B cells that produce autoAbs against 

these nuclear peptide/nucleic acid complexes, such as Ro60, could receive help from T 

cells that recognize the Ro60 peptide described in (Greiling et al., 2018). Over time, epitope 

spreading through additional rounds of SHM could result in dsDNA specific B cells that 

isotype switched. 

The T-independent hypothesis: It has been shown that the dual engagement of 

BCR/TLR can activate autoreactive B cells (Lau et al., 2005; Leadbetter et al., 2002) and 

induce isotype switching of naïve B cells in a T-independent manner (Pone et al., 2012). 

Furthermore, it was proposed that the protective antibody response to S. Typhimurium 

infections does not follow a textbook antibody response: rather, extrafollicular B cell 

activation results in protective antibody production through a process that is in part CD40L 

or TCRβ independent, suggesting a direct activation of B cells that does not require T cell 
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help (Cunningham et al., 2007; Di Niro et al., 2015). Patients with Hyper-IgM syndrome 

(HIGM) show defects in CD40L-CD40 or activation-induced cytidine deaminase (AID) 

pathways and have low serum IgG and defective class switch recombination and somatic 

hypermutation. They are unable to provide classic T cell help to B cells (Fuleihan, 2001). 

Interestingly, HIGM patients are prone to autoimmune and inflammatory disorders and 

often exhibit detectable titers of several autoAbs, including both IgM and IgG antinuclear 

antibodies (Gulino and Notarangelo, 2003; Jesus et al., 2008; Lacroix-Desmazes et al., 

1999; Wolpert et al., 1998) indicating T-independent isotype switching of autoreactive B 

cells in humans. 

The line between these two hypotheses are further complicated by several studies. 

TCRα-/- MRL-lpr mice have delayed renal and cutaneous pathology compared to TCRα+/+ 

MRL-lpr mice. Furthermore, immune deposits consisted predominately of IgG1 in the 

TCRα deficient mice suggesting that IgG3, IgG2a and IgG2b subclasses may require more 

T cell help (Peng et al., 1998). Others have shown that B cell specific MHCII deletion in 

MRL-lpr mice results in reduced some but not all autoAbs (Giles et al., 2015), suggesting 

that autoreactive B cells could require different level of T cell help depending on the 

autoantigen. Furthermore, it has also been shown that autoreactive T cells can rescue TLR-

deficient autoreactive B cells (Giles et al., 2017), supporting the possibility of both TLR-

dependent T cell-independent and TLR-independent T cell-dependent hypothesis. 

Although oral administration of curli or curli producing bacteria such as EcN can 

strengthen the intestinal barrier and ameliorate gut pathology in a TLR2 dependent manner, 

systemic administration of curli or systemic infection with curli producing bacteria is 
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meant to study the mechanism of isotype switching IgG autoAbs seen in dysbiotic/systemic 

infections discussed above (Bian et al., 2000; Pachucki et al., 2018). In CHAPTER 4, we 

further discuss how the fibrillar structure of curli can crosslink BCRs that recognize the 

curli protein or embedded DNA. We conclude that curli is sufficient to induce isotype 

switching of autoreactive B cells by simultaneous BCR/TLR stimulation in a T cell-

independent manner. However, T cells can further aid this process. 

Dirty Mice 

As previously mentioned, HIGM patients are prone to autoimmune and 

inflammatory disorders and often exhibit detectable titers of several autoAbs, including 

both IgM and IgG antinuclear antibodies (Gulino and Notarangelo, 2003; Jesus et al., 2008; 

Lacroix-Desmazes et al., 1999; Wolpert et al., 1998) and are prone to severe and recurring 

bacterial, viral, fungal and parasitic infections (Gulino and Notarangelo, 2003; Quartier et 

al., 2004). In contrast, CD40L-/- mice, which are housed in clean facilities and are not 

exposed to infections, do not have any reported autoimmune phenotype. Therefore, murine 

models studied in traditional specific pathogen free (SPF) facilities do not account for 

environmental factors that lead to autoAb production. Similarly, patients with SLE are 

more prone to systemic infections by enteric organisms (Nieves and Izmirly, 2016; Pablos 

et al., 1994; Tsai et al., 2007) while murine models of Sle are done in SPF facilities, 

suggesting that the conditions in which we breed and study lupus-prone mice are devoid 

of the repeated infection that may break tolerance in SLE patients. 

Studies have reported that resident memory T(TRM) cells in non-lymphoid tissues 

are elevated in healthy adult humans compared to children and infants (Machado et al., 
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1994; Thome et al., 2016; Thome et al., 2014). While it could be hypothesized that age 

alone affects memory T cells, studies in wild-type murine models confirm that aged mice 

raised in SPF facilities do not develop a robust TRM population in non-lymphoid tissues: 

co-housing of SPF mice with dirty pet store mice was able to rescue this TRM populations 

to similar levels seen in pet store and feral mice (Beura et al., 2016). These results suggest 

that infectious experience changes qualitatively and quantitatively the immune 

populations, and we hypothesize that it may trigger autoimmunity. In CHAPTER 5, we 

discuss how co-housing lupus prone NZBW-F1 mice with non-SPF mice accelerates anti-

dsDNA Ab production and alters innate and adaptive leukocyte populations. 
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CHAPTER 2 

COVENTIONAL DCs FROM MALE AND FEMALE LUPUS PRONE B6.NZM 

Sle1/Sle2/Sle3 MICE EXPRESS AN IFN SIGNATURE AND HAVE A HIGHER 

IMMUNOMETABOLISM THAT ARE EHNACED BY ESTROGEN (Lee et al., 2018) 

Abstract 

Type I Interferons (IFN) are pathogenic in Systemic Lupus Erythematosus (SLE) 

and were proposed to control the immunometabolism of dendritic cells (DCs). We 

previously reported that DCs from female lupus-prone mice constitutively over-express 

IFN-responsive genes resembling the IFN Signature found in SLE patients. As SLE has 

higher incidence in women than men, more so in women of reproductive age, estrogens are 

suggested to affect lupus pathogenesis. We investigated the effects of sex and estrogens on 

the IFN Signature in conventional GM-CSF-bone marrow-derived DCs (cDCs), from male 

and female Triple Congenic B6.NZM.Sle1/Sle2/Sle3 (TCSle) lupus prone mice or from 

wild type C57BL/6 mice, generated with titrations of 17-beta-estradiol (E2). We found that 

cDCs from pre-diseased TCSle male mice express the IFN Signature as female TCSle 

cDCs do. Estrogens are necessary but not sufficient to express this IFN Signature, but high 

doses of E2 can compensate for other steroidal components. E2 stimulation, regardless of 

sex, modulates type-I IFN-dependent and -independent activation of cDCs in response to 

TLR stimulation. Finally, we found that TCSle cDCs from both sexes have elevated 

markers of immunometabolism, and estrogens enhance the metabolic pathways in cDCs, 

suggesting a mechanistic link between estrogens, immunometabolism and the IFN 

Signature in lupus. 
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Introduction 

Systemic lupus erythematosus (SLE) is an autoimmune disease of complex 

pathogenesis characterized by autoantibodies against nucleic acids, chromatin and 

ribonucleoproteins (Liu and Davidson, 2012b; Petri et al., 2012; Weckerle et al., 2011) as 

well as elevated type I IFN (Hooks et al., 1979; Weckerle et al., 2011). Microarray analysis 

of PBMCs from SLE patients discovered the increased expression of IFN-responsive genes 

that was coined the IFN Signature (Baechler et al., 2003a; Bennett et al., 2003b; Crow et 

al., 2003). Genome-wide association studies and genetic studies of families with SLE 

patients support a genetic dysregulation of IFN-α(Harley et al., 2009; Niewold, 2011; 

Niewold et al., 2008; Niewold et al., 2007b; Santana-de Anda et al., 2011). We have 

previously found that immune cells from NZM2410-derived Triple Congenic B6. 

NZM.Sle1/Sle2/Sle3 (TCSle)(Morel et al., 1997) lupus-prone mice express a similar IFN 

Signature in vivo, suggesting that these mice are a good tool to study the role of type I IFNs 

in lupus (Sriram et al., 2012a).  

DNA and RNA are major autoAgs in lupus that can stimulate immune cells through 

TLR7 and TLR9 (Santiago-Raber et al., 2009). As major producers of type I IFNs in 

response to TLR7 and TLR9 signaling, plasmacytoid dendritic cells (pDCs) have been a 

major focus of SLE research (Elkon and Stone, 2011a; Guiducci et al., 2010; Rönnblom 

and Alm, 2002), although recently cDCs have been also appreciated. cDCs from SLE 

patients showed a dysregulated expression of immunomodulatory factors such as BLyS, 

CD86 (Decker et al., 2006; Ding et al., 2006; Gerl et al., 2010; Jin et al., 2008) and PD-L1 

(Mozaffarian et al., 2008), and induced greater allogeneic T cell proliferation than their 
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healthy counterparts (Ding et al., 2006). In TCSle mice, the IFN Signature and Ifnβ 

expression in vivo is high in cDCs but not in pDCs (Sriram et al., 2012a) and TCSle-cDCs 

induce greater proliferation and IgM secretion from B cells in vitro (Sang et al., 2014). 

Furthermore, murine studies with B6.Sle1 mice demonstrated that TLR7 overexpression 

on cDCs, but not on pDCs, is responsible for driving splenomegaly and end organ damage 

(Celhar et al., 2015a). Finally, modular transcriptional repertoire analysis of cells from SLE 

patients revealed an equal importance of IFN-β and IFN-α in the IFN Signature (Chiche et 

al., 2014), further underlying the importance of cDCs in lupus. 

These cDC abnormalities could be due to an abnormal environment, intrinsic 

defects or both in SLE. Among the possible environmental factors suspected to affect DC 

activation, sex hormones are important candidates. Indeed, they have long been thought to 

play a role in the pathogenesis of SLE, as the female to male prevalence ratio ranges from 

4.3:1 to 13.6:1 (Petri, 2002). As the onset of SLE is more frequent in women of 

childbearing age (Petri, 2002), estrogens could be responsible for this bias. In addition, 

Fulvestrant, a selective estrogen receptor modulator, decreased SLE disease activity index 

in a small clinical trial (Abdou et al., 2008). Murine models confirm a role for estrogens in 

lupus: over-activation of estrogen receptor-α (ERα) exacerbates lupus disease (Li and 

McMurray, 2007). Further studies have determined that upon TLR7 or TLR9 stimulation, 

secretion of IFN-α from pDCs (Seillet et al., 2012) and IL-6 from cDCs (Cunningham et 

al., 2012) is facilitated by estrogen/ERα. Different murine models of lupus with ERα 

deficiency have prolonged survival and reduced disease in females but not in males 

(Svenson et al., 2008). Early ovariectomy of female NZM2410 mice also reduced disease 
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severity and splenic cDC numbers (Cunningham et al., 2016). These results agree with the 

observations that 17-β-estradiol (E2) promotes dendritic cell differentiation through IFN 

regulatory factor (IRF) 4 in GM-CSF derived DCs (Mao et al., 2005). Interestingly, an 

opposite effect of estrogen is seen on Flt3-ligand derived cDCs and pDCs: E2 inhibited the 

survival of DCs in Flt3-ligand in a dose-dependent manner (Carreras et al., 2008). As GM-

CSF is involved in inflammatory pathways while Flt3-ligand is involved in homeostasis 

(Hamilton, 2002; Mach et al., 2000), E2 is hypothesized to promote DC survival in 

inflammatory conditions. These studies were mostly performed in female mice; it remains 

unclear however how estrogens affect cDC activation in male lupus prone mice and 

whether male cDCs express the IFN Signature. Moreover, the mechanisms mediating the 

effects of estrogens on cDCs are not completely understood. 

Recent studies have suggested a role for an increased immunometabolism in SLE 

(Morel, 2017). Indeed, the pathways involved in the production of cellular energy were 

more activated in T cells from SLE patients and lupus-prone mice, and the metabolic 

inhibitors metformin and 2-deoxyglucose reduced disease severity in murine lupus (Lee et 

al., 2017; Li et al., 2016; Yin et al., 2015). To our knowledge, no study has determined the 

metabolic activity of DCs in SLE. Studies of wild-type murine cDCs indicate that, upon 

TLR stimulation, they undergo a metabolic shift towards aerobic glycolysis with a decline 

in oxidative phosphorylation regulated by nitric (Everts et al., 2014; Everts et al., 2012). 

This change in the way in which cDCs produce their energy is necessary for cDCs to fully 

activate. In addition, type I IFNs were involved in the metabolic re-programming that 

occurs during activation of wild-type cDCs (Pantel et al., 2014) and pDCs (Wu et al., 2016) 
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as important autocrine mediators. As E2 differentially regulates cDC survival in 

homeostasis and inflammation and the metabolic shift occurs during inflammation 

(Carreras et al., 2008; Hamilton, 2002; Mach et al., 2000), it is important to investigate the 

role of estrogens in cDC metabolic changes in lupus. 

We therefore investigated the effects of hormones, specifically E2, on the IFN-

dependent and -independent activation of cDCs from female and male lupus-prone mice. 

Different hormone receptor polymorphisms have been reported to modify SLE disease 

severity (Robeva et al., 2013) and may affect different murine strains as well. Therefore, 

we investigated the effects of E2 and sex differences on cDC activation using the TCSle 

mice (Morel et al., 1997) compared to its wildtype strain C67BL/6 (B6) to minimize 

possible differences in estrogen receptor signaling.  

Our results demonstrate that cDCs from male TCSle mice express the IFN 

Signature similar to cDCs from female lupus mice (Sriram et al., 2012a). In addition, male 

and female cDCs are equally dependent on the presence of estrogen to activate and express 

the IFN Signature. We found that estrogen is necessary but not sufficient for cDC 

expression of this IFN Signature, but high doses of supplemented E2 can compensate for 

other steroidal components normally present in the culture media. Estrogen enhances cDC 

activation through IFN-dependent and -independent pathways in both wild type and lupus 

cDCs. Finally, we found that lupus cDCs have higher metabolism than wild type cDCs in 

both sexes, and estrogen enhances the metabolic pathways in cDCs, suggesting a 

mechanistic link between estrogen, immunometabolism and the IFN Signature in lupus.  
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Material and Methods 

Mice 

C57BL/6 (B6) and NZM2410-derived Triple Congenic B6.Sle1.Sle2.Sle3 

(TCSle)(Morel et al., 1997) (purchased from The Jackson Laboratory, Bar Harbor, Maine) 

were bred and maintained in our animal facility. Studies were performed in accordance 

with the guidelines of the Institutional Animal Care and Use Committees of Temple 

University, a member of the American Association for the Accreditation of Laboratory 

Animal Care–accredited facilities. Age-matched female and male B6 and TCSle mice were 

used between 8 and 12 weeks of age, an age at which TCSle mice do not yet develop anti-

nuclear autoantibodies in our Animal Facility. 

In Vitro Bone Marrow-Derived Conventional Dendritic Cell (cDC) Cultures 

Bone marrow precursors were flushed from the tibias and femurs of mice with 25-

gauge needle and syringe, into a single cell suspension, then seeded at 106 cells/mL/well 

in 24-well plates (Corning Costar, Tewksbury, Massachusetts) in complete IMDM. IMDM 

containing phenol red (Corning) was supplemented with 10% FBS (Gemini Bio-Products, 

West Sacramento, California), 100 units/mL penicillin, 100 g/mL streptomycin, 50 

g/mL gentamicin, 55 M 2-ME (Life Technologies, Grand Island, NY), and 2 millimolar 

L-glutamine (Corning) for standard condition complete IMDM. Phenol red-free IMDM 

(Life Technologies) was supplemented with 10% charcoal-treated FBS (HyClone, Logan 

Utah or Omega Scientific, Tarzana CA) penicillin/streptomycin, gentamicin, 2-ME (Life 

Technologies) and L-glutamine (Corning) for hormone-depleted complete IMDM. All 

media were supplemented with supernatant of a hybridoma cell line secreting murine GM-
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CSF. 17--Estradiol (E2 from Sigma-Aldrich) was reconstituted in ethanol and added to 

hormone-depleted complete IMDM at concentrations of 0.03 nanomolar (nM), 0.1 nM or 

50 nM E2 with a final concentration of 0.1% ethanol. E2-devoid conditions were also 

supplemented with 0.1% ethanol. Alternatively, Fulvestrant (1uM or 100nM in DMSO) 

and Tamoxifen (10nM or 100nM in ethanol) (Sigma-Aldrich) were added to standard 

condition media. One mL of media per well was added on day 2 and 1mL of media was 

replaced on day 5 and each subsequent day until stimulation of cells. Resting cDCs were 

stimulated on day 7 of culture with 10g/mL CpG-B 1826 (IDT Biotechnologies, 

Coralville IA) or 1g/mL R848 (Risiquimod, Invivogen, San Diego, CA). Supernatants 

and cDCs were harvested at 6 or 24 hours post stimulation. One cDC culture from female 

and male B6 and TCSle mice were compared in the same experiment. 

Quantitative RT-PCR 

Gene expression in cDCs was analyzed by quantitative real-time RT-PCR in 

technical triplicates using TaqMan probes, as previously described (Sriram et al., 2012a; 

Xu et al., 2016). Briefly, total RNA was extracted using Qiagen RNeasy Plus kit (Qiagen 

Valencia, CA) or Zymo quick kit (Zymo Research), following the manufacturer’s 

protocols. cDNA was synthesized using the cDNA archive reverse transcription kit (Life 

Technologies). TaqMan primers and probes for Cxcl10, Irf7, Isg15, Mx1, and Pdk1 were 

purchased from Applied Biosystems. Cyclophilin was used as the reference gene for 

normalization. The cycle threshold (Ct) method of relative quantification of gene 

expression was used for these TaqMan PCRs (Ct), and the normalized Ct values (against 
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cyclophilin) were calibrated against the control sample (untreated WT female cDCs) in 

each experiment. 

Flow Cytometry 

cDCs were harvested 24h post-stimulation, washed in cold PBS and incubated with 

rat anti-mouse CD16/CD32 (clone 2.4G2, BioLegend) mAb for 10 min to block FcRs, 

and then stained for 30 min on ice with allophycocyanin-conjugated hamster anti-mouse 

CD11c (N418, eBioscience), PE-Cyanin7-conjugated rat anti-mouse CD11b (M1/70, BD 

Bioscience), either PE-conjugated rat anti-mouse CD86 (GL1, BD Bioscience) or PE-

conjugated rat anti-mouse CD115 (AFS98, BioLegend), and FITC-conjugated hamster 

anti-mouse CD80 (16-10A1, eBioscience) or FITC-conjugated hamster anti-mouse CD40 

(HM40-3, BD Biosciences), and FITC conjugated rat anti-mouse MHCII (M5/114.15.2 

eBioscience) or Biotin conjugated rat anti-mouse MHCII (M5/114.15.2 eBioscience) 

followed by Streptavidin PerCPCy5.5 (eBioscience) or Biotin conjugated goat anti-mouse 

MERTK (polyclonal R&D Systems) followed by Streptavidin FITC. In selected 

experiments, cDCs were stained with Fixable viability dye (FVD) ef780 (Invitrogen) for 

15 minutes in cold PBS then washed before being incubated with the above antibodies. 

Cells were fixed with 1% formaldehylde before acquisition on a FACSCanto cytometer 

(BD Biosciences). FlowJo (FlowJo LLC, Ashland, Oregon) software was used for data 

analysis. 

ELISA 

ELISA analysis was performed following the manufacturer’s protocols in technical 

duplicates. ELISA kits were used to measure the protein levels of murine TNF-, IL-
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12p70, IL-6 (BD Biosciences) and CXCL10 (R&D Systems, Minneapolis, MN) in the 

supernatants of cDC cultures in medium alone or stimulated with TLR ligands. Absorbance 

was measured at 450nm with a VERSA max microplate reader (Molecular Devices) with 

SoftMaxPro 6.5 software. Absorbance at 570 nanometers was measured and used as 

wavelength correction. 

Griess Reaction 

Nitrites, a proxy for nitric oxide, were measured in cDC culture supernatants by 

Griess reaction. Technical duplicates of supernatants and standards (Sodium Nitrite, 

Sigma-Aldrich) were titrated in a 96-well plate (Corning Costar). Griess Reagent (Acros 

Organics, Geel, Belgium) was then added to each well at a 1:1 ratio and absorbance was 

measured at 550 nanometers with a VERSA max microplate reader (Molecular Devices) 

with SoftMaxPro 6.5 software.  

Statistical Analysis 

Mean and SE were calculated by averaging the results of three to six independent 

experiments performed with independent bone marrow cultures obtained from individual 

mouse for each experiment. Prism software (GraphPad, San Diego, CA) was used for 

statistical analysis with the two-way unpaired t-test for comparison between two groups 

and the two-way ANOVA with Tukey multiple comparison for multiple groups. P-values 

p <0.05 were considered significant. *, Δ, O represent p < 0.05. **, ΔΔ, OO represent p < 

0.01. ***, ΔΔΔ, OOO p < 0.001. 

  



35 

 

Results 

Conventional DCs From Young Lupus-Prone Male Mice Express the IFN Signature  

To test whether male lupus-prone cDCs express the IFN Signature, we generated 

conventional dendritic cells (cDCs) from bone marrow precursors of female and male 

C57BL/6 (B6) and TCSle mice (Morel et al., 1997), in presence of the DC growth factor 

GM-CSF, as previously described (Sriram et al., 2012a). At day 7 under these standard 

conditions of culture (standard FBS & IMDM containing Phenol Red (Sriram et al., 2012a; 

Xu et al., 2016)), we detected a higher baseline expression of interferon-stimulated gene 

(ISG) RNAs, namely Cxcl10, Isg15, and Irf7 in female TCSle cDC compared to female B6 

cDCs, confirming our previous findings (Sriram et al., 2012a) (Fig. 1A). Although Mx1 

did not reach significance, there was a trend towards higher level of expression in female 

TCSle compared to female B6 cDCs. No significant difference was found between females 

and males of the same strain. Interestingly, male TCSle cDCs expressed significantly 

higher levels of Cxcl10, Isg15, Irf7 and Mx1 transcripts compared to male B6 cDCs, and 

similar levels to female TCSle cDCs. This indicates that male cDCs express a similar IFN 

Signature to female cDCs from lupus-prone mice (Fig. 1A).  
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Figure 2.1. Conventional DCs From Young Lupus-Prone Male Mice Express the IFN 

Signature: The IFN Signature of TCSle cDCs is Dependent on Steroidal Hormones. 

Bone marrow precursors from C57BL/6 (B6: Black bars) or 

B6.NZM.Sle1.Sle2.Sle3 (TCSle: White bars) female and male mice were cultured with (A, 

C and D) GM-CSF in standard phenol red/media conditions or (B, C and D) media lacking 

phenol red and void of steroids (charcoal-treated FBS: Hormone Depleted). (A and B) On 

day 7, cDCs were harvested and total RNA isolated for qRT-PCR analysis. Genes were 

normalized to the housekeeping gene Cyclophilin. Standard female B6 condition was set 

to 1. (C and D) On day 7-8, cDCs were harvested and stained with antibodies against 

CD11c and CD11b and analyzed by Flow Cytometry. One representative plot of a B6 

female in standard conditions (C:Left) or hormone depleted conditions (C: Right). 

Unpaired t-test comparing male B6 to male TCSle or female B6 to female TCSle was used. 

Mean + SE are from 6 independent experiments, using one mouse per strain per 

experiment. *p < 0.05, **p < 0.01. 
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The IFN Signature of TCSle cDCs is Dependent on Steroidal Hormones  

To determine the importance of sex hormones on the IFN Signature, we cultured 

cDCs in hormone-depleted conditions. A well accepted protocol to study the role of 

estrogen on cell functions uses a medium enriched with FBS that had been previously 

treated with charcoal to deplete all the steroidal hormones, including estrogens (Cao et al., 

2009; Carreras et al., 2008). We analyzed the differentiation of cDCs from bone marrow 

precursors grown in GM-CSF-enriched complete IMDM containing charcoal-treated FBS 

and we used phenol red-free IMDM because phenol red has been suggested to signal 

through the estrogen receptor (Berthois et al., 1986).  At day 7 of culture, we measured the 

IFN Signature and found that it was abrogated in both female and male TCSle cDCs grown 

in hormone-depleted conditions (Fig. 1B), in contrast to the results obtained in standard 

culture conditions of the same experiments (Fig. 1A).  To ensure that the lack of IFN 

Signature was not due to B6 and TCSle cDCs developing at different rates in hormone 

depleted conditions, we analyzed the expression of CD11c and CD11b as DC markers by 

flow cytometry (Fig. 1C; representative plot of B6 female). We found that the hormone-

depleted conditions allowed the development of cDCs (~50% cDC after 7 days in culture) 

while standard culture conditions enhanced the frequency of cDCs (~75% cDC after 7 

days). While there was a sizable reduction in the differentiation of DCs in hormone 

depleted conditions compared to standard conditions, there was no significant difference 

between sexes or strains in cDC development within standard culture or hormone-depleted 

conditions (Fig. 1D), indicating that the IFN signature in standard conditions was not due 

to a different ratio of B6 and TCSle cDC in culture. In summary, we used a protocol that 

allows the differentiation of bone marrow precursors into cDCs from both female and male 
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B6 and TCSle mice in absence of estrogens and other steroidal hormones. In these 

conditions, the lupus-prone cDCs lost the ability to express the IFN Signature, while the 

baseline expression of ISGs by B6 cDCs of both sexes was not altered.  

Estrogen Enhances the Development of cDCs of Both Sexes of B6 and TCSle Mice and 

the IFN Signature in TCSle cDCs 

Estrogen signaling through IRF4 has been shown to enhance B6 DC differentiation 

in vitro (Carreras et al., 2010). We therefore determined whether estrogen enhances cDC 

differentiation and the constitutive expression of the IFN Signature in cDCs from female 

and male TCSle mice. We generated cDCs in hormone-depleted medium supplemented 

with 17-β-Estradiol (E2) at doses comparable to those present in the serum of male mice 

(0.03 nanomolar (nM)), of female mice in diestrus or in a regular Fetal Bovine Serum (0.1 

nM)(Couse and Korach, 1999; Walmer et al., 1992). We also tested a super-physiological 

dose that is comparable to what is present in the serum of pregnant women (50 nM)(Kovats 

and Carreras, 2008). The lack of clear data in mice does not allow us to state that the latter 

concentration is equivalent to pregnant mice (Haisenleder et al., 2011). We found that E2 

supplementation increased cDC differentiation compared to the lack of, even at the lowest 

dose tested, which is equivalent to what is present in the serum of male mice (Fig. 2A). We 

found an increase in the percentages of CD11c+CD11b+ cDCs, indicating a clear ability of 

E2 to enhance cDC differentiation, as previously reported (Carreras et al., 2010).  
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Figure 2.2. Estrogen Enhances the Development of cDCs of B6 and TCSle Mice of Both 

Sexes and the Constitutive IFN Signature in TCSle cDCs. 

 

 

As hormone-depleted conditions prevent the expression of the IFN Signature in 

TCSle cDCs (Fig. 1B), we determined whether E2 supplementation could rescue this 

phenotype. Surprisingly, neither 0.03 nM E2 or 0.1 nM E2 supported an IFN Signature in 

both female and male TCSle cDCs (Fig. 2C). While the addition of 0.1 nM E2 and 50 nM 

E2 yielded a normal cDC differentiation (Fig. 2A), only the 50 nM dose was capable of 

inducing higher levels of ISG expression in TCSle compared to B6 cDCs in both sexes 

(Fig. 2C). Therefore, while high levels of E2 strongly induce the IFN Signature in TCSle 

cDCs that we detected in standard conditions, levels of E2 similar to those present in male 

and in female mice outside of pregnancy cannot compensate for the absence of other 

steroids or lipids found in standard culture conditions. 
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Furthermore, in both sexes and strains, the dose present in the serum of female mice 

in diestrus (0.1 nM E2) was sufficient to yield the percentage of cDCs that we obtain under 

standard conditions (Fig. 2A). To determine whether changes in differentiation were 

associated with differences in cell viability, we stained cDCs with a Fixable viability dye 

and analyzed them by Flow Cytometry (Fig. 2B). Although standard conditions resulted in 

significantly higher cell viability than the other conditions, E2 was not found to alter the 

percent of live cells compared to 0 E2. We observed no significant difference in cDC 

differentiation between female and male mice of both wild-type and lupus prone strains, 

when the cDCs were generated in the same conditions and with the same concentrations of 

E2. This suggests that cDC differentiation is not affected by sex or the genetic make-up of 

the lupus-prone mice, but rather by the hormonal milieu in which cDCs grow. In addition 

to removing steroids, charcoal treatment also removes other lipids from FBS, and may 

affect the ability of cells to synthetize molecules and adjust their metabolism. As 

metabolites have been shown to alter DC growth and differentiation(Krawczyk et al., 

2010), we additionally tested cDC differentiation in standard conditions in the presence of 

selective estrogen receptor modulators/degraders (SERM/SERD) Tamoxifen and 

Fulvestrant. These compounds ablate E2 signaling while all other metabolites, which are 

removed by charcoal treatment, remained in the culture. cDC differentiation from female 

B6 and TCSle mice was significantly reduced by both Fulvestrant and Tamoxifen (Fig. 

3A). This reduction brought the percent of cDCs down to levels seen in hormone-depleted 

conditions (comparing Fig. 3A to Fig. 1C and 2A). In addition, Fulvestrant and Tamoxifen 

reduced the expression of the IFN Signature, and we show the gene Mx1 as representative 

(Fig. 3B), supporting the role of estrogens in these functions.  
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Figure 2.3. E2 Inhibition Reduces the Development and IFN Signature of TCSle cDCs. 

 

 

Bone marrow-derived cDCs from (A-E) B6 and (A, B, D, E) TCSle female mice 

were cultured with GM-CSF in standard phenol red IMDM (A-E) and RPMI (C) 

supplemented with Fulvestrant (Fulvi 1μM or 100nM in DMSO) and Tamoxifen (Tam 

10nM or 100nM in ethanol: EtOH). (A, B, D, E) or with 0 or 0.1 nM E2. On day 7-8, cDCs 

were harvested and stained with antibodies against CD11c and CD11b and analyzed by 

Flow Cytometry. (D, E) On day 7, cDCs were stimulated with CpG B 1826. (B, D, E) Six 

hours post-stimulation, cDCs were harvested and total RNA isolated for qRT-PCR 

analysis. Mx1 and Cxcl10 RNAs were normalized to the RNA of the housekeeping gene 

Cyclophilin. Standard female B6 Control condition was set to 1. Unpaired t-test comparing 

baseline cDC to SERM-treated groups was used. (A-E) Mean + SE are from 2 independent 

experiments, using one mouse per strain per experiment. Brackets indicate significance 

between controls (including DMSO and EtOH) and SERM treated samples.  *p < 0.05, **p 

< 0.01, ***p < 0.001. 
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In prior reports, hormone-depleted conditions yielded poorer B6 DC differentiation 

(Paharkova-Vatchkova et al., 2004) than what we have seen in our experiments. Since 

those studies utilized the medium RPMI while our lab uses IMDM for GM-CSF cDC 

cultures, we generated cDCs in hormone-depleted conditions with phenol red-free RPMI 

or IMDM to determine if these two media, which contain different levels of amino acids 

and glucose, would yield a different percentage of cDCs. As we expected, IMDM promoted 

greater differentiation of cDCs than RPMI (Fig. 3C). As with IMDM (Fig. 2A), 0.1 nM E2 

supplementation in hormone-depleted RPMI conditions was able to increase cDC 

differentiation (Fig. 3C), as previously reported (Paharkova-Vatchkova et al., 2004), 

although not at the same levels than IMDM supplemented with the same E2 concentration. 

In summary, E2 supplementation equally enhances cDC differentiation in female 

and male B6 and TCSle cDCs, with the IMDM medium further promoting cDC 

differentiation.  However, despite the ability of 0.03nM E2 and 0.1nM E2 to enhance cDC 

differentiation, only 50 nM E2 can rescue the IFN Signature to the levels observed in 

standard conditions. As inhibition of the estrogen receptor by SERM/SERD blocks the IFN 

Signature in TCSle cDCs generated in standard conditions, we conclude that estrogen is 

necessary but not sufficient for the expression of the IFN Signature in lupus, and only 

higher doses of E2 can compensate for other steroidal components present in FBS. 

The IFN Signature of TCSle cDCs is not Due to a Differential Heterogeneity of the GM-

CSF cDCs 

It has been previously shown that GM-CSF cDC cultures are composed of a 

heterogeneous population: CD11c+ MHCIIInt, CD11bHigh monocyte derived inflammatory 

DCs and CD11c+ MHCIIHigh CD11bInt DCs. Since E2 titrations (Fig. 2A) or SERM/SERDs 
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(Fig. 3A) could respectively increase or decrease the percent of CD11c+ CD11b+ cells, we 

determined if E2 affects the ratio between the reported CD11bint and CD11bhigh population 

of DCs. Representative gating of a B6 female is shown in Fig. 4A. Cells were first gated 

on CD11c+ MHCII+ (Fig. 4A left) then further divided between MHCIIHigh and MHCIIInt 

against CD11b (Fig. 4A center). The MHCIIHigh population was high for CD86 (Fig. 4A 

right: gray) compared to the MHCIIInt (green) population. A similar trend was seen with 

CD40 (data not shown). Collectively this suggested that the CD11c+ MHCIIHigh CD11bInt 

cDCs are a spontaneously activated population as previously reported (Helft et al., 2015). 

Interestingly, the MHCIIHigh population was not CD11bInt as reported but higher in mean 

fluorescence intensity compared to the MHCIIInt population (Fig. 4A Center). We initially 

hypothesized that the TCSle cDCs may have an IFN signature because they were skewed 

towards a spontaneously activated MHCIIHigh DC population with E2 supplementation 

further enhancing this affect. However, in the conditions in which we saw an IFN signature 

(Fig. 2C: 50 nM E2 and Standard conditions), there were less spontaneously activated 

MHCIIHigh TCSle DCs (Fig. 4B) compared to B6 DCs and no difference between MHCIIInt 

TCSle DCs and B6 DCs (Fig. 4C). Furthermore, when looking at an activation marker of 

these MHCIIHigh DCs, there were no differences between B6 and TCSle CD86 expression 

(Fig. 4D). This spontaneous activation was modestly decreased with Fulvestrant. In 

contrast, the MHCIIInt DC population showed an E2 dependent, TCSle specific, significant 

increase in CD86 (Fig. 4E). 
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Figure 2.4. The IFN Signature of TCSle cDCs is not Due to a Differential Heterogeneity 

of the GM-CSF cDCs. 
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Bone marrow precursors from B6 or TCSle female and male mice were cultured 

with GM-CSF in standard phenol red/media conditions or media depleted of phenol red 

and devoid of steroids (charcoal-treated FBS: 0 E2) and supplemented with 0.03nM, 0.1nM 

or 50nM 17-β-estradiol (E2). Standard conditions were also supplemented with 1uM 

Fulvestrant. On day 8, cDCs were harvested and stained with fixable viability dye, and 

antibodies against CD11c, CD11b, MHCII, and CD86. Samples were gated on singlets, 

live cells, CD11c+ MHCII+ (A: Left), CD11b+ vs MHCIIHigh or MHCIIInt (A: Center), 

CD86 (A: Right). Gray histograms represent the MHCIIHigh population, while green 

histograms represent the MHCIIInt population and the black line represents an unstained 

population. (A) One representative plot of a B6 female culture is shown. Graphs of (B) % 

MHCIIHigh or (C) % MHCIIInt from the CD11c+ gate from B6 (black closed symbols) or 

TCSle (gray open symbols) female (circle) and male (triangle). Graphs of %CD86 positive 

on (D) MHCIIHigh or (E) MHCIIInt populations. Mean + SE values are from 3 biological 

replicates, using one mouse of each strain and sex per experiment. Two-way ANOVA 

analysis with Tukey multiple comparisons was used to compare differences between B6 

and TCSle, and results are shown in a box surrounding the symbol Δ for significance 

between B6 and TCSle males or the symbol O for significance between B6 and TCSle 

females. Δ, O represent p < 0.05. ΔΔ, OO represent p < 0.01. 

 

As these MHCIIInt CD11b+ CD11c+ have been referred to as more macrophage-

like, we measured two surface markers: CD115, also known as M-CSF Receptor, and 

MERTK. MHCIIInt DCs had an E2 dose dependent increase in CD115 expression (Fig. 5A) 

which was neither strain nor sex specific (Fig. 5B). In contrast, we did not observe any 

MERTK staining in these experiments (data not shown), confirming our previous 

experience with GM-CSF cDC cultures done in the lab (unpublished data), although bone 

marrow-derived macrophage cultures generated in M-CSF-enriched medium regularly 

stained MERTK positive (unpublished data). In addition, the number of MHCIIHigh DCs in 

our culture ranged from 2-7% whereas Helft et al reported around 30% (Helft et al., 2015).  
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Figure 2.5. E2 Modulates CD115 on B6 and TCSle cDCs. 

 

 

Bone marrow precursors from B6 or TCSle female and male mice were cultured 

with GM-CSF in standard phenol red/media conditions or media depleted of phenol red 

and devoid of steroids (charcoal-treated FBS: 0 E2) and supplemented with 0.03nM, 0.1nM 

or 50nM 17-β-estradiol (E2). Standard conditions were also supplemented with 1uM 

Fulvestrant. On day 8, cDCs were harvested and stained with fixable viability dye, and 

antibodies against CD11c, CD11b, MHCII, and CD115. Samples were gated on singlets, 

live cells, CD11c+, MHCIIInt and CD11b+, then CD115. (A) Histogram overlay of CD115 

on MHCIIInt DC grown in 0 E2 (Red) 0.03nM (Blue), 0.1nM (Orange) or 50nM (Green). 

Black line is an unstained control. (B) %CD115+ of MHCIIInt DC from B6 (black closed 

symbols) or TCSle (gray open symbols) female (circle) and male (triangle). N of 1. 

 

We hypothesize that these differences in CD11b MFI, MER expression and ratio 

of subsets may be attributed to culture media: while RPMI is a common media for GM-

CSF DC cultures, we utilize IMDM, a richer medium, which yields a higher ratio of cDCs 

(Fig. 3C) and may shift the culture towards a stronger Dendritic Cell phenotype. 
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In conclusion, while our GM-CSF DC cultures result in a heterogeneous population 

of inflammatory cDCs, the increase in IFN responsive genes in the TCSle cDCs compared 

to B6 cDCs is not due to a change in cDC differentiation nor to an increase in the 

spontaneously activated MHCIIHigh cDCs, but rather to an augmented ability to express 

ISGs. 

Estrogen Enhances the up-Regulation of ISGs in Response to TLR Stimulation  

Nucleic acids are potent stimulators of the innate immunity and contribute to the 

IFN Signature by stimulating DCs through TLR7/8 and TLR9 (Sriram et al., 2012a). We 

therefore tested whether E2 enhanced the response to R848 and CpG, respective agonists 

of TLR7/8 and TLR9. We found that cDCs grown in hormone-depleted 0 nM E2 were able 

to respond to both CpG and R848 by up-regulating the expression of the ISGs Isg15, Mx1 

and Irf7 (Fig. 6A-F). The highest concentration of 50 nM E2 further increased the 

expression of the ISGs Isg15, Mx1 and Irf7 as compared to lower doses of E2 upon CpG 

stimulation (Fig. 6A-C) in both sexes and strains of mice. The highest E2 dose was 

similarly potent in enhancing Isg15 and Mx1 expression upon R848 stimulation (Fig. 6D-

E). Interestingly, while 50 nM E2 induced higher Irf7 expression upon R848 stimulation, 

there was no statistical difference between 0.1nM E2 and 50 nM E2 female and male B6 

cDCs (Fig. 6F).  In contrast, TCSle cDCs were capable of further increasing Irf7 expression 

with 50 nM E2. This may indicate an upper limit of Irf7 expression in B6 cDCs that TCSle 

cDCs can surpass with higher doses of E2.   
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Figure 2.6. Estrogen Enhances the Up-Regulation of ISGs in Response to TLR Stimulation. 

 

B6 (black closed symbols) or TCSle (gray open symbols) female (circle) and male 

(triangle) mice were cultured with GM-CSF in standard phenol red/media conditions or 

media depleted of phenol red and void of steroids (charcoal-treated FBS: 0 E2) 

supplemented with 0.03nM, 0.1nM or 50nM E2. On day 7, cDCs were stimulated with (A-

C) CpG B 1826 (10μg/mL) or (D-F) R848 (1μg/mL). Six hours post-stimulation, cDCs 

were harvested for qRT-PCR analysis. ISGs were normalized to the housekeeping gene 

Cyclophilin. Standard female B6 Control condition without stimulation (not shown) was 

set to 1 in each experiment. Mean + SE are from 6 independent experiments, using one 

mouse of each strain and sex per experiment. Two-way ANOVA analysis with Tukey 

multiple comparisons was used to calculate the significance of the effects of E2 treatment 

within each group of mice and the results are represented by brackets below the graph. A 

black star indicates statistical significance in all the fours curves representing both sexes 

and strains of cDCs. Two-way ANOVA analysis with Tukey multiple comparisons was 

used to compare differences between B6 and TCSle, and results are shown in a box 

surrounding the symbol Δ for significance between B6 and TCSle males or the symbol O 

for significance between B6 and TCSle females. *, Δ, O represent p < 0.05. **, ΔΔ, OO 

represent p < 0.01. 
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Although we did not see consistent statistical significance because of variation 

between experiments, we observed a trend of higher expression of ISGs in TCSle cDC 

after CpG and R848 stimulation compared to B6 cDCs in standard conditions (Fig. 6A-F: 

significance is shown in boxes below the graph). This suggests that both female and male 

TCSle cDCs increase their IFN Signature upon TLR stimulation, as we have reported 

before in female TCSle cDCs (Sriram et al., 2012a). In hormone-depleted-E2 

supplemented cDCs, the differences between TCSle and B6 cDCs of both sexes 

disappeared, suggesting that estrogen is necessary but not sufficient for the amplification 

of the IFN Signature expression by TLR ligands in lupus. These conclusions are also 

supported by the findings that Fulvestrant and Tamoxifen, which inhibit E2 signaling, 

reduced the TLR-dependent up-regulation of the ISGs Mx1 and Cxcl10 in cDCs generated 

in standard conditions (Fig. 3 D, E). 

Estrogen Enhances the up-Regulation of cDC Activation Markers in Response to TLR 

Stimulation 

As costimulatory molecules are dysregulated in SLE cDCs (Colonna et al., 2006; 

Decker et al., 2006; Ding et al., 2006; Gerl et al., 2010) and can lead to abnormal T and B 

cell proliferation (Ding et al., 2006; Sang et al., 2014), we next analyzed the effects of E2 

on the expression of the surface activation markers CD40, CD86 and CD80 on cDCs, 

measured by Flow Cytometry (Fig. 7). Constitutive expression of CD40 and CD86 were 

significantly elevated in TCSle female cDCs compared to B6 female cDCs in standard 

conditions (Fig. 7A, D: significance is shown in boxes below the graph), confirming the 

results from Fig. 4E. We did not find this difference in our previous work (Colonna et al., 

2006), although this may be due to the culture conditions in the past, when we used to grow 



50 

 

cDCs in medium enriched with IL-4. Upon CpG and R848 stimulation, the percentage of 

CD40+ (Fig. 7B-C), CD86+ (Fig. 7E-F) and CD80+ (Fig. 7H-I) cDCs significantly 

increased in standard culture conditions for all mice compared to unstimulated conditions 

(representative plot for CpG effects on TCSle is shown in Fig. 7J). CpG and R848 

stimulation induced higher CD40 expression in TCSle female but not in TCSle male cDCs 

as compared to B6 cDCs (Fig. 7B-C). Upon CpG stimulation, CD86 and CD80 expression 

were significantly upregulated in male and female TCSle cDCs as compared to B6 cDCs 

in standard conditions, confirming that TCSle cDCs have a higher response to TLR7-9 

compared to B6 cDCs as we have shown in gene expression (Fig. 6). 

CpG and R848 stimulation was able to increase CD40 and CD86 expression of 

cDCs cultured with 0.03 nM, 0.1nM and 50 nM E2. A horizontal dashed line provides 

visual aid to compare baseline to stimulated levels of CD40 (Fig. 7A-C) and CD86 (Fig. 

7D-F). In contrast, only 50 nM E2 promoted CD80 activation in response to CpG and R848 

(Fig. 7G-I). Increasing E2 doses further enhanced CD40 and CD86 expression (Fig. 7B-C, 

E-F: significance is represented by brackets below the graph). 
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Figure 2.7. Estrogen Enhances the Up-Regulation of cDC Activation Markers in Response 

to TLR Stimulation. 

 

Bone marrow precursors from B6 (black closed symbols) or TCSle (gray open 

symbols) female (circle) and male (triangle) mice were cultured with GM-CSF in standard 

phenol red/media conditions or media depleted in phenol red and void of steroids (charcoal-

treated FBS: 0 E2) supplemented with 0.03nM, 0.1nM or 50nM E2. On day 7, cDCs were 

stimulated with (B, E, H) CpG (10μg/mL) or (C, F, I) R848 (1μg/mL). (A-I) cDCs were 

harvested 24 hours post-stimulation, stained and gated on singlets, live cells and CD11c+ 

CD11b+ (gating shown in Fig. 1C) before analyzing co-stimulatory molecules. (J) 

Representative histogram plots of CD40, CD86 and CD80 on unstimulated (black line) or 

CpG stimulated (Gray histogram) Female TCSle cDC from standard conditions. Mean + 

SE are from 3 (female cDCs) or 4 (male cDCs) independent experiments, using one mouse 

of each strain and sex per experiment. Two-way ANOVA analysis with Tukey multiple 

comparisons was used to calculate the significance of the effects of E2 treatment within 

each group of mice, represented by brackets below the graph. Black * indicate significance 

within all 4 groups while symbols represent significance within a single group. Two-way 

ANOVA analysis with Tukey multiple comparisons was used to compare differences 

between B6 and TCSle, and results are shown in a box surrounding the symbol Δ for 

significance between B6 and TCSle males or the symbol O for significance between B6 

and TCSle females. *, Δ, O represent p < 0.05. **, Δ Δ, OO represent p < 0.01. 
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Collectively, E2 supports the up-regulation of co-stimulatory molecules CD40 and 

CD86 in response to TLR7 and 9 stimulation. The absence of any difference between 

females and males when cultured with the same concentration of E2 indicates that the E2-

specific hormonal environment, not the sex of the cDCs, dictates activation levels. 

However, female TCSle cDCs show higher expression of costimulatory molecules than 

female B6 cDCs in standard conditions while male DCs did not show consistent strain 

differences. Therefore, the up-regulation of co-stimulatory molecules in cDCs is controlled 

by E2 in a sex-independent manner and by additional factors in a sex-dependent manner. 

Estrogen Enhances CXCL10 Chemokine Production not Predicted by Cxcl10 RNA  

We have previously reported that cDCs from TCSle female mice, grown in standard 

conditions, secrete significantly more CXCL10 chemokine than B6 cDCs upon CpG and 

R848 stimulation, as part of the IFN Signature (Sriram et al., 2012a). Therefore, we 

hypothesized that male TCSle cDCs can also secrete elevated levels of CXCL10 protein 

upon the same stimulations. Indeed, we found that upon CpG (Fig. 8A) and R848 (Fig. 8B) 

stimulation, CXCL10 production was significantly elevated in female and male TCSle 

cDCs as compared to their B6 cDC counterparts under standard conditions (significance is 

shown in boxes below each graph), further supporting the idea that male cDCs have an IFN 

Signature that is amplified by TLR7-9 stimulation as female cDCs do. Furthermore, 

CXCL10 production upon CpG stimulation was elevated in both female and male TCSle 

cDCs as compared to B6 DCs at 0.1 nM E2 and 50 nM E2, although it did not reach 

significance (Fig. 8A). Moreover, CXCL10 production by TCSle cDCs was significantly 

higher than B6 cDCs in 50 nM E2 conditions upon R848 stimulation with a similar trend 
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at 0.1 nM E2 (Fig. 8B), suggesting that estrogen can enhance the amplification of the IFN 

Signature induced by TLR7 and TLR9 stimulation. 

While only higher concentrations of E2 promoted a difference between TCSle and 

B6 in CXCL10 production, even 0.03 nM E2 was sufficient to enhance CpG-induced 

production of CXCL10 compared to hormone-depleted conditions in both sexes and strains 

(Fig. 8A: significance is shown in brackets below each graph).  Interestingly, putting aside 

the enhancing effects of E2, there was still significant production of CXCL10 in hormone-

depleted conditions upon CpG stimulation (Fig. 8A). In contrast, upon R848 stimulation, 

hormone-depleted conditions and 0.03 nM E2 were not capable of inducing as robust of a 

CXCL10 response (Fig. 8B), indicating that E2 may affect CXCL10 production in response 

to CpG and R848 differently. 
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Figure 2.8. Estrogen Enhances CXCL10 Chemokine Production Not Predicted by Cxcl10 

RNA. 

 

(A, B, E, F) Bone marrow precursors from B6 (black closed symbols) or TCSle 

(gray open symbols) female (circle) and male (triangle) mice were cultured in standard 

conditions or hormone-depleted conditions supplemented with 0.03nM, 0.1nM or 50nM 

E2. (C and D) B6 and TCSle cDCs were cultured in standard conditions supplemented with 

Fulvestrant (Fulvi 1μM or 100nM in DMSO) and Tamoxifen (Tam 10nM or 100nM in 

ethanol). On day 7, cDC were stimulated with (A, C, E) CpG (10μg/mL) or (B, D, F) R848 

(1μg/mL). (A-D) Supernatants were harvest 24 hours post stimulation and analyzed by 

ELISA for CXCL10 protein levels. (E and F) Total RNA was isolated 6 hours post 

stimulation and analyzed by qRT-PCR. (A, B, E, F) Mean + SE are from 3 (female cDCs) 

or 4 (male cDCs) independent experiments, or (C and D) 2 independent experiments using 

one mouse per strain per experiment. Two-way ANOVA analysis with Tukey multiple 

comparisons was used to calculate the significance of the effects of E2 treatment within 

each group of mice, represented by brackets below the graph. Black * indicate significance 

within all 4 groups while symbols represent significance within a single group. Two-way 

ANOVA analysis with Tukey multiple comparisons was used to compare differences 

between B6 and TCSle, and results are shown in a box surrounding the symbol Δ for 

significance between B6 and TCSle males or the symbol O for significance between B6 

and TCSle females. *, Δ, O represent p < 0.05. **, Δ Δ, OO represent p < 0.01. 
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To confirm this hypothesis, we cultured female TCSle cDCs in standard culture 

conditions with Tamoxifen and Fulvestrant to inhibit estrogen receptor signaling. In 

concordance with the response to CpG seen in hormone depleted conditions and E2 

supplemented, both high and low doses of Tamoxifen can reduce CXCL10 production but 

are unable to ablate the CXCL10 response to CpG stimulation (Fig. 8C). Similarly, a low 

dose of Fulvestrant reduced CXCL10 production to similar levels seen in hormone-

depleted conditions, while the higher dose of Fulvestrant prevented CpG-induced CXCL10 

production (Fig. 8C). We found that both low and high doses of Tamoxifen and Fulvestrant 

ablated the CXCL10 response to R848 (Fig. 8D), suggesting that the TLR7-induced 

CXCL10 is more estrogen-dependent than TLR9-induced CXCL10. 

We have shown in Fig. 6 that only the highest dose of 50 nM of E2 could enhance 

the RNA expression of ISGs upon CpG and R848, and it was not sufficient for the 

expression of a significant difference between TCSle and B6 cDCs. In Fig. 8A-B instead, 

we show that all 0.03nM, 0.1nM and 50 nM could enhance the TLR9-induced production 

of the ISG CXCL10 as protein, and 50 nM allowed the TCSle cDCs to secrete significantly 

higher amounts of CXCL10 upon TLR-7 stimulation than B6 cDCs. To solve the contrast 

between the results presented in Fig. 6 and Fig. 8 (Xie et al., 2002), we determined if the 

regulation of CXCL10 production by E2 was detectable at the RNA level. Surprisingly, 

the ability of E2 to enhance CXCL10 production upon CpG stimulation was not mirrored 

in Cxcl10 transcript levels (Fig. 8E), as only 50 nM E2 supported elevated Cxcl10 levels 

of expression as compared to hormone-depleted conditions. However, upon R848 
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stimulation, Cxcl10 RNA levels more closely mirrored the production of CXCL10 protein 

(Fig. 8F).  

In summary, estrogen enhances the production of the chemokine CXCL10 in a 

dose-dependent manner, as we have observed with the up-regulation of costimulatory 

molecules, in both strains and sexes of cDCs (Fig. 7). E2 also strengthens the amplification 

of the IFN Signature induced by TLR7 and TLR9 stimulation in lupus cDCs. Since we 

found different susceptibilities to estrogen in the production of CXCL10 protein levels vs 

Cxcl10 transcripts upon CpG vs. R848 stimulation, and since the results of the RNA 

expression of CXCL10 were in agreement with the results of the gene expression of the 

other ISGs shown in Fig. 6, we propose that the regulation of CXCL10, and possibly other 

ISGs, by E2 occurs at both the transcriptional and post-transcriptional levels. 

E2 Enhances Both IFN-Dependent and IFN-Independent Cytokine Production 

We have shown so far that E2 regulates the expression of ISGs (Fig. 2-8), 

costimulatory molecules (Fig. 7) and the chemokine CXCL10 (Fig. 8), equally in female 

and male cDCs, and contributes to the differences between TCSle and B6 cDCs. We have 

previously reported that ISGs, some costimulatory molecules and CXCL10 are regulated 

in a type I IFN/STAT-2-dependent manner (Xu et al., 2016). To assess whether E2 can 

also affect IFN-independent functions in TCSle cDCs, we measured the levels of IL-12p70, 

IL-6 and TNF-, cytokines that we have previously shown to be IFN-independent (Xu et 

al., 2016). We analyzed the same supernatants in which we had measured CXCL10 (Fig. 

8). As with CXCL10, the secretion of IL-12p70 upon CpG (Fig. 9A) or R848 (Fig. 9B) 

stimulation was enhanced by 50nM E2 (significance is shown in brackets below each 
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graph) in both female and male B6 and TCSle cDC. In addition, 0.1 nM E2 significantly 

enhanced the IL-12p70 response to R848 but not CpG in all mice (Fig. 9B). Although it 

did not reach significance for all mice, there was a trend towards 0.03nM E2 supporting a 

stronger IL-12p70 response upon CpG and R848 stimulation compared to hormone 

depleted conditions. In similar fashion to IL-12p70 and CXCL10, increasing E2 titration 

increased the secretion of IL-6 (Fig. 9C, D) and TNF-α (Fig. 9E, F) upon CpG and R848 

stimulation, although it did not reach significance for all mice. In contrast to CXCL10, the 

secretion of IL-12p70, IL-6 and TNF-α, IFN-independent cytokines, were produced in 

equal amounts by TCSle and B6 cDCs (Fig. 9), confirming our previous report (Sriram et 

al., 2012a), and did not show sex differences. Moreover, the enhancement of these 

cytokines by estrogen was similar in both strains and sexes. 
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Figure 2.9. E2 Enhances Both IFN-Dependent and IFN-Independent Cytokine Production. 

 

 

Bone marrow precursors from B6 (black closed symbols) or TCSle (gray open 

symbols) female (circle) and male (triangle) mice were cultured with GM-CSF in standard 

phenol red/media conditions or media depleted in phenol red and void of steroids (charcoal-

treated FBS: 0 E2) supplemented with 0.03nM, 0.1nM or 50nM E2. On day 7, cDCs were 

stimulated with (A, C, E) CpG (10μg/mL) or (B, D, F) R848 (1μg/mL). Supernatants were 

harvested and analyzed by ELISA 24 hours (A, B: IL-12p70) or 6 hours (C, D: IL-6 and 

E, F: TNF-α) post-stimulation. Mean + SE are from 3 (female cDCs) or 4 (male cDCs) 

independent experiments, using one mouse of each strain and sex per experiment. Two-

way ANOVA analysis with Tukey multiple comparisons, used to compare differences 

between B6 and TCSle, did not reveal significance between the strains. Two-way ANOVA 

analysis with Tukey multiple comparisons was used to calculate the significance of the 

effects of E2 treatment within each group of mice, represented by brackets below the graph. 

Black * indicate significance within all 4 groups while symbols represent significance 

within a single group. *, Δ, O represent p < 0.05. **, Δ Δ, OO represent p < 0.01. 
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In summary, E2 enhances the production of IFN-independent cytokines in both 

sexes in wildtype and lupus-prone strains. These results indicate that the enhancement by 

estrogen of the response of cDCs to TLR7 and TLR9 ligands involves both IFN-dependent 

and -independent pathways, suggesting that estrogen affects more than one mechanism, 

possibly upstream of the production of type I IFNs. 

E2 TCSle cDCs Show a Higher Energy Metabolism 

It was recently shown that T cells from TCSle female mice have an elevated 

metabolic state, with measures of increased glycolysis and oxidative phosphorylation, as 

compared to B6 T cells (Yin et al., 2015). No data is available on the metabolic state of 

TCSle cDCs. To determine the effects of E2 on cDC metabolism, we chose two biomarkers 

of metabolic activation of the cDCs, Pdk1 and Nitric Oxide (NO).  

Pdk1 (Pyruvate dehydrogenase kinase 1) is an inhibitory regulator of the Krebs 

cycle and controls the amplitude of both the oxidative phosphorylation and fatty acid 

synthesis. It is downregulated upon activation to increase energy metabolism (Tan et al., 

2015). We analyzed the expression of Pdk1 first in standard conditions and found that 

TCSle cDCs have a decreased expression of Pdk1 in both sexes, with the baseline levels 

as low as the levels in B6 cDCs upon activation. TCSle Pdk1 levels were further decreased 

upon activation by CpG and R848, suggesting that TCSle cDCs have a higher baseline 

energy metabolism that can further increase upon activation (Fig. 10A). This is the first 

evidence that lupus-prone cDCs have a higher metabolism than wild type cDCs, and such 

difference was equally present in female and male cDCs.  
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Figure 2.10. Female and Male TCSle cDCs Have a Higher Immunometabolism. 

 

Bone marrow-derived cDCs from B6 and TCSle female and male mice were 

cultured in standard conditions. On day 7, cDCs were stimulated with CpG (10μg/mL) or 

R848 (1μg/mL). (A) cDCs were harvested 6 hours post stimulation for qRT-PCR analysis. 

Pdk1 was normalized to the housekeeping gene Cyclophilin. Standard female unstimulated 

B6 condition was set to 1 in each experiment. (B) Supernatants were harvested at the 24-

hour time point and analyzed using the Griess reaction to measure nitrites. Dotted lines at 

18 and 40 represent female B6 levels after CpG and R848 stimulation. (A and B) Mean + 

SE are from 3 independent experiments, using one mouse of each strain and sex per 

experiment. Two-way ANOVA analysis with Tukey multiple comparisons was used to 

determine significant activation by CpG or R848 within each group of mice represented by 

brackets and * below the graph. Two-way ANOVA analysis with Tukey multiple 

comparisons, used to compare differences between B6 and TCSle, is represented by 

brackets and * above the bars. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Nitric oxide (NO) is synthesized from arginine by inducible nitric oxide synthase 

(iNOS)(Rodriguez et al., 2017) and can act as a microbicidal agent (Wo et al., 2016). Six 

to 24 hours after TLR stimulation, cDCs have been shown to produce NO, which 

participates in sustaining the metabolic shift toward aerobic glycolysis in activated iNOS-

expressing cDCs (Everts et al., 2012). We measured nitrite as a proxy for NO as reported 

(Tsikas, 2007). Six hours after CpG or R848 stimulation, cDCs did not produce significant 

levels of NO (data not shown). After 24 hours of stimulation with CpG or R848 in standard 

conditions, we found high levels of nitrite in the supernatants of all the cDCs, confirming 

previous reports that TLR stimulation induces NO production in cDCs (Everts et al., 2012). 

TCSle cDCs secreted significantly higher levels of nitrite than B6 cDCs, both from females 

and males (Fig. 10B), suggesting a stronger metabolism and commitment to glycolysis in 

TCSle cDCs. Furthermore, after CpG or R848 stimulation, female cDCs of both strains 

produced higher levels of nitrite than male cDCs (Fig. 10B: Dotted lines at 18 and 40 

represent female B6 levels after CpG and R848 stimulation), suggesting a novel sex bias 

in cDC metabolism.  

E2 Enhances the Higher Energy Metabolism of TCSle cDCs 

Since we have found that E2 can modulate the development and the activation of 

female and male B6 and TCSle cDCs, we hypothesized that E2 could also modulate the 

metabolic state of cDCs. The significant differences in nitrite levels linked to activation, 

sex and strain (Fig. 10B and 11A), were mostly lost in hormone-depleted conditions, in 

which cDCs of both strains and sexes secreted very modest amounts of NO upon R848 

stimulation, and none upon CpGs (Fig. 11A-B).  
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Figure 2.11. E2 Enhances the Higher Energy Metabolism of TCSle cDCs. 

 

(A-K) cDCs from B6 (darker color) or TCSle (lighter color) female (red/orange) 

and male (blue/azur) mice were cultured in standard conditions or in hormone-depleted 

conditions supplemented with 0.03nM, 0.1nM or 50nM E2. On day 7, cDC were stimulated 

with CpG B 1826(10μg/mL) or R848 (1μg/mL). Dotted lines at 18 and 40 represent female 

B6 levels after CpG and R848 stimulation in standard conditions. (A-E) Supernatants were 

harvested and analyzed using the Griess reaction 24 hours after stimulation. (F-J) Six hours 

post stimulation, cDCs were harvested for qRT-PCR analysis. (F-J) Nos2 and (K) Pdk1 

genes were normalized to the housekeeping gene Cyclophilin. Standard female B6 

condition was set to 1. Mean + SE are from 3 independent experiments, using one mouse 

per strain per experiment. Two-way ANOVA analysis with Tukey multiple comparisons 

was used to determine the significant activation by CpG or R848 within each group of 

mice, represented by brackets below the graph. (A-K) Black * indicate significance within 

all 4 groups while individual colors/symbols represent significance within a single group. 

(A-E) Two-way ANOVA analysis with Tukey multiple comparisons, used to compare 

differences between females and males, is represented by brackets and * above the graph. 

(A-J) Tukey multiple comparisons, used to compare differences between B6 and TCSle is 

represented by a box surrounding red Δ symbol for B6 and TCSle females or a blue O 
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symbol for B6 and TCSle males. (J) Two-way ANOVA analysis with Tukey multiple 

comparisons is used to determine the effects of E2 treatment on cDC differentiation within 

each group of mice represented by brackets and symbols below the graph. *, Δ, O represent 

p < 0.05. **, Δ Δ, OO represent p < 0.01. 

 

 

With the addition of 0.03 nM E2, the strain bias seen upon R848 stimulation in 

standard conditions returned, as female TCSle cDCs produced significantly more nitrite 

than female B6 cDCs (Fig. 11C: significance is shown in the box below the axis). The 0.1 

nM E2 dose was sufficient for nitrite production upon both CpG and R848 stimulation, 

although sex and strain differences were significant only upon R848 stimulation (Fig. 11C-

D). Finally, 50 nM E2 can re-create the majority of trends seen in standard conditions: a 

significant increase in the production of nitrite upon CpG and R848 both in female and in 

male B6 and TCSle cDCs (Fig. 11E). We observed a significant higher production of nitrite 

by female than male cDCs in both strains, and a significant higher production of nitrite by 

TCSle cDCs than B6 cDCs. However, the difference between B6 and TCSle cDCs seen in 

standard conditions (Fig. 10B and 11A) was not rescued upon CpG stimulation (Fig. 11B-

E).  

The increase in NO production requires the up-regulation of inducible NOS2 

expression (Rodriguez et al., 2017). Since we have previously found that E2 regulates 

CXCL10 production at both the transcriptional and translational levels (Fig. 8), we 

determined whether Nos2 transcript levels followed the trend observed with nitrite levels. 

cDCs generated in standard culture conditions showed higher expression of Nos2 by female 

TCSle cDCs, and to a lesser extent by male TCSle cDCs (Fig. 11F), compared to the levels 

of Nos2 expressed by both female and male B6 cDCs. Stimulation with CpG and R848 
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increased Nos2 levels, with a higher up-regulation in TCSle cDCs than B6 cDCs. cDCs 

generated in hormone-depleted conditions were unable to support significant increase in 

Nos2 levels (Fig. 11G), while increasing titrations of E2 modestly increased Nos2 levels in 

response to CpG and R848 stimulation (Fig. 11H-J). The 50 nM concentration of E2 could 

rescue the expression of Nos2 transcripts to the same level detected in standard conditions, 

although the differences between B6 and TCSle cDCs were lost. The sex bias towards 

higher levels of nitrite in female cDCs was not observed with Nos2 gene expression. As 

we have seen for the gene expression of ISGs (Fig. 6 and 8), the regulation by estrogen is 

present at the transcriptional and post-transcriptional levels, with strain difference being 

more affected by the latter. 

When we looked at the effects of estrogen on the expression of Pdk1 transcripts, 

we found that the hormone depletion did not change the gene expression of Pdk1. E2 

supplementation decreased the expression in TCSle cDCs in both sexes. Although it did 

not reach significance, a similar trend was seen with B6 cDCs in both sexes (Fig. 11K). 

These results suggest that estrogen can increase the energy metabolism of TCSle cDCs in 

absence of other hormones, by decreasing the expression of the inhibitor Pdk1. 

In summary, we present the first evidence that lupus cDCs have higher 

immunometabolism than wild type cDCs. Specifically, we found decreased levels of the 

metabolic negative regulator Pdk1 and increased secretion of NO. While Pdk1 levels were 

decreased equally in female and male TCSle cDCs, a sign that both TCSle cDCs equally 

have increased metabolism of pyruvate (Gudi et al., 1995; Liu et al., 2017), NO levels were 

higher in female than in male cDCs of both strains, suggesting a hierarchy of strength in 
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aerobic glycolysis. TLR stimulation further increased the energy metabolism of both TCSle 

and B6 cDCs, indicating both a higher baseline as well as an elevated potential for 

metabolic activation in TCSle cDCs. Interestingly, nitric oxide production and Nos2 

transcription by cDCs require E2 signaling for cell activation. However, while little 

differences were seen between sex and strains with Nos2 transcripts, there is both a sex and 

strain bias in nitric oxide production, suggesting the ability of E2 to further regulate 

inducible NOS and the metabolic state at the post-transcriptional level. 
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Discussion 

Both in SLE patients and in most murine models of lupus, males are less likely to 

develop disease, but they have higher incidence of renal disorders (Hwang et al., 2015), 

skin complications (Font et al., 1992) and disease severity (Crosslin and Wiginton, 2011). 

Despite this, lupus research has focused predominantly on females due to higher disease 

prevalence. This gender bias in lupus research does not serve the population of men with 

SLE well and does not allow us to fully understand the pathogenesis of this complex 

disease. We have previously reported that cDCs from TCSle female mice show an intrinsic 

IFN Signature that precedes the development of autoimmunity (Sriram et al., 2012a). Here 

we show that the IFN Signature is equally present in female and male cDCs grown in 

standard culture conditions and that it is steroidal hormone-dependent. We found that E2 

enhances not only the expression of the ISGs (Fig. 2-3, 6), but also of costimulatory 

molecules (Fig. 7), the chemokine CXCL10 (Fig. 8), and the pro-inflammatory cytokines 

IL-12p70, TNF- and IL-6 (Fig. 9), equally in B6 and TCSle cDCs. When we cultured 

cDCs with doses of E2 equivalent to what is present in the serum of murine males (0.03 

nM), and diestrus female mice (0.1 nM), we found minimal differences between B6 and 

TCSle cDCs, indicating that TCSle have a normal sensitivity to the effects of estrogen. The 

finding that the levels of E2 present during human pregnancy (50 nM) were capable of 

matching or surpassing the ISG, cytokine and co-stimulatory molecule expression found 

in standard conditions, suggests that high doses of estrogen can compensate for the absence 

of other hormones in the medium. Nevertheless, 50 nM E2 was inconsistently capable of 

yielding differences between B6 and TCSle cDCs, indicating that other components found 
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in standard conditions further mold the TCSle IFN Signature. These conclusions were 

confirmed by the results obtained by adding the SERM/SERD Tamoxifen and Fulvestrant 

to the standard conditions. Interestingly, these inhibitors reduced Cxcl10 transcript levels 

and CXCL10 protein levels to below what was observed in hormone-depleted conditions, 

hinting at other inhibitory factors in standard conditions that may regulate these responses 

(Fig. 3,8). Therefore, we propose that E2 is necessary but not sufficient to the expression 

of the IFN Signature by cDCs, and that other factors, especially other steroidal hormones, 

which are eliminated by the treatment of FBS with charcoal, may contribute to the 

differences between B6 and TCSle cDCs in standard conditions. Two likely candidates as 

inhibitors of immune responses are androgens and glucocorticoids, as studies have reported 

that androgens suppress the activation of key cells of the innate and adaptive immunity 

(Trigunaite et al., 2015) and polymorphisms conferring signaling resistance in the androgen 

receptor inversely correlate with severity of chronic damage (Robeva et al., 2013). 

Glucocorticoids have been shown to inhibit DC activation (de Jong et al., 1999) and 

promote a tolerogenic phenotype (Anderson et al., 2017) although the stimulation through 

TLR-7 and TLR-9 can confer resistance to glucocorticoids in dendritic cells by promoting 

NFκB activation in both human cells and murine models of SLE (Guiducci et al., 2010). 

Moreover, progesterone has been suggested to counteract the effects of estrogens on DC 

functions in vivo (Xiu et al., 2016). On the other hand, possible steroidal candidates as 

immunostimulators are prostaglandins like PGE2 that can act as a pro-inflammatory agent 

in several models of inflammatory/autoimmune disease, promoting cDC activation and 

Th17 development (Hooper et al., 2017a; Khayrullina et al., 2008). 
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Recently, there was a renewed interest on the heterogeneity of the GM-CSF bone 

marrow-derived cDCs (Helft et al., 2015; Helft et al., 2016). Our results add new details to 

that discussion with the variation of the medium used, IMDM vs RPMI, and the effects of 

estrogens and steroidal hormones on cDCs so generated. We propose that a rich medium 

like IMDM promotes the generation of a population of inflammatory cDCs, with a majority 

of immature or non-activated CD11+ CD11b+ and MHC Class II intermediate cells and a 

minority of CD11+ CD11b+ and MHC Class II high cells that spontaneously activated in 

culture and express higher levels of costimulatory molecules like CD86 (Fig. 4) but do not 

produce yet any cytokines (data not shown). We consider these two populations a gradient 

of activation of the same cDCs, since MHC Class II and costimulatory molecules increase 

upon TLR stimulation without important changes in the lineage markers, like CD11c, 

CD11b and CD115. We do not consider these cells macrophages because they do not 

express MERTK (data not show). Our results are not really in conflict with those of Helft 

et al since they measured Mertk RNA and did not show surface protein staining (Helft et 

al., 2015), leaving the possibility that even in their protocols the GM-CSF BMDCs do not 

express MERTK receptors. No important differences in cDC heterogeneity were 

measurable between TCSle and B6 cDCs, leading us to conclude the IFN Signature in 

TCSle cDCs is not due a different cDC composition, but rather to an augmented ability to 

express ISGs. 

Studies in SLE patients indicate dysregulation of costimulatory factors on cDCs 

such as CD86 (Decker et al., 2006; Ding et al., 2006; Gerl et al., 2010). Furthermore, 

inflammatory cytokines such as IL-12 (Tokano et al.), IL-6, and TNF- (Ohl and 
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Tenbrock) are dysregulated in SLE. TLR9 and TLR7, respective sensors for CpG and 

R848, are implicated in SLE (Santiago-Raber et al., 2009). We have previously shown that 

the response to CpG and R848 stimulation in terms of up-regulation of ISGs, CXCL10 and 

CD86 is type I IFN/STAT-2-dependent, while IL-12, IL-6 and TNF- were regulated in a 

type I IFN/STAT-2-independent manner (Xu et al.). A previous study of pediatric SLE 

patients reported an IFN signature in both female and males(Bennett et al., 2003b) while a 

recent study of treatment-naïve girls and boys with childhood onset SLE further described 

a “TNF-signature” present in boys but absent in girls (Hui-Yuen et al., 2016), suggesting 

that sex may affect disease differently by promoting type I IFN-dependent and -

independent pathways. Recent studies have also shown that prior to diagnosis of SLE, there 

is elevated type II IFN in the serum of patients (Munroe et al., 2016). Furthermore, 

advanced analysis of the IFN signature in adult SLE patients have revealed that there is a 

modular signatures composed of both type I and type II IFN signatures (Chiche et al., 

2014). Collectively, this may explain the clinical efficacy of targeting type I IFN in SLE: 

while multiple type I IFN blocking agents in clinical trial are capable of reducing the IFN 

signature in SLE patients, their effects on the disease are not consistent (Lauwerys et al., 

2014). We show here that E2 affects both type-I IFN-dependent and -independent 

cytokines and costimulatory molecules in both sexes (Fig. 7, 9), indicating that E2 

modulates both type-I IFN-dependent and -independent pathways in both females and 

males. This suggests that E2 modulation may be beneficial in treating SLE in both sexes. 

We found that E2 modulation of cDC activation is different at the transcriptional 

and post-transcriptional level, suggesting that E2 affects DC activation through more than 
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one pathway. Indeed, while the highest dose of 50 nM of E2 was required to enhance RNA 

expression of ISGs, physiologic doses of E2 were sufficient to enhance the production of 

proteins, either ISGs like CXCL10 or costimulatory molecules and inflammatory 

cytokines. This pattern of post-transcriptional regulation has been shown to be modulated 

through effects on the immunometabolism (Everts et al., 2014). 

Recent studies on the intracellular metabolism of DCs has revealed the critical role 

of the metabolic reprogramming in the response of DCs to environmental changes, from 

hypoxia to danger signals and cytokines(O'Neill and Pearce, 2016). It was shown that 

murine wild-type cDCs rapidly increase their glycolytic rate soon after TLR engagement, 

with a short-term increase in mitochondrial respiration. The up-regulation of glycolysis 

during the early phase of DC activation is essential for NADPH regeneration, fatty acid 

synthesis and the enlargement of the endoplasmic reticulum and Golgi. These processes 

are necessary to produce pro-inflammatory protein mediators, while the up-regulation of 

RNA transcription seems to require lesser metabolic changes. In iNOS-expressing DCs, 

such as the murine GM-CSF-derived cDCs, a progressive decrease of the oxidative 

phosphorylation is induced by the nitric oxide that is produced after the first 8 hours of 

TLR stimulation. Thus, 24 hours after stimulation cDCs depend almost exclusively on 

glycolysis to sustain their function and survival. 

Immunogenicity and tolerogenicity of DCs have been proposed to be promoted by 

anabolic and catabolic processes, respectively. The higher state of activation of TCSle 

cDCs, which we show here, and of T cells that Wu et al have reported(Wu et al., 2016), 

could be sustained by a higher energy metabolism. Indeed, the result that Pdk1, an 
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inhibitory regulator of the Krebs cycle that controls both the oxidative phosphorylation and 

fatty acid synthesis, is decreased in TCSle cDCs, is the first evidence that TCSle cDCs 

have a constitutive higher immunometabolism even in absence of any exogenous 

stimulation. The increase in Nitric Oxide (NO) in TCSle cDCs, which is also used as 

biomarker of metabolic activation of cDCs (Everts et al., 2012),  indicate that TCSle cDCs 

respond to activation with a greater shift towards glycolysis. Altogether, these results 

suggest that, compared to B6 cDCs, TCSle cDCs have a higher baseline mitochondrial 

respiration and they can generate a stronger aerobic glycolysis upon stimulation with 

nucleic acids. Since it has been recently suggested that type I IFNs are required for the 

metabolic shift to glycolysis that occurs during cDC activation (Pantel et al., 2014), we 

speculate that the IFN Signature may contribute to the higher metabolism of TCSle cDCs. 

Estrogens have been shown to affect oxidative phosphorylation, glycolytic 

enzymes and the glucose uptake upstream of glycolysis in several tissues in the body, 

especially in the brain(Rettberg et al., 2014), while less was known in immune cells. We 

show here that E2 can further decrease the expression of Pdk1 in TCSle cDCs and increase 

the production of nitric oxide, suggesting a novel role for estrogen in increasing the 

immunometabolism (Fig. 11). Moreover, we found that E2 promotes elevated NO 

production by cDCs in a sex-dependent manner, with female cDCs producing more NO 

than male cDCs (Fig. 10 and 11). This sex bias was even present in cDCs generated with 

hormone-depleted medium supplemented with physiologic doses of E2, suggesting that the 

immunometabolism is more affected by E2 than by other hormones present in FBS in a sex 

dependent manner. 
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In conclusion, we show that male TCSle cDCs express the same IFN Signature as 

female TCSle cDCs and respond to the enhancing effects of estrogen, and yet estrogen 

alone is not sufficient to recapitulate the difference between TCSle and B6 cDCs. These 

results suggest that the effect of estrogens on just the IFN signature cannot per se justify 

the higher incidence of lupus in females, while the effects of estrogens on IFN-dependent 

and IFN-independent pathways, in conjugation with additional hormonal and 

environmental factors, are likely necessary for the full development of lupus in genetically 

susceptible individuals. The results that SERM/SERD inhibit the expression of the IFN 

Signature in cDCs of both sexes in vitro, warrant that testing the effects of SERM/SERD 

should be performed in both male and female mice in preclinical studies. Together, the 

novel data showing a higher immunometabolism in TCSle cDCs, along with the sex bias 

in NO production and its estrogen dependence, suggest that the immunometabolism may 

be an important mechanism for the sex bias in lupus pathogenesis, and a possible novel 

therapeutic target in lupus.  
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CHAPTER 3 

THE CYTOKINE NETWORK TYPE I INTERFERON, IL-27 AND IL-10 IS 

AUGMENTED IN MURINE AND HUMAN LUPUS  

Abstract 

Interleukin (IL)-10 is elevated in the autoimmune disease systemic lupus 

erythematosus (SLE). Here we show that conventional dendritic cells (cDCs) from pre-

disease lupus-prone B6.NZM Sle1/Sle2/Sle3 triple congenic (TCSle) mice produce more 

IL-10 than wild type congenic cDCs upon TLR stimulation, and this overproduction is 

prevented by blocking the type I IFN receptor (IFNAR) with specific antibodies.  Priming 

wild type cDCs with type I IFN mimics the IL-10 overproduction of TCSle cDCs. The 

MAP kinase ERK is more phosphorylated in lupus cDCs, partially contributing to IL-10 

overproduction. Moreover, we found that TCSle cDCs express higher levels of IL-27 upon 

TLR7/TLR9 stimulation, and IFNAR blockade reduces IL-27 levels in TCSle cDCs. These 

results suggest that dysregulated type I IFN in cDCs contribute to the increased IL-10 and 

IL-27 in SLE. We propose that a type I IFN – IL-27/IL-10 molecular network is enhanced 

in TCSle cDCs. Moreover, RNA sequencing analysis of a cohort of SLE patients reveals 

higher gene expression of these cytokines in SLE patients expressing a high IFN signature. 

Since IL-27 and IL-10 have both pro- and anti-inflammatory effects, our results also 

suggest that these cytokines can be modulated by the therapeutic IFN blockade in trials in 

SLE patients and have complex effects on the autoimmune response. 
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Introduction 

Systemic lupus erythematous (SLE) is a complex multisystem disorder in which 

multiple immune abnormalities and autoantibodies result in tissue damage (Noel R. Rose, 

2014). Lupus pathogenesis is multifactorial – including many genetic and environmental 

factors (Deng and Tsao, 2017; Liu and Davidson, 2012a). However, the molecular 

mechanisms that mediate disease remain to be fully elucidated. 

Overexpression of type I interferons (I-IFN) and IFN-stimulated genes (ISGs) are 

considered pathogenic in SLE (Elkon and Stone, 2011b). SLE patients express an I-IFN 

signature (Baechler et al., 2003b; Bennett et al., 2003a; Niewold et al., 2007a) and clinical 

trials are aiming to block I-IFN or its receptor (Morand et al., 2018; Petri et al., 2013). We 

have previously found that conventional dendritic cells (cDCs) from lupus-prone 

B6.NZMSle1/Sle2/Sle3 triple congenic (TCSle) mice also express an I-IFN signature 

before disease development (Sriram et al., 2012b); moreover, it has been recently shown 

that RNA sensing cDCs are also pivotal for lupus pathogenesis (Celhar et al., 2015b). These 

results suggest that the I-IFN signature in lupus can be the result of abnormalities in DC 

function, particularly in response to environmental triggers and cell death (Gallo and 

Gallucci, 2013; Gallo et al., 2015). I-IFNs are a family of cytokines with multiple effects 

on the immune response and it is important to understand the downstream consequences 

of the I-IFN signature expressed by lupus DCs.  DCs from single congenic lupus-prone 

B6.Sle3 mice produce high levels of pro-inflammatory cytokines IL-12, IL-6, and TNF 

in response to LPS (Zhu et al., 2005), which can drive T cell hyperactivity and disease 
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progression (Zhu et al., 2005). Here, we used TCSle cDCs to investigate the regulation of 

IL-10, an anti-inflammatory cytokine less studied in this lupus model. 

IL-10 has broad anti-inflammatory properties by suppressing production of pro-

inflammatory cytokines (reviewed in (Mosser and Zhang, 2008)).  In apparent 

contradiction, serum levels of IL-10 are often elevated in SLE patients with active disease 

(Chun et al., 2007; Park et al., 1998) and in relatives of SLE patients (Llorente et al., 1997; 

Llorente et al., 1993). Since IL-10 is a B cell growth factor (reviewed in (Itoh and Hirohata, 

1995)), and may promote autoantibody production, it is therefore important to understand 

the causes of IL-10 dysregulation in lupus. 

Polymorphisms in the Il10 promoter are found in SLE and suggest a genetic cause 

for the elevated levels of IL-10 present in some SLE patients (Chong et al., 2004; Lazarus 

et al., 1997). However, these polymorphisms are not ubiquitous in SLE patients and the 

Il10 locus resides outside the susceptibility regions of lupus-prone mouse strains, 

suggesting a different cause for IL-10 dysregulation in most SLE patients and in murine 

lupus. 

Autocrine I-IFNs were shown to contribute to TLR-induced IL-10 production in 

wild type cells via mechanisms that include activation of MAP kinase ERK in B cells (Liu 

et al., 2014) and autocrine production of IL-27 in macrophages (Iyer et al., 2010).  IL-27 

is a member of the IL-12 family that is produced by antigen-presenting cells (Hooper et 

al., 2017b) and can have either pro- or anti-inflammatory effects on T and B cells and in 

autoimmunity (Meka et al., 2015). It is still controversial whether IL-27 production is 

abnormal in SLE patients (Li et al., 2010; Qiu et al., 2013). Serum levels of IL-27 have 
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been found increased in SLE and correlate with disease activity and levels of 

autoantibodies (Qiu et al., 2013). These findings are in contrast with further work 

demonstrating that disease treatment increased IL-27 levels (Xia et al., 2015).  Since I-

IFNs are elevated in PBMCs from SLE patients (Baechler et al., 2003b; Bennett et al., 

2003a; Niewold et al., 2007a) and in murine TCSle DCs (Sriram et al., 2012b), we 

hypothesized that increased I-IFN may augment IL-10 production in TCSle DCs.  Here, 

we demonstrate that TCSle cDCs overproduce IL-10 and IL-27 upon TLR stimulation 

because of the increased autocrine triggering of the I-IFN receptor (IFNAR) as part of the 

I-IFN signature. This is, in part, regulated by autocrine IFN, which increases 

phosphorylation of ERK that then increases autocrine production of IL-10.  These results 

in murine cDCs mirror the higher gene expression of IL27 and IL10 that we found in 

immune cells from SLE patients with a high I-IFN signature. Our results demonstrate an 

unexpected ramification of the over-activated I-IFN pathway in SLE and provide further 

relevance for IL-10 and IL-27 in lupus autoimmunity.  



77 

 

Methods 

Mice 

6-12 weeks old female C57BL/6 (B6) and B6.NZMSle1/Sle2/Sle3 triple congenic 

(TCSle) mice were purchased from Jackson Laboratory, bred and maintained in our colony, 

and used following institutional guidelines approved by the Institutional Animal Care and 

Use Committee of Temple University, which is an AAALAC-accredited facility. 

Bone Marrow-Derived Dendritic Cells  

Mouse bone marrow-derived DCs were generated as previously described (Sriram 

et al., 2012a). Briefly, bone marrow precursors were cultured in complete IMDM (10% 

FBS, antibiotics and 2-mercaptoethanol) containing 3.3 ng/ml GM-CSF (BD Biosciences, 

San Jose, USA) or 1% conditioned media from GM-CSF-secreting B7H1 cells. At day 6-

8, cDCs were stimulated with LPS (100 ng/ml), R848 (1 µg/ml), or CpG 1826 (10 µg/ml) 

and harvested after 1.5 hours for Western Blot and 6 hours for RT-PCR, while supernatants 

were collected after 24 hours for ELISA. Initially, to block the type I IFN receptor, anti-

IFNAR (10 µg/ml, clone MAR1-5A3, Leinco Technologies I-400) or isotype control 

antibody (10 µg/ml, IgG1, Leinco Technologies I-102) were added 24 hours and again 30 

minutes before TLR stimulation. ERK inhibitor (10 µM, PD98059, Cell Signaling #9900) 

was used 30 minutes before TLR stimulation. Additional experiments were performed as 

follows: one hour prior to TLR stimulation, 1mL of media was removed. 500μL of media 

containing neutralizing antibody or isotype control was added. Final concentration of 

neutralizing antibody or isotype control was calculated with a 2mL final volume: 10µg/ml 

anti-IFNAR (clone MAR1-5A3, Genetex GTX14637) or 10µg/ml mouse IgG1 (Gentex 
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GTX35014) or 1µg/ml anti-IL-27 (Polyclonal goat IgG, R&D Systems AF1834) or 1µg/ml 

gIgG (R&D Systems AB-108-C). After 1-hour pre-incubation, 500μL media with TLR 

agonist was added for a final volume of 2mL per well for a final concentration of LPS (100 

ng/ml), R848 (1 µg/ml), or CpG 1826 (10 µg/ml). 

Quantitative RT-PCR 

Gene expression in cDCs was analyzed by quantitative real-time RT-PCR (qPCR) 

using TaqMan probes.  Briefly, RNA was extracted using ZymoResearch (Irvine, CA, 

USA) Quick-RNA MiniPrep (R1055).  Complementary DNA (cDNA) was synthesized 

using a cDNA archive kit (Applied Biosystems, Foster City, CA, USA).  Pre-synthesized 

TaqMan primers and probes for Ifnb and Irf7 [Mm00516788], Isg15 [Mm01705338], Il10 

[Mm00439614_m1] were from Applied Biosystems. Relative quantification of gene 

expression was calculated to housekeeping gene Cyclophilin (Sriram et al., 2012a). 

ELISA 

IL-10 and CXCL10 production were measured in cDC culture supernatants 24 

hours after TLR stimulation using an IL-10 ELISA kit from BD, or a CXCL10 ELISA kit 

from R&D Systems, following manufacturer’s instructions. IL-27 production was 

measured in cDC culture supernatants 24 hours after TLR stimulation using anti-mouse 

IL-27p28 and biotin-conjugated anti-mouse IL-27p28 antibodies from R&D Systems 

(Minneapolis, MN, USA) as described in (Hooper et al., 2017b), respectively. 

Alternatively, IL-27 was also measured by mouse IL-27 ELISA Ready-Set-Go!TM Kit from 

eBioscience, following manufacturer’s instructions. 
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Flow Cytometry 

cDCs were harvested 24h post-stimulation then stained with Fixable viability dye 

(FVD) ef780 (Invitrogen) for 15 minutes in cold PBS. This was followed by incubation 

with rat anti-mouse CD16/CD32 (clone 2.4G2, BioLegend) mAb for 10 min to block 

FcRs, and then stained for 30 min on ice with allophycocyanin-conjugated hamster anti-

mouse CD11c (N418, eBioscience), PE-Cyanin7-conjugated rat anti-mouse CD11b 

(M1/70, BD Bioscience), and FITC-conjugated hamster anti-mouse CD40 (HM40-3, BD 

Biosciences). Cells were acquired on a FACSCanto cytometer (BD Biosciences). FlowJo 

(FlowJo LLC, Ashland, Oregon) software was used for data analysis. 

Western Blots 

Western blots were performed as previously described (Sriram et al., 2012a). Anti-

ERK1/2 (9107) and Anti-Phospho-ERK1/2 (4370) from Cell Signaling Technology 

(Beverly, MA, USA) were used to probe for ERK activation.  Anti-Mouse anti-GAPDH 

(Santa Cruz Biotechnology, Dallas, TX, USA) was used as a loading control. IR Dye 800-

goat anti-rabbit and IR Dye 680 goat anti-mouse (LI-COR Biosciences, Lincoln, NE, USA) 

were used to probe primary antibodies. Blots were visualized using Odyssey Infrared 

Imaging System (LI-COR Biosciences). 

RNA Sequencing 

A publicly available dataset of RNA Sequencing of whole blood samples from a 

cohort of 99 SLE patients and 18 healthy controls available in Gene Expression Omnibus 

accession number GSE72509 was analyzed. RPKM values were converted to transcripts 

per million (TPMs), which were used for downstream analyses. To measure the I-IFN 
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signature, the expression of 27 ISGs was analyzed using mEV software and compared to 

IL-10 and IL-27.  

Statistical Analysis 

Data were analyzed with Prism software (GraphPad, La Jolla, CA, USA) using two-

tailed unpaired t-test and Mann-Whitney test for comparison between two groups and 

ANOVA with post-hoc Tukey’s multiple comparison for multiple groups. Significance was 

determined as p-values < 0.05.  The principal component analysis of the I-IFN Signature 

was calculated using JMP software. 
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Results & Discussion 

cDCs From TCSle Mice Overexpress Il10 RNA Constitutively and Overproduce IL-10 in 

Response to TLR Ligands 

cDCs generated from TCSle mice constitutively express an I-IFN signature that 

precedes disease onset (Sriram et al., 2012a). In addition to classic I-IFN signature genes 

(i.e. Ifnb, Isg15, and Irf7), we found that unstimulated TCSle cDCs also express basal levels 

of Il10 RNA higher than wild type congenic C56BL/6 (B6) cDCs (Figure 1a), while IL-10 

protein was undetectable in the supernatants of unstimulated cDCs (results by ELISA not 

shown). These results suggest that IL-10 is primed for translation in TCSle cDCs (Gallo, 

2015). 

Furthermore, we found that upon stimulation with major inducers of IL-10, namely 

the TLR4 ligand LPS, TLR7 ligand R848 (an imiquimod-like compound) and TLR9 ligand 

CpG, TCSle cDCs secrete 3-4-fold more IL-10 than B6 cDCs in response to all three TLR 

ligands (Figure 1b).  These results suggest that signals leading to IL-10 production are 

overactive in TCSle cDCs. 

Supernatants of cDC cultures from Chapter 2 were also analyzed for IL-10 

production. E2 was found to enhance IL-10 production. More importantly, only female 

TCSle cDCs produced significantly more IL-10 than B6 cDCs (Figure 1d). Therefore, it 

makes sense for the following chapter to only focus on BMDC cultures from female mice.  
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Figure 3.1. The I-IFN Signature and IL-10 in TCSle cDCs. 

 

 

 

 (a) Basal gene expression was measured by qRT-PCR in TCSle cDCs and 

normalized to unstimulated B6 cDCs.  (b) B6 and TCSle cDCs were stimulated with TLR4 

ligand LPS (100 ng/ml), TLR7 ligand R848 (1 µg/ml) and TLR9 ligand CpG (10 µg/ml) 

for 24 hours. (c) B6 cDCs were stimulated with TLR ligands after 48 hours priming with 

1500 U/ml of IFN-alpha. (d) Bone marrow precursors from B6 (black closed symbols) or 

TCSle (gray open symbols) female (circle) and male (triangle) mice were cultured in 

standard conditions or hormone-depleted conditions supplemented with 0.03nM, 0.1nM or 

50nM E2. (b-d) IL-10 was measured by ELISA.  Figures are representative of at least 3 

independent experiments, conducted with 3 cDCs cultures from 3 individual mice per 

strain. 
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Priming B6 cDCs with I-IFN Mimics the IL-10 Overproduction of TCSle cDCs 

We next asked whether I-IFN could induce IL-10 overproduction. To mimic the 

chronic exposure to I-IFNs that the TCSle cDCs are subject to (Sriram et al., 2012a), we 

primed B6 cDCs with IFN-alpha for 48 hours before TLR stimulation. We found that 

priming B6 cDCs with I-IFN enhances IL-10 production upon stimulation with TLR 

ligands LPS, R848, and CpG (Figure 1c).  IFN-priming alone induced some IL-10 

production, however at the lower limit of detection – indicating that IFN-priming requires 

a second stimulus (e.g. TLR triggering) to promote IL-10 production.  Priming with I-IFN 

prior to TLR stimulation increased IL-10 production in B6 cDCs to levels similar to those 

of the TCSle cDCs, suggesting that the increased IL-10 production in TCSle cDCs is due 

to overexpressed autocrine I-IFN. 

IFNAR Blockade Normalizes IL-10 Production of TCSle cDCs in response to LPS 

To test whether IL-10 overproduction by TCSle cDCs is indeed due to increased 

autocrine I-IFNs, we used an antibody blocking the I-IFN receptor (anti-IFNAR), which 

we have previously found to be able to inhibit Ifnb expression upon IFNAR stimulation 

(not shown).  We pretreated cDCs with anti-IFNAR or isotype control antibodies 24 hours 

before stimulating with LPS, as an example of TLR ligand. IFNAR blockade significantly 

decreased IL-10 production by TCSle cDCs (Figure 2a), while we observed lesser 

inhibition in B6 cDCs.  These results suggest that the overexpression of I-IFN, as part of 

the I-IFN signature in TCSle cDCs, leads to intrinsic I-IFN priming and overproduction of 

IL-10 in response to LPS. 
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Figure 3.2. Effects of IFNAR Blockade on IL-10 and ERK in TCSle cDCs in response to 

LPS. 

 

(a) cDCs were treated with anti-IFNAR antibody or isotype control for 24 hours 

and then again for 30 minutes prior to stimulation with LPS. (b) cDCs were treated with 

ERK inhibitor PD98059 for 30 minutes prior to LPS stimulation.  (a-b) Supernatants were 

collected 24 hours after LPS stimulation and IL-10 was measured by ELISA. Averages and 

SD from 3-4 experiments. Statistical significance was calculated by ANOVA and post-hoc 

Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ns means not significant.  (c) 

Representative Western blot and (d) averages and SD of the densitometries of Western 

Blots for phosphorylated ERK and total ERK.  cDCs were treated with anti-IFNAR 

antibodies, or with ERK inhibitor PD98059 and LPS stimulation as above.  Cells were 

harvested in ice cold western lysis buffer 1.5 hours after LPS stimulation.  Western blots 

were probed for total and phosphorylated ERK. Number code: 1) Not stimulated, 2) LPS, 

3) LPS + anti-IFNAR, 4) LPS + isotype control, 5) LPS + PD98059. 
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ERK Activation Contributes to IFN-Induced IL-10 Production in TCSle cDCs 

A number of mechanisms have been described for the I-IFN-induced IL-10 

production (Liu et al., 2014; Ziegler-Heitbrock et al., 2003). The MAP kinase ERK 

participates in IL-10 production upon many stimuli (Gallo et al., 2010; Lucas et al., 2005) 

and it was reported to be abnormally active in B cells of lupus-prone mice (Liu et al., 2005). 

We asked whether ERK activation contributes to IL-10 induced by autocrine I-IFN.  First, 

we used the ERK inhibitor PD98095 to determine if IL-10 overexpression in TCSle cDCs 

is ERK-dependent.  We found that ERK inhibition significantly decreases IL-10 production 

in LPS-stimulated TCSle cDCs (Figure 2b).  ERK inhibition was verified by western blot 

for phospho-ERK (Figure 2c-d).  This result suggests that ERK is required for maximal IL-

10 production in response to TLR stimulation in TCSle cDCs. 

To determine whether autocrine I-IFN contributes to ERK activation, we stimulated 

cDCs in the presence of an IFNAR blocking antibody, as above. We found that TCSle 

cDCs have 30% higher levels of phosphorylated ERK after stimulation with LPS than B6 

cDCs. IFNAR blockade slightly reduced LPS-induced ERK phosphorylation, suggesting 

that autocrine I-IFN partially contributes to the increased ERK activation in TCSle cDCs 

(Figure 2c-d).  Together our results demonstrate that IL-10 overexpression in TCSle cDCs 

is the result of autocrine I-IFN and is mediated in part by ERK activation. The fact that the 

ERK inhibitor suppressed IL-10 over-production in TCSle cDCs warrants further testing 

in lupus-prone mice as a possible therapeutic approach. 
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IFNAR Blockade reduces IL-10, CD40, and CXCL10 in TCSle cDCs response to CpG 

and R848 stimulation  

To test whether IL-10 overproduction by TCSle cDCs in response to CpG and R848 

is also due to increased autocrine I-IFNs, we again utilized an anti-IFNAR antibody.  We 

pretreated cDCs with anti-IFNAR or isotype control antibodies 1 hour before stimulating 

with CpG or R848. Compared to the isotype control, IFNAR blockade significantly 

decreased IL-10 production by TCSle cDCs in response to R848. No inhibition was 

observed in B6 cDCs (Figure 3a). A similar trend was seen with CpG: TCSle cDCs 

produced significantly higher levels of IL-10 in response to CpG compared to B6 cDCs. 

This difference was not found with anti-IFNAR antibody treatment. 

These results with R848 and CpG, while following a similar trend, were not as 

pronounced as the effect of IFNAR neutralization with LPS (Figure 2). This could in part 

be due to variation in levels of IL-10 between experiments: experiments were normalized 

due to this variation. Alternatively, this may be due to insufficient IFNAR neutralization 

in response to CpG and R848. We have previously found that IFNAR neutralization of B6 

cDC ablated CXCL10 in response to CpG (Xu et al., 2016). However, TCSle cDCs produce 

higher levels of IFN than B6 cDCs. Therefore, to determine if this IFNAR neutralization 

was sufficiently able to blunt the response of TCSle cDC to CpG or R848, we also tested 

CXCL10 levels. 
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Figure 3.3. IFNAR Blockade reduces IL-10, CD40, and CXCL10 in TCSle cDCs response 

to CpG and R848 stimulation 

 

(a-h) cDCs were treated with anti-IFNAR antibody or isotype control for 1 hour 

prior to stimulation with LPS (100 ng/ml), R848 (1 µg/ml) and CpG (10 µg/ml) for 24 

hours. (a-b) Supernatants were collected 24 hours after stimulation and IL-10 was 

measured by ELISA. (c-e) Supernatants were collected 24 hours after stimulation and 

CXCL10 was measured by ELISA. (f-h) cDCs were collected at 24 hours after stimulation 

and stained. Samples were gated on singlets, scatter gate, live cells, CD11c+ CD11b+, 

CD40+. Dotted lines represent CD40 with PBS for B6 (20.6%) or SLE (22.7%) (a-b, f-h) 

Averages and SE from 3 experiments. (a-b) Due to inter-experimental variation, B6 

stimulation condition is set to 1. (c-e) Averages and SE of 1-2 technical replicates from 1 

experiment. Statistical significance was calculated by ANOVA and post-hoc Tukey’s 

multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.   
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As previously observed by our lab (Sriram et al., 2012a), TCSle cDCs produced 

significantly more CXCL10 in response to R848 or CpG than B6 cDCs (Fig 3c, d). 

Furthermore, IFNAR neutralization ablated the CXCL10 production in response to R848 

and CpG of both TCSle cDCs and B6 cDCs. This suggests we are neutralizing with 

sufficient anti-IFNAR antibody. In contrast, while IFNAR neutralization greatly reduced 

TCSle cDC CXCL10 production in response to LPS, B6 cDC CXCL10 production was 

only modestly reduced (Fig 3e) confirming our previous finding that LPS induces both an 

IFN-independent and IFN-dependent production of CXCL10 (Xu et al., 2016). 

We further tested if IFNAR neutralization could reduce costimulatory molecule 

CD40 expression in response to TLR stimulation. Compared to the isotype control, IFNAR 

blockade significantly decreased expression of CD40 by TCSle cDCs in response to R848 

(Fig 3f), CpG (Fig 3g) and LPS (Fig 3h). In contrast, IFNAR neutralization significantly 

decreased CD40 expression on B6 cDCs only in LPS conditions.  

IFNAR neutralization was able to ablate CpG and R848 induced CXCL10 

production in both TCSle and B6 cDCs. As TCSle cDCs produce significantly more 

CXCL10 than B6 cDCs, this suggests that overproduction of CXCL10 by TCSle cDCs is 

driven predominantly by IFNAR. In contrast, IFNAR neutralization was not able to ablate 

the IL-10 production nor expression of CD40 in B6 cDCs. However, similar to Figure 2A, 

IFNAR neutralization brought down IL-10 production of TCSle cDCs down to similar 

levels seen in B6 cDCs. We therefore conclude that a basal amount of IL-10 production in 

response to CpG or R848 is IFN-independent but dysregulated IFN can enhance IL-10 

production. 
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IFNAR Blockade Prevents IL-27 Production in cDCs 

IL-27 is induced by TLR stimulation in wild type DCs (Hooper et al., 2017a) and 

participates in I-IFN-induced IL-10 production in T cells and macrophages (Iyer et al., 

2010; Stumhofer et al., 2007). Therefore, we asked whether blocking autocrine I-IFNs 

could affect IL-27 production in lupus cDCs. We found that TCSle and B6 cDCs produced 

similar amounts of IL-27 upon LPS stimulation, and IFNAR blockade significantly 

reduced IL-27 production by approximately four-fold in TCSle cDCs and only two-fold in 

B6 cDCs (Figure 4a), suggesting that LPS induced IL-27 may be more dependent on 

autocrine I-IFNs in TCSle than in B6 cDCs.  

TLR7 and TLR9 are important receptors in the recognition of nucleic acids, the 

main autoantigens and adjuvants in lupus pathogenesis (Shrivastav and Niewold, 2013). 

To further analyze the production of IL-27 in lupus cDCs, we measured IL-27 upon 

stimulation with R848 and CpG and found that, in contrast to LPS, TCSle cDCs produced 

significantly higher levels of IL-27 than B6 cDCs upon TLR7 and TLR9 stimulation 

(Figure 4b-c). These results are in agreement with our previous findings that TCSle cDCs 

show stronger differences of I-IFN and ISG expression with B6 cDCs upon stimulation 

with CpG or R848 rather than with LPS (Sriram et al., 2012a), and confirm that TCSle 

cDCs hyper-respond to the receptors recognizing nucleic acids. Furthermore, IFNAR 

neutralization significantly reduced IL-27 production of both TCSle and B6 cDCs in 

response to CpG and R848 stimulation (Figure 4b, c), indicating a role for autocrine I-IFNs 

in the production of IL-27. 
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A molecular link involving LPS-IFN-IL-27-IL10 was previously reported in wild 

type murine macrophages, and that IFNAR deficient macrophages do not produce IL-27 

and IL-10 upon TLR stimulation (Iyer et al., 2010). We found that TCSle cDCs produced 

more IL-10 and IL-27 than B6 cDCs in response to TLR stimulation (Figure 1-4). 

Furthermore, IFNAR neutralization was able to reduce production of both IL-10 and IL-

27, and this neutralization was more pronounced in TCSle cDCs than B6 cDCs, indicating 

a clear role for type 1 IFN in IL-10 and IL-27 expression. We therefore tested whether this 

IFN-IL-27-IL10 network was present in TCSle cDCs. Surprisingly, IL-27 neutralization 

did not reduce IL-10 production of TCSle cDCs in response to R848 (Figure 4d) nor CpG 

(Figure 4e) stimulation. Our work demonstrates a similar but distinct regulation in cDCs, 

which is very active in TCSle DCs while the production of IL-27/IL-10 is less affected by 

IFNAR neutralization in B6 DCs due to lesser contribution of I-IFNs (Iyer et al., 2010). 

Notably, we found that IL-10 is not downstream of IL-27, as reported in macrophages, but 

it is parallel in cDCs, suggesting a novel regulation in these cells.  
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Figure 3.4. Production of IL-27 in TCSle cDCs. 

 

 

(a) cDCs were treated with anti-IFNAR antibody (10 µg/ml) or mouse IgG isotype 

control (10 µg/ml) for 24 hours and then again for 30 minutes prior to stimulation with LPS 

(100 ng/ml). (b-c) cDCs were treated with anti-IFNAR antibody (10 µg/ml) or mouse IgG 

isotype control (10 µg/ml) for 1 hour prior to stimulation with R848 (1 µg/ml) and CpG 

(10 µg/ml) for 24 hours. (d-e) cDCs were treated with anti-IL-27 antibody (1 µg/ml) or 

goat IgG isotype control (1 µg/ml) for 1 hour prior to stimulation with R848 (1 µg/ml) and 

CpG (10 µg/ml) for 24 hours. IL-27 was measured by (a) in house ELISA previously 

described in (Hooper et al., 2017a) or (b-c) IL-27 ELISA Ready-Set-Go!TM Kit in the 

supernatants collected 24 hours after TLR stimulation. (d-e) IL-10 was measured by 

ELISA in the supernatants collected 24 hours after TLR stimulation. (a) Results show 

averages and SE from 5 experiments, representative of 7 experiments. (b-e) Results show 

an average and SE from 3 experiments. Due to inter-experimental variation, B6 stimulation 

condition is set to 1. Statistical significance was calculated by ANOVA with post-hoc 

Tukey’s multiple comparison test.  *p < 0.05, **p < 0.01, ns means not significant. 
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I-IFN-IL-27-IL-10 network is highly expressed in immune cells of SLE patients  

To determine whether the same I-IFN-IL-27-IL-10 molecular network that we have 

found in murine lupus is also present in human SLE, we analyzed a publicly available 

dataset of RNA sequencing performed on whole blood samples from a Michigan patient 

cohort, consisting of 99 SLE patients and 18 healthy controls (Gene Expression Omnibus 

accession number GSE72509)(Hung et al., 2015). Further details on this cohort are 

described in (Hung et al., 2015). We first analyzed the I-IFN signature expressed in these 

samples, choosing 27 ISGs (Figure 5), and confirmed that this cohort of SLE patients 

expressed higher levels of ISGs than healthy controls. Then we analyzed the gene 

expression of IL27 and IL10 and found that both cytokines were significantly higher in 

SLE patients than in age- and sex-matched healthy controls (Figure 6a-b). To determine a 

link between type I IFNs and these higher levels of IL27 and IL10, we divided the SLE 

patients into two groups: those with a high I-IFN signature and those with an I-IFN 

signature similar to the healthy controls. We found that both IL27 and IL10 levels were 

significantly higher only in the SLE patients with a high I-IFN signature, while no 

significant difference in IL27 and IL10 levels were found between SLE patients and healthy 

controls who had similar levels of ISGs (Figure 6c-d). 
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Figure 3.5. Increased Expression of the I-

IFN Signature Genes in a Publicly 

Available RNAseq Data-Set. 

 

RNAseq data from whole blood of 

18 healthy controls and 99 SLE patients 

was obtained from NCBI Gene Expression 

Omnibus (GEO), accession number 

GSE72509. Hierarchical clustering of 

samples and median-centered genes by 

Pearson Correlation was performed using 

mEV software. Significance of IFN 

expression between healthy controls and 

SLE patients was calculated by T-test (p < 

0.05) using using mEV software. 
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Figure 3.6. Increased Expression of IL10 and IL27 in a Publicly Available RNAseq   

 

 

 

RNAseq data from whole blood of 18 healthy controls and 99 SLE patients was 

obtained from NCBI Gene Expression Omnibus (GEO), accession number GSE72509. 

Data were analyzed using GraphPad Prism software, and (a) IL27 and (b) IL10 gene 

expression (presented as Transcripts Per Million [TPM]) was analyzed and compared 

between SLE patients and age- and sex-matched healthy controls.  SLE patients were then 

divided in those expressing a low or high I-IFN signature, determined by analyzing the 

principal component analysis of 27 ISGs, and the expression of (c) IL27 and (d) IL10 gene 

expression was compared to age- and sex-matched healthy controls (HC). Statistical 

significance was calculated by Mann-Whitney test in (a) and (b), and by ANOVA with 

post-hoc Tukey’s multiple comparison test in (c) and (d). Individual samples, averages and 

SE are shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns means not 

significant. 
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These results strongly suggest that in human SLE the I-IFN signature is associated 

with higher levels of IL-27 and IL-10 and directly stimulate their production. A causative 

link between I-IFNs, IL-27 and IL-10 has been previously proposed in normal immune 

cells (Iyer et al., 2010; Stumhofer et al., 2007). Our results in murine lupus cDCs suggest 

that excess IFN leads to overproduction of IL-27 and IL-10 in parallel. We propose that 

the induction of IL-10 and IL-27 by I-IFNs is a physiological mechanism that regulates the 

expression of these cytokines and the abnormally high levels of I-IFNs in SLE patients lead 

to intrinsic IFN priming of IL-27 and IL-10 over-production. 

In conclusion, we propose that murine lupus cDCs overproduce IL-10 and IL-27 as 

the result of an I-IFN-IL-27/IL-10 molecular network that is highly active in lupus cDCs.  

Importantly, we show that the same axis is present in SLE patients. Clinical trials focused 

on neutralizing type I IFN-IFNAR (IFNα (Sifalimumab, Rontalizumab, IFNκ and 

Anifrolumab) have not consistently been able to reduce disease severity in SLE patients 

(Furie et al., 2017; Lauwerys et al., 2014; Riggs et al., 2018). Our results suggest that I-

IFN blockade, by suppressing IL-27 and IL-10, may have opposite effects on lupus disease: 

it may block the promotion of autoantibodies but also suppress anti-inflammatory 

mechanisms. We speculate that future analyses of results from clinical trials utilizing anti-

IFNAR antibodies in SLE patients (Morand et al., 2018) would benefit from examining the 

effects on IL-27 and IL-10 production, and the opposite effects that these cytokines have 

on the immune response in SLE. 
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CHAPTER 4 

BACTERIAL AMYLOIDS FROM BIOFILMS BREAK TOLERANCE IN LUPUS BY 

TRIGGERING BCR AND TLR SIGNALING IN B CELLS 

Abstract 

Infections are considered pathogenic in the autoimmune disease systemic lupus 

erythematosus (SLE), but the mechanisms remain unknown. We have previously shown 

that the natural complex amyloid curli/DNA, present in bacterial biofilms, induces 

autoantibodies in lupus-prone and wild type (WT) mice, suggesting that curli/DNA 

complexes may be involved in SLE pathogenesis. Here, we show that curli/DNA activates 

B cells in vivo in WT mice and in higher numbers in 3H9 mice, which carry anti-DNA 

transgenic B cells. Curli/DNA activated naïve B cell non-canonical NFB pathway, 

downstream of BCR/TLR, aicda and triggered isotype switching without T cell help in 

vitro. Curli-producing bacteria induced autoantibodies in CD40L-/- mice, which lack T cell 

help, without changes in Germinal Centers, even in WT mice. Our results suggest that the 

fibrillar structure of curli/DNA complexes triggers anti-DNA antibodies by simultaneous 

BCR/TLR stimulation and explain how anti-DNA autoantibodies are triggered despite the 

inability of T cells to recognize DNA.  
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Introduction 

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by 

the production of autoantibodies (autoAb) directed against ubiquitous self-antigens, many 

of which are nuclear autoantigens like dsDNA and chromatin (Pisetsky, 2016). While the 

repertoire of the autoAb is well characterized, how autoreactive B cells escape tolerance is 

not fully understood.  Although the disruption of B-T cell interaction delays lupus (Giles 

et al., 2015; Peng et al., 1998), T cells cannot recognize naked DNA , questioning the role 

of T cells in this process the breakdown of B cell tolerance to DNA in lupus. 

Genetics play a prominent role in lupus pathogenesis: genome wide association 

studies (Chung et al., 2011; SLEGEN et al., 2008) and murine models of SLE support 

genetic drivers of the disease (Morel, 2010; Morel et al., 2000). However, concordance of 

SLE in monozygotic twins is only 30-40% (Connolly and Hakonarson, 2012), and disease 

incidence in genetically identical mice varies between animal housing facilities (Yoshida 

et al., 2002), suggesting that environmental factors also play an important role in lupus 

pathogenesis. 

One possible environmental factor is infections. They are a major cause of 

morbidity and mortality in SLE patients: 95% of infections leading to hospitalization are 

bacterial (Feldman et al., 2015). Urinary tract infections, soft tissue infections, and 

pneumonia are common in patients with SLE and present a higher co-morbidity than in 

patients without SLE (Nieves and Izmirly, 2016). Furthermore, patients with SLE are more 

prone to systemic infections by enteric organisms including Salmonella enterica (Nieves 

and Izmirly, 2016; Pablos et al., 1994; Tsai et al., 2007). Although these bacterial infections 
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may contribute to flares by inducing cell death and inflammation (Mevorach et al., 1998), 

the exact pathogenic mechanism remains unknown. 

Most human bacterial pathogens, as well as many commensals, thrive in structured 

communities called “biofilms” (Donlan and Costerton, 2002). Biofilms protect bacteria 

from foreign insults such as antimicrobial peptides and antibiotics (Donlan and Costerton, 

2002; Johnson et al., 2013), leading to persistent bacterial colonization and possibly 

systemic infections (Chen and Wen, 2011). 

We have shown that curli, a bacterial amyloid produced by Enterobacteriaceae like 

Salmonella enterica serovar Typhimurium (S. Typhimurium) and Escherichia coli (E. coli) 

during the generation of biofilms (Barnhart and Chapman, 2006; Chapman et al., 2002), 

combines with DNA to form immunogenic curli/DNA complexes (Gallo et al., 2015). 

Purified curli is a natural curli/DNA complex here referred to as curli/DNA. We showed 

that both bacterial and eukaryotic DNA can promote the fibrillization of curli into amyloid 

and form strong bonds that make DNA resistant to DNAse. Systemic administration of 

curli/DNA induces autoAb production in lupus prone and WT mice. Furthermore, infection 

with S. Typhimurium or E. coli that expresses curli, but not curli negative bacteria, 

accelerates autoAb production in lupus prone mice (Gallo et al., 2015), suggesting 

curli/DNA may provoke autoimmunity during enterobacterial infections. However, the 

mechanism by which B cell tolerance is lost remained unexplored.  

 Dual engagement of BCR/TLR can activate B cells (Lau et al., 2005; 

Leadbetter et al., 2002) and induce isotype switching of naïve B cells in a T-independent 

(TI) manner (Pone et al., 2012). Furthermore, the protective antibody (Ab) response to S. 
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Typhimurium infections does not follow a textbook Ab response, rather it results from 

extrafollicular B cell activation through a process that is in part CD40L or TCRβ 

independent, suggesting a direct activation of B cells that does not require T cell help 

(Cunningham et al., 2007; Di Niro et al., 2015). We therefore hypothesized that the anti-

DNA Ab response induced by curli-producing S. Typhimurium or E. coli may follow a 

similar route of B cell activation. 

 Curli/DNA has a repetitive fibrillar structure (Barnhart and Chapman, 

2006), which might cross-link specific BCRs, and can activate TLR2 and TLR9 (Tursi et 

al., 2017). Therefore, we hypothesized that curli/DNA induces anti-dsDNA autoAbs by 

activating the isotype switch of anti-dsDNA B cells through dual engagement of 

BCR/TLRs in absence of T cells. Indeed, we found that curli/DNA induces TI isotype 

switching in a small population of naïve WT B cells in vitro, and in larger numbers of 

transgenic B cells specific for DNA. Finally, we found that in vivo curli/DNA injections or 

infection with curli-producing bacteria can break tolerance to DNA in CD40L (aka CD154) 

deficient mice, which lack T cell help. These results suggest that TI B cell responses to 

bacterial biofilms may be an environmental trigger of SLE. 
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Material and Methods: 

Mice 

C57BL/6J (B6) and B6.129S2-Cd40lgtm1lmc/J (CD40L-/-) mice were purchased from 

Jackson Laboratory. VH3H9 site-directed transgenic mice (3H9) were generated in the 

Weigert lab (Chen et al., 1995) and given to us from the Caricchio Lab (Jog et al., 2012). 

Mice were bred and maintained in our animal facility in specific pathogen free conditions 

(SPF). Studies were performed in accordance with a protocol approved by the Institutional 

Animal Care and Use Committees of Temple University, a member of the American 

Association for the Accreditation of Laboratory Animal Care–accredited facilities. Age-

matched female and male mice were used between 8 and 12 weeks of age. 

B Cell Isolation 

In vitro experiments: Splenic B cells were isolated using one of two methods: 

mechanical disruption of spleens without ACK lysis buffer, then positive selection with 

anti-CD45R (B220) MicroBeads from Miltenyi Biotec or negative selection with EasySep 

Mouse B Cell isolation kit supplemented with Rat anti-mouse CD43 Biotin (eBioR2/60: 

eBioscience). B cell purity (routinely >98%) was confirmed by flow cytometry.  

B Cell Culture 

Sorted B cells were labeled with the cell proliferation dyes CFSE (Promokine) or 

Cell Trace Violet (CTV: Invitrogen) in distinct experiments. B cells were cultured in RPMI 

1640 medium (Corning Cellgro) supplemented with 10% FBS (Gemini Bio-Products) and 

55 M 2-ME (Life Technologies) and stimulated for 48h or 96h with 10 μg/mL of curli, 

10 μg/mL of LPS (Sigma-Aldrich) or 10 μg/mL of CpG-B 1826 (IDT Biotechnologies). 
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Curli was purified as described previously (Collinson et al., 1991). Purified curli is always 

a natural curli/DNA complex. 

Flow Cytometry 

Spleens were reduced in single cell suspension by mechanical disruption through a 

100um filter, treated with ACK lysing buffer (Quality Biologicals) and splenocytes were 

then stained by flow cytometry for in vivo experiments. Splenocytes were stained with 

either FVD780 (eBioscience) prior to antibody staining or stained with 7AAD (BD-

Bioscience) after primary staining to assess cell viability. Samples were then incubated 

with FcR blocker rat anti-mouse CD16/32 (2.4G2) from Biolegend. B cells were initially 

stained with anti-IgG isotype subclass Abs and then washed and stained with lineage 

markers. Isotype cross adsorbed goat anti-mouse IgG3 PE-Cy7, IgG2c
 APC, and IgG2b PE 

or PE-Cy7 from Southern Biotech or IgG1 APC (X56: BD Bioscience) were utilized to 

differentiate different IgG isotypes. Rat anti-mouse Ig λ1 Light Chain-Biotin (R11-153:BD 

Bioscience) or κ cross adsorbed goat anti-mouse λ-FITC (Southern Biotech) were utilized 

to stain B cells sorted with Miltenyi Biotec or EasySep B cell sorting kits, respectively, due 

to presence of biotin in EasySep kits. Surface staining was performed with rat anti-mouse 

IgD APC (11-26c) and rat anti-mouse CD86 PE (GL1) from eBioscience or rat anti-mouse 

GL7 FITC (Gl7), rat anti-mouse B220 PerCPCy5.5, APC or APC-H7 (RA3-6B2), rat anti-

mouse CD138 PE (281-2) from BD Bioscience. Biotinylated abs were conjugated with 

Streptavidin -APC-Cy7, -APC or -PE-Cy7 (BD Bioscience). In select experiments, in 

which FVD780 was used as viability staining, cells were fixed with 1% formaldehyde. 

Data was acquired on a BD Canto or LSRII flow cytometer (BD Bioscience). FlowJo 
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version 10 (FlowJo LLC, Tree Star, Ashland, OR, USA) software was used for data 

analysis. Proliferation analysis of B cells by CFSE or CTV utilized Proliferation Modeling 

in FlowJo version 10 to set proliferation gates (G0 to G5). Initial B cells is calculated by 

=∑ 𝐺𝑖/(𝑖
2)𝑛=6

𝑖=0 . Fraction of cells that divided is calculated as = (Initial B cells – G0/02) / 

(Initial B cells). 

Western Blot 

Western analysis was performed on lysates of purified B cells after 48h stimulation 

with curli, LPS or PBS. 30 μg of protein was run on a Nupage 10% BIS-Tris gel 

(Invitrogen) before transfer to a PVDF membrane. Membranes were blocked with 5% BSA 

(Gemini) in TBST and then incubated with rabbit anti- p52/p100 (Cell Signaling) and 

mouse anti-GAPDH (6C5: EMD Millipore) followed by donkey anti rabbit (800) or mouse 

(680) IRDye (Li-Cor Biosciences). Proteins were visualized with an Odyssey Infrared 

Imaging System and analyzed with Image Studio Lite version 5.2 (Li-Cor Biosciences). 

Quantitative RT-PCR  

Gene expression was analyzed by quantitative real-time RT-PCR in technical 

triplicates using TaqMan probes, as described previously (Sriram et al., 2012a; Xu et al., 

2016). Briefly, total RNA was extracted using Qiagen RNeasy Plus kit (Qiagen) following 

the manufacturer’s protocols. cDNA was synthesized using the cDNA archive reverse 

transcription kit (Life Technologies). TaqMan primers for aicda were purchased from 

Applied Biosystems. Cyclophilin was used as the reference gene for normalization. The 

cycle threshold (Ct) method of relative quantification of gene expression was used for 
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analysis (Ct), and the normalized Ct values (against cyclophilin) were calibrated against 

the control sample in each experiment. 

Bacterial Strains, Culture Conditions and Infections 

E. coli MC4100 and its isogenic csgA mutant were kindly provided by Dr. Matthew 

Chapman (Chapman et al., 2002). E.coli Nissle 1917 was first described by Alfred Nissle 

(Nissle, 1957) and its isogenic csgA mutant, which cannot express curli, was described 

previously (Gallo et al., 2015). Bacteria were grown overnight in LB broth, supplemented 

with 100 μg/mL kanamycin (Sigma) when appropriate. Overnight preparations were grown 

in biofilm forming conditions on T-media, before being injected in mice. Overnight 

preparations were grown on YESCA agar supplemented with 40μg/ml Congo Red (Sigma) 

and 20μg/ml Coomassie Brilliant Blue G250 (Calbiochem) to be phenotyped in vitro. 8-

12-week-old C57BL/6J (B6) or CD40L-/- were injected i.p. with 105 CFU of E. coli 

MC4100 or its isogenic csgA mutant once a week for 4 weeks. 3H9 mice were injected i.p. 

with 50μg curli or PBS twice per week for 4 weeks. Mice were bled once a week following 

the first injection. Pictures of biofilms grown on YESCA agar supplemented with 40μg/ml 

Congo Red (Sigma) and 20μg/ml Coomassie Brilliant Blue G250 (Calbiochem) were taken 

with a Galaxy S5 (Samsung). 

Detection of Autoantibodies 

Anti-dsDNA Abs were measured by ELISA as previously described (Sriram et al., 

2012a). Briefly, plates were coated with 0.01% Poly L-lysine (Sigma Aldrich) then with 

2.5 μg/ml calf thymus-derived dsDNA (Invitrogen) in borate-buffered saline overnight. 

Following addition of blocking buffer (3% BSA and 1% Tween 80 in borate-buffed saline), 
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serum samples (diluted 1/250 in 0.4% Tween 80 and 0.5% BSA in borate-buffed saline) 

were added in duplicate and incubated overnight at 4°C. Biotinylated goat anti-mouse IgG 

Fcγ fragment specific (Jackson ImmunoResearch) was used as the secondary antibody. The 

ELISA was then developed with Avidin alkaline phosphate (Sigma) followed by pNPP 

(Sigma) and read on a VERSA max microplate reader with SoftMaxPro 6.5 software 

(Molecular Devices). Sera from naïve B6 mice and old lupus-prone Sle1,2,3 mice were 

tested in each ELISA as negative and positive controls, respectively. 

Statistical Analysis 

Prism software (GraphPad) was used for statistical analysis. Two-way ANOVA 

with Tukey or Sidak multiple comparison correction were used when comparing 

autoantibody levels in mice over time. One-way ANOVA followed by Tukey multiple 

comparison correction was utilized when comparing responses with different stimulations. 

P-values p <0.05 were considered significant. * represents p < 0.05. ** represent p < 0.01. 

*** p < 0.001. 
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Results and Discussion 

Curli/DNA Activates Polyclonal Ab-Producing B Cell Populations In Vivo 

Injection of purified curli/DNA (a natural curli/DNA complex) and infection with 

curli-producing bacteria induce production of anti-dsDNA autoAbs and anti-chromatin 

autoAbs in C57BL/6 (B6) mice (Gallo et al., 2015). To begin understanding the mechanism 

underlying the loss of B cell tolerance, we investigated the B cell response to curli/DNA 

in vivo. We injected curli/DNA intravenously (i.v.) in WT B6 mice, every other day for 4 

days, and then analyzed the activation of splenic B cells by flow cytometry. We purified 

curli/DNA from biofilms generated by S. Typhimurium msbB mutant, eliminating the 

possibility of contaminating LPS triggering TLR4 (Tükel et al., 2005; Tursi et al., 2017). 

Curli/DNA did not significantly affect the total numbers of B cells (Fig 1A) their 

expression of costimulatory molecules (not shown), nor the number of GL7+ B cells, a 

marker of B cell activation (Fig 1B). These GL7+ cells were significantly more positive for 

CD86 than in control mice (Fig 1C). Such B cell activation accompanied the significantly 

higher number of plasma-blasts (Fig1D) and plasma cells (Fig1E) upon curli/DNA 

exposure. Both of these Ab-producing populations contribute to lupus disease in murine 

models (Hoyer et al., 2004). We compared curli/DNA with the well-known B cell stimulus 

LPS and found that LPS induced a similar though more potent activation, suggesting that 

curli/DNA specifically activates WT B cells at early time points in vivo and push them to 

differentiate into plasma cells.  
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Figure 4.1 Curli/DNA Activates Antibody-Producing B Cell Populations In Vivo 

 

 

WT C57BL/6 mice were injected i.v. on day0 and 2 with PBS (White), 10μg of 

curli/DNA (Gray) or 10μg of LPS (Red). Spleens were harvested and stained on day4. (A) 

Total cell numbers were quantified by hemocytometer and B cells were distinguished by 

flow staining: Singlets /Live Cells /Scatter/B220+. B cell subsets were further quantified 

by flow analysis: (B) numbers of B220+/ GL7+ cells, (C) % of CD86+ cells among the 

B220+/ GL7+ cells, (D) numbers of CD138+ B220+ plasma-blasts and (E) numbers of 

CD138+ B220- plasma cells. Mean and SD from 3 or 4 mice. Significance between groups 

was determined by One-way ANOVA followed by Tukey multiple comparison. *p < 0.05, 

**p < 0.01, ***p < 0.001. 
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Curli/DNA Induces Potent Activation and Isotype Switching of B Cells in the Absence of 

T cells In Vitro.  

To determine if T cells are required to mount a B cell response to curli/DNA, we 

tested in vitro if curli/DNA can directly activate purified B cells from B6 mice. We 

stimulated naïve B cells to exclude pre-activated memory B cells and found that curli/DNA 

induced several rounds of mitosis without T cells in culture (Fig 2A-B). Curli/DNA also 

stimulated significant up-regulation of the activation markers CD86 (Fig 2A, 2C), MHCII 

(Fig 2D) and CD69 (Fig 2E). Considering that in average 50 % of the B cells proliferated 

at least once and 70% upregulated CD86, our data suggests that B cells can respond to 

curli/DNA as a polyclonal stimulus. 

Previous studies have shown that dual engagement of BCR and TLR can lead to 

activation of rheumatoid factor-producing B cells (Leadbetter et al., 2002) and TI isotype 

switching by LPS (Pone et al., 2012). Given the repetitive fibrillar structure of curli/DNA 

(Chapman et al., 2002; Otzen and Nielsen, 2008), and its ability to signal through TLR2 

and TLR9 (Tükel et al., 2010; Tükel et al., 2005; Tursi et al., 2017), we tested if curli/DNA 

could induce TI isotype switching. 

  



108 

 

Figure 4.2. Curli/DNA Induces Potent Polyclonal Activation and Isotype Switching of B 

Cells in the Absence of T Cells In Vitro. 
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Naïve B cells from B6 spleens were isolated with EasySep Mouse B cell Isolation 

Kit supplemented with anti-CD43-Biotinylated Abs. B cells were labeled with cell 

proliferation dye CFSE then stimulated with curli/DNA (Gray: 10μg/mL), LPS (Red: 

10μg/mL) or CpG-B 1826 (Blue: 10μg/mL) or PBS (White). After 96 hours, cells were 

harvested and stained and analyzed by flow cytometry: singlets/Scatter/Live 7AAD-

/B220+/CD86, CD69, MHCII, and CFSE vs IgG3, IgG1, or IgG2b. (A) Representative plot 

of CFSE against CD86 for B cells stimulated with curli/DNA, LPS or CpG-B. (B) 

Quantification of B cells that divided based on CFSE analysis. Quantification of the 

percentage of B cells that are (C) CD69 or (D) CD86 positive. (E) Median frequency of 

intensity of MHCII on B cells. (F) Representative plots of CFSE against IgG2b for B cells 

stimulated with curli/DNA, LPS or CpG-B. Quantification of (G) IgG3, (H) IgG1, or (I) 

IgG2b isotype positivity in dividing B cells (CFSELow). Mean + SD represent 4-9 mice 

from 2-4 independent experiments. Significance between stimulation groups was 

determined by One-way ANOVA followed by Tukey multiple comparison.   *p < 0.05, 

**p < 0.01, ***p < 0.001. 

 

 

 

Indeed, curli/DNA induced approximately 12% of naïve B cells, most of which also 

had proliferated (CFSELow), to express surface IgG3, IgG1, or IgG2b, in similar numbers 

to LPS (Fig 2G-I). We cultured the naïve B cells in minimal media (RPMI, FBS, 2-Me) 

with no cytokine supplementation to ensure that the isotype switching was not a culture 

artifact. B cells stimulated with CpG, short oligonucleotides that cannot cross-link BCRs, 

did not isotype switch, showing frequencies of IgG+ cells similar to PBS B cells. (Fig 2G-

I). These data indicate that curli/DNA can induce TI isotype switching in vitro in a small 

population of naïve B cells and suggest that curli/DNA can simultaneously stimulate BCR 

and TLR in WT B cells. 
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Curli/DNA Induces AID and Isotype Switching of Anti-DNA B Cells in a TI Manner. 

As curli/DNA induced TI isotype switching of B6 B cells (Fig 2), we hypothesized 

that some of the BCRs of these polyclonal B cells are recognizing curli protein and while 

others recognize DNA. The latter could stimulate autoreactive B cells by molecular 

mimicry and lead to loss of self-tolerance. 

To study if anti-DNA BCRs can recognize DNA in the curli, we utilized a VH3H9 

site-directed transgenic mouse (3H9) model generated in the Weigert lab (Chen et al., 

1995). The original 3H9 heavy chain, derived from an MRL/lpr mouse (Shlomchik et al., 

1987), plays a dominant role in binding ssDNA, dsDNA and cardiolipin. Endogenous light 

chain pairing increases the affinity to DNA and in a nonautoimmune background, such as 

the 3H9 model that we utilize, results in B cell anergy (Chen et al., 1995; Ibrahim et al., 

1995; Mandik-Nayak et al., 1997), which can be broken by a strong T cell stimulus 

(Sekiguchi et al., 2002). We hypothesized that curli/DNA has the same effect. 

BCR-signaling and TLR-signaling can synergize to induce Activation-Induced 

Cytidine Deaminase (AID), the master regulator of isotype switching, without T cell help 

via non-canonical NFB activation (Pone et al., 2012) We therefore tested if curli/DNA 

can induce non-canonical NFB in splenic B cells from B6 and 3H9 mice. Curli/DNA and 

LPS induced similar levels of p100 in both B6 and 3H9 B cells (Fig 3A, C), while p52 was 

significantly increased only by curli/DNA in 3H9 B cells or by LPS in B6 B cells (Fig 3B, 

C). Despite these differences in p52/p100, both curli/DNA and LPS induced aicda, the 

gene encoding AID, equally in 3H9 and B6 B cells (Fig 3D). Interestingly, curli/DNA 

induced much higher levels of IgG2b (60%) in the λ1+ 3H9 B cells, which recognize 
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dsDNA, than in λ1- 3H9 (11%), which contain a heterogenous population of autoreactive 

BCRs (Fig 3E, H) (Ibrahim et al., 1995; Mandik-Nayak et al., 1997), or B6 B cells. A 

significant but modest induction of curli/DNA specific isotype switching was also seen 

with IgG3 (Fig 3F) but not with IgG2c (Fig 3G). These results indicate that BCRs specific 

for DNA can recognize DNA in curli, activate the signaling pathways stimulating isotype 

switch, and upregulate surface IgG without T cell help, preferentially IgG2b that is 

pathogenic in many models of murine lupus (Ehlers et al., 2006; Gallo et al., 2015; 

Krishnan et al., 2012).  

Unexpectedly, LPS induced significant IgG2b isotype switching in λ1+ 3H9 B cells 

too (Fig 3H), albeit less than curli/DNA. One possibility is that the negative charge of LPS 

may resemble the DNA charge and engage anti-dsDNA BCRs. Alternatively, it has been 

shown that immune complexes, formed with chromatin from dying cells, can dual engage 

BCR and TLRs (Leadbetter et al., 2002). Although dead cells are gated out in our analysis, 

a portion of B cells die in culture and, without scavenger cells, become post-apoptotic, thus 

their shed DNA may activate λ1+ 3H9 B cells by crosslinking BCRs of B cells stimulated 

by LPS via TLR4. A similar effect may also increase the potency of curli/DNA, while 

chromatin alone cannot accomplish this activation, as seen in PBS conditions (Fig 3F-H). 

In conclusion, our results indicate that in vitro, without T cell help, curli/DNA induces 

more IgG2b isotype switching in anti-DNA specific B cells than in polyclonal B cells. 

These results suggest that curli/DNA can be a source of immunogenic DNA to stimulate 

autoreactive B cells and break tolerance in lupus. 
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Figure 4.3. Curli/DNA Induces AID and Isotype Switching of Anti-DNA B Cells in a TI 

Manner. 

 

Naïve B cells from spleens of C57BL/6 and 3H9 mice were stimulated for (A-D) 

48h or (E-H) 96h with curli/DNA (Gray: 10μg/ml), LPS (Red: 10μg/ml) or PBS (White) 

control.  Non-canonical NFκB signaling was assessed by p100 (A,C) and p52 (B, C) 

protein levels by western blot. Samples fluorescence were normalized to GAPDH with B6 

PBS control set to 1. (C) One representative blot of p52/100 (Green) and GAPDH (Red). 

(D) AID gene expression (aicda) was analyzed by qRT-PCR. (E-H) After 96 hours, CFSE 

(or Cell Trace Violet) labeled B cells were harvested, stained and analyzed by flow 

cytometry: singlets/Scatter/Live 7AAD-/B220+/ λ1+ and λ1- (Or λ+/-)/ CFSE vs IgG3, 

IgG2c, or IgG2b. (E) Representative plots of CFSE against IgG2b for B cells stimulated 

with curli/DNA. Quantification of (F) IgG3, (G) IgG2c, or (H) IgG2b isotype positivity in 

dividing B cells (CFSELow or Cell Trace VioletLow). Mean + SD represent (A-C) 3 mice or 

(D) 2 mice. (F-H) Mean + SD represent technical triplicates from 1 of 2 representative 

experiments. Significance between stimulation groups was determined by One-way 

ANOVA followed by Tukey multiple comparison.   *p < 0.05, **p < 0.01, ***p < 0.001. 
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Curli/DNA Activates DNA-Specific B Cells In Vivo. 

To determine if curli/DNA can activate autoreactive B cell in vivo, we injected 

curli/DNA or LPS i.v. in 3H9 mice. After 96 hours, there was no difference in total λ1+ 

3H9 B cell number in the PBS, curli/DNA or LPS-treated group, while curli/DNA and LPS 

expanded the λ1- 3H9 B cell population (Fig 4A). Upon assessing activation markers GL7 

and CD86, we found that curli/DNA, but not LPS, induced a significant increase in the 

number of GL7+ and CD86+ GL7+λ1+ and λ1- 3H9 B cells in vivo (Fig 4B-C), suggesting 

that curli/DNA can stimulate both anergic and not anergic anti-DNA B cells.  

Finally, weekly injections of curli/DNA in 3H9 mice induced the secretion of anti-

dsDNA Abs. Since 3H9 anti-DNA B cells are tolerized and very few autoAbs are 

constitutively produced, these results strongly support the concept that curli/DNA can 

break tolerance to DNA (Fig 4E). 

Since we utilized (Fig 1-4) curli/DNA produced by a mutant bacterium expressing 

a Lipid A that cannot signal through the TLR4-CD14-MD2 complex (Tükel et al., 2005), 

it is unlikely that LPS plays a major role in the in vivo autoAb induction by curli/DNA. 
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Figure 4.4 Curli/DNA Activate DNA-Specific B Cells In Vivo. 

 

3H9 mice were i.v. injected on d0 and 2 with PBS (White), 10μg of curli (Gray) or 

10μg of LPS (Red). Spleens were harvested and stained on d4. Cell numbers were 

determined by hemocytometer. B cells are distinguished by flow staining: Singlets /Live 

Cells /Scatter/(A) B220+/ λ1+ and λ1-. B cell activation within λ1+ and λ1- groups were 

further analyzed for (B) GL7+, (C) CD86+ and (D) GL7+/CD86+. (A-D) Mean and SD 

represent 2 or 3 mice per group. (E) 3H9 mice were i.p. injected with 50μg curli (closed 

circle) or PBS (open square) twice per week for 4 weeks. Serum was collected once per 

week and anti-dsDNA Ab were assessed by ELISA. Dotted horizontal line represents 2 

standard deviations above the result of sera from 4 naive B6 mice. Mean and SD represent 

6 (curli) or 3 (PBS) mice. Significance was determined by (A-D) One-way ANOVA or (E) 

Two-way ANOVA followed by Tukey multiple comparison.   *p < 0.05, **p < 0.01, ***p 

< 0.001. 
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We have shown that both bacterial and eukaryotic DNA accelerate the fibrillization 

of synthetic curli peptide into amyloid, and that DNA embedded in curli is DNase resistant 

(Gallo et al., 2015). During infection with curli-producing bacteria, host cell death may 

release eukaryotic DNA that could bind to curli and create pathogenic host DNA/curli 

complexes. However, clearance of apoptotic cells and debris is very efficient in the absence 

of gross defects in efferocytosis (Cohen and Caricchio, 2004; Colonna et al., 2014), and 

extracellular DNA is only detectable in cancer and major tissue damage like surgery in 

humans and mice (Jiang et al., 2003; Lo, 2001). Therefore, although cellular DNA and 

chromatin released during cell death in vitro may contribute to DNA specific BCR 

activation (Fig 3), it is unlikely that apoptotic debris in vivo bind to curli in healthy 

individuals. Therefore, we propose that curli carrying prokaryotic DNA can activate 

autoreactive B cells and break tolerance to self-DNA in vivo through molecular mimicry. 

However, during infection with curli-producing bacteria, it may be possible for curli to also 

bind to eukaryotic DNA in vivo to create stable and pathogenic host DNA. 

 

Curli-Producing Bacteria Induce Anti-dsDNA Autoantibodies without CD40L-Mediated 

T Cell Help.  

To determine if our in vitro finding of curli/DNA stimulating TI class switch of 

anti-dsDNA B cells translates to an in vivo model, we injected curli/DNA in CD40L-/- mice, 

in which T cells cannot help B cells and therefore only TI B cell responses can occur. 

Curli/DNA significantly induced anti-dsDNA IgG Abs in CD40L-/- mice, 

confirming the ability of curli/DNA to induce TI autoAbs. As expected, curli/DNA also 

induced anti-dsDNA autoAbs in B6 mice (Fig 5A). Dashed black line and dotted blue line 
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respectively represents 2 standard deviations above pre-injection levels of B6 and CD40L-

/- mice. The difference in these thresholds may be due to IgG autoAbs that B6 mice have, 

as healthy people do (Slight‐Webb et al., 2016), while CD40L-/- mice do not. High serum 

IgG in B6 mice may also contribute to background noise of the ELISA. Nevertheless, of 

the 7 CD40L-/- mice injected, one mouse reached an O.D. equivalent to B6 mice after 3 

weeks of curli/DNA injections. Six CD40L-/- mice did not break the B6 threshold but all 

surpassed the CD40L-/- threshold (dotted blue line) and reached significance at 3 weeks 

(Fig 5A). Therefore, we conclude that curli/DNA can induce TI production of anti-dsDNA 

IgG Abs. The higher magnitude of response in B6 vs CD40L-/- mice may suggest the 

occurrence of a T-dependent (TD) response as well. However, it has been reported that 

SLE patient B cells express high levels of CD40L (Desai-Mehta et al., 1996), dendritic 

cell-B cell CD40-CD40L interaction improves B cell survival in vitro (Wykes and 

Macpherson, 2000) and dendritic cells can promote TI B cell responses in vivo (Balázs et 

al., 2002). Therefore, the higher magnitude in B6 vs CD40L-/- mice may also be due to 

innate B cell CD40L differences. 
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Figure 4.5. Infection with Curli-Producing Bacteria Induces Anti-dsDNA Antibodies in the 

Absence of CD40L-Mediated T cell Help. 
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8-week-old CD40L-/- (Blue solid circle) or B6 mice (Black solid triangle) were 

injected with curli/DNA twice a week for 4 weeks. (A) Anti-dsDNA autoAbs were 

measured by ELISA. Dotted horizontal line represents 2 standard deviations above pre-

infected levels of CD40L-/- (Blue) or B6 (Black). Spleens were harvested after 4 weeks of 

injections. Cell numbers were determined by hemocytometer. B cells are distinguished by 

flow staining: Singlets/Live Cells FVD780-/Scatter/(B,C,H,I,L,M) 

B220+/GL7HighCD95+/IgG2c+ or IgG2b+ and Singlets/Live Cells FVD780-

/Scatter/B220+/IgG2c+ or IgG2b+. (F,G,J,K). (D) T cells are distinguished by flow 

staining: Singlets /Live Cells /Scatter/CD3+CD4+/ICOS+. (N) Pictures of colonies of WT 

(WT CsgA) and curli mutant (ΔCsgA) E. coli MC4100 (Top) and E. coli Nissle (Bottom) 

grown on YESCA broth supplemented with Congo Red and Coomassie Blue in biofilm 

forming conditions over 96 hours. (O) 8-week-old CD40L-/- mice were i.p. injected with 

105 CFU of E. coli MC4100 (Blue solid circle) or E. coli MC4100 ΔCsgA (Blue open 

circle) once a week for 3 weeks and bled once a week before reinfection. Anti-dsDNA 

autoAbs were measured by ELISA. Dotted horizontal line represents 2 standard deviations 

above pre-infected levels. (A-M) N of 3 mice (B6 PBS, B6 Curli and CD40L-/- PBS) or 7 

mice (CD40L-/- curli). (O) N of 3 mice per group. Error bars represent mean and SD. 

Significance was determined by (A, O) Two-way ANOVA comparing each week post 

infection to week 0 with Dunnett multiple comparison or (B, D, F-M) One-way ANOVA 

followed by Tukey multiple comparison. *p < 0.05, ***p < 0.001. 

 

Due to lack of T cell help, we expected that curli/DNA could not induce a proper 

GC response in CD40L-/- mice. Indeed, neither curli/DNA injected nor control CD40L-/- 

mice had splenic GC B cells, identified as GL7+CD95+ B cells (Fig 5B-C). However, 

curli/DNA injection did not increase the number of GC B cells nor the expression of the T 

follicular helper cell marker ICOS in CD4 T cells in B6 mice either, although mice were 

injected for 4 weeks and spleens analyzed three days after the last injection (Fig 5C-D) . 

Despite the significant secretion of autoAbs, CD40L-/- mice did not show any increase in 

B cells expressing IgG2b, or other isotypes, possibly for lack of sensitivity of the assay 

(Fig 5E-G), while in B6 mice curli/DNA increased IgG2b+ B cells (Fig 5E-G), but not 

IgG2b+ GC B cells (Fig 5 H-I). A similar modest increase in IgG2c (Fig 5J-M), IgG1 and 

IgG3 (data not shown) was seen in total B cells but not in GC B cells. As we did not see a 
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significant increase in GC B cells, ICOS, nor IgG2b and IgG2c positivity in GC B cells in 

B6 mice after curli/DNA, we conclude that if curli/DNA induces both a T-dependent (TD) 

and TI response in B6 mice, the TD response is not a GC response. 

Others have shown that infection with S. Typhimurium leads to expansion and 

somatic hypermutation of B cells at extrafollicular sites with minimal GCs (Cunningham 

et al., 2007; Di Niro et al., 2015). Salmonella infection elicited diminished yet activated 

IgG2c+ plasma cells in CD40L-/- mice (Cunningham et al., 2007) and IgG Ab forming cells 

in TCRβ-/- mice (Di Niro et al., 2015) compared to WT mice. The reduction but not ablation 

of IgG+ B cells suggests that B cells can develop both TD and TI responses to S. 

Typhimurium. Since autoreactive B cells were found mostly in extrafollicular sites in 

lupus-prone mice (Fields et al., 2001), our results that curli/DNA induced autoAbs in 

CD40L-/- mice and without GC changes in WT mice suggest that bacterial products can 

induce the extrafollicular promiscuous B cell response that triggers autoimmunity.  

To confirm our findings with an infection model, we infected CD40L-/- mice with 

curli-producing and curli deficient E. coli MC4100 (Bachmann, 1987), a mutant that has 

an intact LPS Lipid A core (Roncero and Casadaban, 1992) but lacks the O-antigen 

polysaccharide (Liu and Reeves, 1994) and cellulose (Biesecker et al., 2018; Serra et al., 

2013), polymers that can crosslink BCRs. To confirm the phenotype, WT and curli mutant 

(ΔcsgA) E. coli MC4100 (Fig 5N Top) were grown on agar supplemented with Congo Red 

and Coomassie Blue. LPS-  and cellulose-producing E. coli Nissle (Biesecker et al., 2018) 

was used as a positive control (Fig 5N Bottom). Curli expressing biofilms absorbed the 

amyloid dye Congo Red and Coomassie Blue resulting in a darker purple (Fig 5N Left) 
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compared to the ΔcsgA curli deficient strains (Fig 5N Right). Furthermore, while the E. 

coli Nissle ΔcsgA biofilm had a wrinkled appearance and a red hue, the E. coli MC4100 

ΔcsgA biofilm maintained a smooth morphology and absent Congo Red and Coomassie 

Blue staining, confirming the LPS and cellulose deficient phenotype. 

Infection with curli producing E. coli MC4100 induced anti-dsDNA Abs in CD40L-

/- mice (Fig 5O). This was not observed in mice infected with the curli mutant E. coli 

MC4100 ΔcsgA. We therefore conclude that curli/DNA, not contaminating LPS, can 

specifically and simultaneously cross-link BCRs and TLRs in vivo necessary to induce 

anti-DNA IgGs without CD40L. 

Patients with Hyper-IgM syndrome (HIGM) show defects in CD40L-CD40 or AID 

pathways and have low serum IgG and defective class switch and somatic hypermutation 

without the classic T cell help to B cells (Fuleihan, 2001). Interestingly, HIGM patients are 

prone to autoimmunity and often exhibit detectable titers of several autoAbs, including 

antinuclear IgM and IgG (Lacroix-Desmazes et al., 1999; Wolpert et al., 1998). Curiously, 

CD40L-/- mice, which are housed in clean facilities and not exposed to many infections as 

people face, do not have any autoimmune phenotype. In contrast, HIGM patients have 

recurring bacterial, viral, and fungal infections because of their immunodeficiency (Gulino 

and Notarangelo, 2003; Quartier et al., 2004), suggesting that infections play a role in their 

autoimmune serology. These epidemiological results, together with our experimental data, 

suggest that tolerance to DNA can be broken by infections carrying bacterial polymeric 

molecules, such as curli/DNA.  
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TLR9 plays a seemingly paradoxical role in lupus. TLR9 can promote tolerance in 

B cells (Nickerson et al., 2013; Pone et al., 2015; Sindhava et al., 2017) and lupus prone 

TLR9-/- mice have worsened disease (Christensen et al., 2006). Since TLR9 can suppress 

TLR7 expression through competition of Unc93b (Fukui et al., 2011), TLR9 deletion may 

worsen disease not for lack of tolerogenic signal but from an overabundance of TLR7. 

Furthermore, TLR9 is required for pathogenic isotype switch of anti-dsDNA Abs in mice 

while TLR7 is required for some anti-RNA autoAbs such as anti-Sm autoAbs (Christensen 

and Shlomchik, 2007; Christensen et al., 2006; Ehlers et al., 2006; Jackson et al., 2014; 

Nickerson et al., 2010), suggesting BCR-TLR co-specificity is required for certain autoAb 

production. BCR/TLR9 engagement by immune complexes leads to B cell proliferation 

but ultimately B cell death unless rescued by additional stimuli (Leadbetter et al., 2002; 

Sindhava et al., 2017). Different CpG sequences or IFNα can further modulate  TLR9 B 

cell response (Uccellini et al., 2008). In curli, DNA is organized into a columnar lattice 

with an inter-DNA spacing that maximizes binding to TLR9 (Gallo et al., 2015; Tursi et 

al., 2017). We propose that simultaneous TLR2 and optimal TLR9 activation by curli/DNA 

provide sufficient stimuli to bypass this peripheral checkpoint. TLR2 is overexpressed in 

SLE patients (Liu et al., 2015) and IgGs against lipoglycan RG-2, a TLR2 ligand, were 

found in patients with lupus nephritis (Azzouz et al., 2019), highlighting a novel role for 

TLR2 in lupus. 

Little is known about autoreactive T cells in lupus. Since T cells cannot directly 

recognize non-peptide antigens like DNA, the possibility exists that autoreactive B cells 

may not require conventional CD40L T cell help in lupus and we have shown results to 
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support this mechanism. We have also shown that curli/DNA activates dendritic cells 

(Gallo et al., 2015) and increases MHCII and CD86 expression on B cells (Fig 2D-F); these 

cells may present curli peptides to T cells that, in turn, can enhance B cell activation in a 

positive feedback loop. Future experiments will address the role of T cells specific for 

bacterial amyloids in helping anti-dsDNA B cells in lupus pathogenesis. 

 Our results suggest that simultaneous BCR/TLR stimulation of autoreactive B cells 

by bacterial amyloid curli can break self-tolerance to DNA and implicate enteric bacterial 

biofilms as a possible environmental cause or trigger of SLE. 

Addendum: Curli/DNA induces anti-dsDNA autoAb independent of IFNAR 

Type I IFN have been shown to play a major role in multiple models of Sle and 

SLE patients have an IFN signature. We have also previously seen that curli/DNA induces 

ISGs (Gallo et al., 2015; Tursi et al., 2017). Therefore, we aimed to determine if type I IFN 

was important for autoAb induction by curli. Surprisingly, preliminary results show that 

anti-dsDNA autoAb induction by curli/DNA complexes is IFNAR independent (Figure 6). 

Although curli injections do not fully mimic infection with live virulent bacteria, these 

results suggest that, at least for the part triggered by curli/DNA complexes, the lupus 

pathogenic type I IFNs are not necessary, with clinical implications that go from a different 

perspective for the role of type I IFNs in lupus pathogenesis to a distinct therapeutic 

approach when we consider infection-driven lupus from more sterile/genetically driven 

disease. Future studies should look at the importance of type I and type II IFN during 

infection with curli-producing bacteria. 
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Figure 4.6. Curli induced Anti-dsDNA autoAb independent of IFNAR  

 

8-week-old B6 (Black solid circle) and IFNAR-/- (Blue open square) mice were 

injected with curli once a week for 4 weeks. Mice were bled once a week and anti-dsDNA 

autoAbs were measured by ELISA. Horizontal dotted line represents 2 standard deviations 

above the average of wild-type at week 0. Vertical dotted line represents the last injection 

of curli. Two-way ANOVA comparing each week post injection to week 0 with Dunnett 

multiple comparison or two-way ANOVA followed by Sidak multiple comparison 

comparing B6 to IFNAR-/- mice ***p < 0.001. 
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CHAPTER 5 

LUPUS PRONE NZBW-F1 MICE HAVE AN ALTERED INNATE AND ADAPTIVE 

IMMUNE REPERTOIRE WHEN EXPOSED TO CHRONIC INFECTION 

Abstract 

Systemic lupus erythematosus (SLE) is a multifaceted disease characterized by 

over activation of the innate and adaptive immune system. Familial and twin studies 

indicate genetics are important but not the only factor involved in the pathogenesis of SLE. 

Human studies suggest the role of Epstein - Barr virus and cytomegalovirus in the 

exacerbation of SLE. However, other human studies show that both viral (HBV) and 

bacterial (H. Pylori) infections may be protective. Murine models studied in traditional 

specific pathogen free (SPF) facilities do not account for environmental factors that SLE 

patients are exposed to.  Studies have reported that resident memory T(TRM) cells in non-

lymphoid tissues are elevated in healthy adult humans compared to children and infants. 

Studies in wild-type murine models confirm that aged mice raised in SPF facilities do not 

develop a robust TRM population in non-lymphoid tissues: co-housing of SPF mice with pet 

store mice is able to rescue this TRM populations to similar levels seen in pet store and feral 

mice. As infiltration and activation of leukocytes exacerbates lupus nephritis and infections 

can trigger autoimmunity, we aimed to determine if co-housing of NZBW-F1 mice with 

non-SPF mice would alter disease course and leukocyte activation. 
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Introduction 

Systemic lupus erythematosus (SLE) is a multifaceted disease characterized by 

over activation of the innate and adaptive immune system. Familial (Niewold et al., 2008; 

Niewold et al., 2007b) and twin studies (Connolly and Hakonarson, 2012) indicate genetics 

are important but not the only factor involved in the pathogenesis of SLE. 

Recently, E. gallinarum and Propionibacterium propionicum were respectively 

found in liver biopsies or skin lesions of SLE patients: healthy mice do not develop autoAb 

to these commensal strains but systemic infection with these strains of bacteria could 

respectively induce anti-dsDNA or anti-Ro60 autoAbs in mice (Greiling et al., 2018; Vieira 

et al., 2018). Secretory IgA (sIgA) plays a critical role at mucosal sites as both a first line 

of defense but also a modulator of the immune system (Mantis et al., 2011). Despite the 

propensity to produce sIgA at mucosal sites, serum IgG Abs to periodontal pathogenic 

bacteria Aggregatibacter actinomycetemcomitans correlate with anti-dsDNA Ab and SLE 

disease activity (Bagavant et al., 2018). Another study reports SLE patients with high renal 

disease activity have 8-fold higher relative abundance of Ruminococcus gnavus in their gut 

microbiome. As expected of an immune response to a gut microbe, fecal Ruminococcus 

gnavus was coated with sIgA in lupus patients. However, lupus patients also had elevated 

levels of fecal IgG compared to healthy controls. Furthermore, high levels of serum IgG 

anti-Ruminococcus gnavus Abs correlated with IgG reactivity against native DNA, human 

glomerular extract and specifically with renal disease: no correlation was found between 

anti-Ruminococcus gnavus Ab and anti-Ro Ab. (Azzouz et al., 2019). Collectively this 
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suggests that specific species of bacteria in humans, when systemic, induce specific 

autoAb. 

As previously discussed in Chapter 4, CD40L-/- mice, which are housed in clean 

facilities and are not exposed to infections, do not have any reported autoimmune 

phenotype. In contrast, despite HIGM patients having defects in isotype switching and 

having low serum IgG, HIGM patients are prone to autoimmune and inflammatory 

disorders and often exhibit detectable titers of several autoAbs, including both IgM and 

IgG antinuclear antibodies (Gulino and Notarangelo, 2003; Jesus et al., 2008; Lacroix-

Desmazes et al., 1999; Wolpert et al., 1998). HIGM patients are prone to severe and 

recurring bacterial, viral, fungal and parasitic infections (Gulino and Notarangelo, 2003; 

Quartier et al., 2004) which may induce these autoAbs. Similarly, patients with SLE are 

more prone to systemic infections by enteric organisms (Nieves and Izmirly, 2016; Pablos 

et al., 1994; Tsai et al., 2007).  Therefore, murine models studied in traditional specific 

pathogen free (SPF) facilities do not account for environmental factors that lead to autoAb 

production. 

Studies have reported that resident memory T(TRM) cells in non-lymphoid tissues 

are elevated in healthy adult humans compared to children and infants (Machado et al., 

1994; Thome et al., 2016; Thome et al., 2014). While it could be hypothesized that age 

alone affects memory T cells, studies in wild-type murine models confirm that aged mice 

raised in SPF facilities do not develop a robust TRM population in non-lymphoid tissues: 

co-housing of SPF mice with pet store mice, which exposes the SPF mice to many 

pathogens and different microbiome, is able to rescue this TRM populations in multiple 
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organs (including the kidney) to similar levels seen in pet store and feral mice (Beura et 

al., 2016). 

Immune complexes were thought to be a primary driver of renal disease in lupus 

(Deocharan et al., 2002; Vlahakos et al., 1992). However, it’s been previously shown that 

although B cells are necessary for disease in MRL-lpr mice, antibody secretion is not: 

MRL-lpr mice with surface Ig, but not secreted Ig, still develop nephritis (Chan et al.) 

suggesting other B cell functions drive GN. Multiple groups have shown that autoreactive 

B cells activate T cells: B cell specific deletion of MHCII in MRL-lpr mice (Giles et al.) 

or WASp-/- mice (Jackson et al.) have reduced T cell function and ameliorated clinical 

disease. B cell specific deletion of IFNγR similarly results in reduced ANA, Tfh response 

and spontaneous germinal centers (Domeier et al.). Conversely, it has been shown that 

autoreactive T cells can activate autoreactive B cells: Autoreactive T cells were able to 

rescue TLR deficient autoreactive B cells (Giles et al.). While curli can induce TI autoAb 

in CD40L-/- mice, CD40L-/- mice do not produce the same level of anti-dsDNA Abs as WT 

mice suggesting that T cell can activate autoreactive B cells in our model. 

Infiltration and activation of leukocytes, specifically DCs and T cells, have been 

shown to exacerbate lupus nephritis (Bagavant and Fu, 2009; Heymann et al., 2009), B cell 

APC function is also important for T cell activation (Domeier et al., 2016; Giles et al., 

2015) and to drive GN in mice (Chan et al., 1999). Therefore, interaction of DCs, T cells 

and B cells, and their infiltration of the kidney may play a role in renal damage. However, 

wild-type mice raised in SPF facilities do not have the robust memory T cell population 

seen in pet store and feral mice (Beura et al., 2016) or healthy adult humans (Machado et 
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al., 1994; Thome et al., 2016; Thome et al., 2014). SLE and HIGM patients are prone to 

severe and recurring infections (Gulino and Notarangelo, 2003; Nieves and Izmirly, 2016; 

Pablos et al., 1994; Quartier et al., 2004; Tsai et al., 2007). While it’s been shown that 

specific infection with curli-producing bacteria can induce anti-dsDNA Abs in CD40L-/- 

mice (Chapter 4 Fig 5) or accelerate ANA in lupus prone mice (Gallo et al., 2015) there is 

also the possibility that chronic exposure to pathogens in infection-prone humans or mice 

may mature the immune system, as seen by (Beura et al., 2016), and it may trigger or 

exacerbate lupus disease in genetically susceptible individuals. 

We therefore aimed to determine if co-housing of NZBW-F1 mice with non-SPF 

mice (See Table 1 for full list of infectious agents carried by these mice) would alter disease 

course and leukocyte activation in lymphatic organs. We found an increase in memory T 

cells as well as transitional and germinal center B cells in spleens of NZBW-F1 mice co-

housed with mice coming from a non-SPF facility, from on called dirty, compared to SPF-

NZBW-F1. Interestingly, dendritic cells had decreased activation phenotype, with lower 

levels of both PD-L1 and CD86 in dirty NZBW-F1 spleens. Collectively, co-housing with 

dirty mice induced a more experienced population of lymphocytes and an 

immature/refractory dendritic cell phenotype in NZBW-F1 mice. Chronic infection 

induced accelerated anti-dsDNA Ab production. Further assessment of tissues is necessary 

to determine T cell infiltrate and renal damage.  
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Material and Methods 

Mice 

24 NZBW-F1 female mice were purchased from Jackson Laboratory. Mice were 

maintained in our animal facility in specific pathogen free conditions (SPF) for clean 

conditions or maintained in a non-SPF housing facility (Basement room in Kresge Hall 

reserved for this experiment to prevent contamination of the main facility) for dirty 

conditions. Three non-SPF housed BALB/c mice were graciously gifted to us from 

University of Cincinnati. One BALB/c mouse was placed in a cage with 4 NZBW-F1 mice 

in the dirty facility. Studies were performed in accordance with a protocol approved by the 

Institutional Animal Care and Use Committees of Temple University, a member of the 

American Association for the Accreditation of Laboratory Animal Care–accredited 

facilities. 

Flow Cytometry 

Spleens were reduced in single cell suspension by mechanical disruption through a 

100um filter, treated with ACK lysing buffer (Quality Biologicals). Mesenteric lymph 

nodes were mechanically dissociated in IMDM or RPMI supplemented with 10% FBS by 

gently pressing them through 100m filter. Bone marrow from tibias and femurs were 

isolated by initial gross dissection. Bone marrow was flushed from the tibias and femurs 

of mice with 25-gauge needle and syringe then passed through a 100μm strainer. Cells 

were stained with FVD780 (eBioscience) prior to antibody staining to assess cell viability. 

Samples were then incubated with FcR blocker rat anti-mouse CD16/32 (2.4G2) from 

Biolegend followed by panel with the following antibodies: FITC-conjugated IgM, GL7, 
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Siglec H, CD8, CD3, or CD69. PE-conjugated CD138, CD24, CD43, CD95, CD86, 

CXCR5 or CD62L. PerCPCy5.5-conjugated B220, PD-L1, or CD44. PE-Cy7-conjugated 

CD23, CD5, CD69, CD11b, or CD4. APC-conjguated IgD, B220, CD11c, ICOS or CD8. 

Cells were fixed with 1% formaldehyde. Data was acquired on a BD Canto flow cytometer 

(BD Bioscience). FlowJo version 10 (FlowJo LLC, Tree Star, Ashland, OR, USA) software 

was used for data analysis. 

Detection of Autoantibodies 

Anti-dsDNA Abs were measured by ELISA as previously described (Sriram et al., 

2012a). Briefly, plates were coated with 0.01% Poly L-lysine (Sigma Aldrich) then with 

2.5 μg/ml calf thymus-derived dsDNA (Invitrogen) in borate-buffered saline overnight. 

Following addition of blocking buffer (3% BSA and 1% Tween 80 in borate-buffed saline), 

serum samples (diluted 1/250 in 0.4% Tween 80 and 0.5% BSA in borate-buffed saline) 

were added in duplicate and incubated overnight at 4°C. Biotinylated goat anti-mouse IgG 

Fcγ fragment specific (Jackson ImmunoResearch) was used as the secondary antibody. The 

ELISA was then developed with Avidin alkaline phosphate (Sigma) followed by pNPP 

(Sigma) and read on a VERSA max microplate reader with SoftMaxPro 6.5 software 

(Molecular Devices). Sera from naïve B6 mice and old lupus-prone Sle1,2,3 mice were 

tested in each ELISA as negative and positive controls, respectively. 

Statistical Analysis 

Prism software (GraphPad) was used for statistical analysis. Two-tailed unpaired t-

test was used to compare Clean and Dirty groups. Ordinary one-way ANOVA with Tukey 

multiple comparison for multiple groups. *p < 0.05, **p < 0.01, ***p < 0.001.  
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Results & Discussion 

Dirty Mice Housing 

It’s been previously shown that mice raised in SPF facilities do not develop a robust 

TRM population in non-lymphoid tissues: co-housing of SPF mice with pet store mice is 

able to rescue this TRM populations in multiple organs (including the kidney) to similar 

levels seen in pet store and feral mice (Beura et al., 2016). We hypothesized that exposing 

NZBW-F1 mice to similar conditions would alter disease course and leukocyte activation. 

Therefore, 24 NZBW-F1 mice were ordered from the Jackson Laboratory and split into 

two groups: one housed in the SPF housing facility (Clean mice: Medical Education and 

Research Building’s central animal facility) and one housed in a non-SPF housing facility 

(Dirty mice: Basement room in Kresge Hall reserved for this experiment to prevent 

contamination of the main facility). Both facilities were managed by university laboratory 

animal resources (ULAR). Three non-SPF housed BALB/c mice were graciously gifted to 

us from University of Cincinnati. One BALB/c mouse was placed in a cage with 4 NZBW-

F1 mice. We chose to perform these experiments with female mice because of the higher 

incidence on lupus in the NZBW/F1 mice and because starting the co-housing of female 

mice that are not coming from the same litter in adult age create less social stress than in 

male mice. Charles River Research Animal Diagnostic Services were used twice: once to 

determine what the dirty BALB/c mice were initially infected with before the co-housing 

and once at the end of the experiment to determine what mice were still chronically infected 

with.  
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Table 5.1. Charles River Research Animal Diagnostic Services Test Results: Molecular 

Diagnostics: Infectious Disease PCR  

  Bug Initial Test Final Test 

LCMV PCR - - 

MAV 1 & 2 PCR - - 

Murine Hepatitis Virus (MHV) PCR + +0/3 

Murine Norovirus (MNV) PCR + + 3/3 

Mouse Parvovirus (MPV/MVM) P - - 

Mousepox (Ectromelia) PCR - - 

MRV (EDIM) PCR - - 

PVM PCR - - 

REO PCR - - 

SEND PCR - - 

TMEV/GDVII PCR - - 

Beta Strep Grp A PCR - - 

Beta Strep Grp B PCR - - 

Beta Strep Grp C PCR - - 

Beta Strep Grp G PCR - - 

C. kutscheri PCR - - 

C. piliforme PCR - - 

C. rodentium PCR - - 

Helicobacter genus + + 3/3 

• H. bilis + +0/3 

• H. ganmani + + 3/3 

• H. hepaticus + + 3/3 

• H. mastomyrinus - - 

• H. rodentium - - 

• H. typhionius - - 

M. pulmonis PCR - - 

P. pneumotropica-Heyl PCR + + 2/3 

P. pneumotropica-Jawetz PCR + + 3/3 

Salmonella Genus PCR - - 

S. pneumoniae PCR - - 

Cryptosporidium PCR - - 

Entamoeba PCR - - 

Giardia PCR - - 

Mite PCR - - 

Pinworm PCR - - 

Spironucleus muris PCR - - 
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Multiple helicobacter species were identified by PCR in BALB/c mice at the 

delivery: Helicobacter bilis, Helicobacter ganmani and Helicobacter hepaticus. 

Helicobacter bilis was no longer detected at 16 weeks while Helicobacter ganmani and 

Helicobacter hepaticus remained in all three cages. Finally, two pathogenic strains of 

Pasteurella pneumotropica, biotype Heyl and Jawetz, were initially detected in BALB/c 

by PCR. Interestingly, only 1 of 3 cages cleared the Pasteurella pneumotropica biotype 

Heyl. 

 

Fecal, oral and fur swabbing was tested by PCR. A summary of the diagnostics is 

in Table 1. BALB/c mice were infected with both murine hepatitis virus and murine 

norovirus on arrival in our facility. However, only murine norovirus persisted after 16 

weeks while murine hepatitis virus was cleared in all 3 cages. 

Dirty Housing Accelerated Anti-dsDNA Ab Production  

Once Clean and Dirty housing was set up, NZBW-F1 mice were bled once every 

other week for 16 weeks then euthanized and anti-dsDNA Ab levels were assessed by 

ELISA. Anti-dsDNA Ab were found to have significantly increased in both groups at week 

14 and 16 weeks by Two-way ANOVA analysis (Fig 1A). No significant difference was 

found between Clean and Dirty mice at terminal time point (Fig 1B). 

With the exception of one (Cage #3) of three dirty cages clearing Pasteurella 

pneumotropica, biotype Heyl by 16 weeks, all three dirty cages had identical results for 

pathogens detected by PCR. The two mice that had high anti-dsDNA Ab in the dirty group 

were from the same cage (Cage #1). High titer was defined as over 1 standard deviation 

above the average of their group. The two dirty mice with intermediate anti-dsDNA Ab (an 

O.D. around 1) were from Cage #2 and Cage #3. Therefore, the clearance of Pasteurella 
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pneumotropica, biotype Heyl in one cage does not look to cause an overt difference in anti-

dsDNA Ab production. 

Incidence of anti-dsDNA Ab in genetically identical NZBW-F1 mice varies 

between animal housing facilities: 29% in 6-7 months old NZBW-F1 in virus free, barrier 

at University of North Carolina; 44% in 6-7 months old NZBW-F1 in MHV free, barrier 

at University of Florida or 5-10 months old NZBW-F1 in 88% in conventional housing at 

University of Cincinnati (Yoshida et al., 2002). In our facility, only 25% (3/12) of Clean 

NZBW-F1 and 16.67% (2/12) Dirty NZBW-F1 developed very high titers of anti-dsDNA 

Ab at 25 weeks of age. (R.I.P. E2 project.) The difference between 2 or 3 of 12 mice having 

high anti-dsDNA Ab is likely a stochastic difference and not due to housing differences. 

When high and low anti-dsDNA Ab groups were analyzed separately, dirty 

conditions were found to have significantly higher anti-dsDNA Ab within each group (Fig 

1C, D). Therefore, while housing condition did not affect whether NZBW-F1 mice were 

anti-dsDNA Ab high or low, dirty conditions subtly enhanced anti-dsDNA Ab production. 

NZBW-F1 mice are reported to develop splenomegaly, a sign of immune dysregulation 

(Richard and Gilkeson, 2018). Interestingly, despite having higher levels of anti-dsDNA 

Ab, dirty mice had significantly fewer total cells in the spleen (Fig 1E). These results 

suggest that encountering acute and chronic infections in adult live increases the levels of 

lupus autoantibodies though this exacerbation was not due to increased leukocyte numbers. 
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Figure5.1. Dirty Housing Accelerated Anti-dsDNA Ab Production of NZBW-F1 Mice  

 

 

24 8-week-old NZBW-F1 mice were ordered from Jackson Laboratory. At 9-

weeks-old, NZBW-F1were split into two groups and housed in clean (black closed circle) 

or dirty (gray open circle) conditions and bled once every other week for 16 weeks. (A-D) 

Anti-dsDNA Ab were assessed by ELISA. (A) Time course of anti-dsDNA Ab over 16 

weeks. (B-D) Anti-dsDNA Ab at terminal bleed. (C) High titers of Anti-dsDNA Ab at 

terminal bleed. (D) Low titers of Anti-dsDNA Ab at terminal bleed. Dotted horizontal line 

represents 2 standard deviations above the average O.D. at week 0. Mean and SD from 12 

mice. (E) Mice were euthanized at 16 weeks. Total spleen cell numbers were quantified by 

hemocytometer. (A) Significance was determined by Two-way ANOVA followed by 

Dunnet multiple comparison comparing each cell mean with the control cell mean of that 

column (week 0). (B-E) Two-tailed unpaired t-test was used to compare Clean and Dirty 

groups. *p < 0.05, **p < 0.01 
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Dirty Mice had Decreased DC Populations with an Exhausted Phenotype 

Analysis of splenic leukocytes by flow cytometry revealed a decrease in the percent 

of three different DC populations in dirty mice compared to clean mice. The percent of 

splenic pDC and CD8α+ DC were significantly lower in dirty mice compared to clean mice 

(Fig 2A, B). In contrast, no difference in percent of splenic cDC were found (Fig 2C). 

However, due to decreased number of total cells in the spleens of dirty mice (Fig 1E), the 

total absolute number of pDC, lymphoid DC and cDC populations were significantly lower 

in dirty mice compared to clean mice (Fig 2D, E, F). DCs play an important role in 

modulating the immune system (Banchereau and Steinman, 1998): Multiple DC subsets, 

including pDCs, CD8α+ DC and cDC, have been shown to suppress T cell function by 

inducing anergy in CD4 T cells or promoting differentiation of regulatory T cells (Kuwana, 

2002). Furthermore, Programmed death one (PD-1), a co-inhibitory regulator expressed by 

DCs, can inhibit CD8 T cell function (Lim et al., 2015). However, DCs also express co-

stimulatory molecules (signal 2), such as CD86 (Caux et al., 1994), that in conjunction 

with antigen presentation via MHCII (signal 1) and pro-inflammatory cytokines (signal 3) 

have been shown to activate T cells and promote their differentiation into mature CD4 

helper and CD8 cytotoxic T cells (Banchereau and Steinman, 1998; Mosmann and 

Coffman, 1989). Splenic pDC, CD8α+ DC and cDC populations had significantly lower 

levels of both PD-1 (Fig 2G-I) and CD86 (Fig 2J-L) in dirty mice compared to clean mice, 

suggesting that the main subsets of DCs are less available in numbers and in costimulatory 

signals to further affects T cells, to stimulate either immunity or tolerance. 
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Figure 5.2. Dirty Mice had Decreased DC Populations with an Exhausted Phenotype 

 

 

24 8-week-old NZBW-F1 mice were ordered from Jackson Laboratory. At 9-

weeks-old, NZBW-F1were split into two groups and housed in clean (closed symbol) or 

dirty (open symbol). Mice were euthanized at 16 weeks. Total spleen cell numbers were 

quantified by hemocytometer. Cells were distinguished by flow staining: Singlets /Scatter 

/FVD780- then either plasmacytoid DC gating with (A, D) CD11clowB220+/Siglec H+/ (G, 

J) CD86+ & PD-1+ or lymphoid DC gating with (B, E) CD11c+CD8α+/ (H, K) CD86+ & 

PD-1+ or conventional DC gating with (C, F) CD11c+CD11b+/ (I, L) CD86+ & PD-1+.  (A-

L) Mean and SD from 12 mice per group. Two-tailed unpaired t-test was used to compare 

Clean and Dirty groups. **p < 0.01, ***p < 0.001  
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This was unexpected as dirty mice were exposed to multiple infections yet low PD-

1 and CD86 would initially suggest an immature DC phenotype. However, after prolonged 

LPS stimulation, immature cDC can become exhausted due to autocrine IL-10 production 

and express low CD86 (Kajino et al., 2007). Although refractory to additional LPS 

stimulation, these “exhausted DC” can be rescued by effector T cell help (Abdi et al., 

2012). Therefore, DCs from dirty mice may not be immature but refractory to further 

PAMP stimulation from chronic infection. 

Dirty Mice Have More Effector Memory CD4 T cells 

As effector T cells can help rescue exhausted DCs (Abdi et al., 2012) and co-

housing of SPF mice with pet store mice is able to rescue memory T cell populations 

resident in multiple organs (including the kidney) to similar levels seen in pet store and 

feral mice (Beura et al., 2016), we checked to see if dirty housing conditions could increase 

memory T cells in lupus-prone NZBW-F1 mice. We show one representative plot of 

splenic CD3+ CD4+ T cells (Fig 3A), naïve, central memory and effector memory CD4 T 

cells (Fig 3B) and CD69 (Fig 3C). Total number of CD4 T cells were significantly lower 

in dirty mice compared to clean mice (Fig 3D), reflecting the lower numbers of total 

splenocytes shown in Fig. 1E, and although no difference in percent of CD4 T cells was 

found (data not shown).  Both percent (Fig 3E) and number (Fig 3F) of naïve CD4 T cells 

significantly decreased in dirty mice compared to clean mice. Effector memory T cells 

were found to be significantly higher in percentage (Fig 3E) in dirty mice compared to 

clean mice, while the percentage of central memory T cells was not (Fig 3F). 
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The results of the increase in frequency of effector memory T cells and 

correspondent decrease in naïve T cells are indicative of a greater experience of the T cell 

population in dirty mice, which would be expected in mice that faced many infections and 

were still dealing with chronic infections. Moreover, they indicate that the dirty mice had 

a more normalized CD4 T cell population akin to what was reported by in adult human and 

pet store mice (Beura et al., 2016). The fact that the absolute number of effector memory 

T cells was not increased, as the frequency was, is due to the total decrease in the number 

of splenocytes and suggests that repetitive immune stimulations sent T cells to the 

peripheral tissue, leaving a smaller spleen that in unchallenged SPF mice. This 

interpretation is supported by the results of Beura et al in which increased infiltration of 

memory T cells was observed in many peripheral organs. The fact that no statistically 

significant difference was found between CD69 expression on naïve, central memory, and 

effector memory CD4 T cells between clean and dirty populations (Fig 3G) can be 

explained by the fact that CD69 is a marker of early activation while the infections caused 

by the co-housing were all established 16 weeks earlier, making the immune responses 

against them a late, not an early, event.  
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Figure 5.3. Dirty Mice Have More Effector Memory CD4 T cells 
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24 8-week-old NZBW-F1 mice were ordered from Jackson Laboratory. At 9-

weeks-old, NZBW-F1were split into two groups and housed in clean (closed symbol) or 

dirty (open symbol). Mice were euthanized at 16 weeks. Total spleen cell numbers were 

quantified by hemocytometer. Cells were distinguished by flow staining: Singlets /Scatter 

/FVD780- /CD3. Within the CD3+, CD4 positive cells were assessed: one representative 

FACS plot (A) or total number of CD4+ cells in the spleen (D). CD4+ T cells were 

distinguished into (B: representative plot, E: percent, F: numbers) naïve (CD62L+CD44-), 

central memory (CD62L+CD44+) or effector memory (CD62L-CD44+) T cells. (C) One 

representative plot of CD69 (G) or percent CD69+ positive within each population was 

assessed (naïve: black line, central memory: red shade, or effector memory: blue shade). 

ICOS and CXCR5 was also assessed within the CD4+ T cells population. (H) one 

representative plot of ICOS and CXCR5 staining and quantification of (I) CXCR5 single 

positive, (J) ICOS+ and (K) CXCR5+ICOS+ were quantified. (L) CXCR5+ICOS+ were split 

into 3 groups depending on which cage they were housed in.   Mean and SD from 12 mice 

per group. (A-K) Two-tailed unpaired t-test was used to compare Clean and Dirty groups. 

(L) Ordinary one-way ANOVA with Tukey multiple comparison for multiple groups. *p 

< 0.05, **p < 0.01, ***p < 0.001 

 

T-follicular helper (Tfh) cells are important in germinal center formation and B cell 

activation. CXCL13 is selectively expressed in secondary lymphoid tissues at the border 

of T and B cell zones (Ngo et al., 1999) and contributes to T-B cell interaction in GCs 

through CXCR5. This makes CXCR5 an excellent marker for Tfh cells (Moser, 2015). 

Inducible T cell co-stimulator (ICOS) is upregulated on Tfh cells and is important for 

regulating later stages of Tfh development and CXCR5 expression (Weber et al., 2015). 

Therefore, we assessed Tfh populations by staining for CXCR5 and ICOS on CD4 T cells 

(Fig 3H). 

CXCR5 single positive cells significantly decreased in CD4 T cells from dirty mice 

(Fig 3I) while ICOS single positive cells significantly increased in CD4 T cells from dirty 

mice (Fig 3J).  In the absence of TCR-antigen stimulation, Tfh cells contract into memory 

Tfh cells. This memory population has decreased CXCR5, PD-1 and Bcl-6 but similar 
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levels of ICOS compared to active Tfh cells in germinal centers (Weber et al., 2012). 

Therefore, the increase in ICOS but decrease in CXCR5 suggests a possible increase in 

memory Tfh cells in dirty mice. 

No difference was found between CXCR5 ICOS double positive cells in clean and 

dirty mice initially suggesting no difference in the % of Tfh cells in clean and dirty mice. 

However, as previously mentioned, only one (Cage #3) of three dirty cages cleared 

Pasteurella pneumotropica, biotype Heyl by 16 weeks: all three dirty cages had identical 

results for pathogens detected by PCR. As CXCR5 ICOS double positive cells from dirty 

mice had two distinct groups, we assessed if the percent of Tfh cells was different with or 

without Pasteurella pneumotropica, biotype Heyl. Cage 3 of the dirty mice was found to 

have significantly less Tfh cells than cage 1 or 2. Therefore, Pasteurella pneumotropica, 

biotype Heyl may contribute to higher Tfh in the spleen. 

CD8 T cells From Dirty Mice Have a Modest Increase in Effector Memory Population: 

This Population is Less Activated. 

In addition to CD4 T cell populations, we also analyzed CD8 T cells (representative 

plot in Figure 3A-C). Similar to CD4 T cell population, splenic CD8 T cells were 

significantly decreased in dirty mice compared to clean mice (Fig 4A). Furthermore, CD8 

T cells mimicked CD4 T cell in memory subsets. Both percent (Fig 4B) and number (Fig 

4C) of naïve CD4 T cells significantly decreased in dirty mice compared to clean mice. 

Central memory T cells were only found to be significantly lower in numbers (Fig 4C) 

while effector memory T cells were only found to be significantly higher in percentage 

(Fig 4B) in dirty mice compared to clean mice, due to the opposite direction of change in 

percentage and absolute numbers.  
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Figure 5.4. CD8 T Cells From Dirty Mice Have a Modest Increase in Effector Memory 

Population: This Population is Less Activated. 

 

 

 

 

24 8-week-old NZBW-F1 mice were ordered from Jackson Laboratory. At 9-

weeks-old, NZBW-F1were split into two groups and housed in clean (closed symbol) or 

dirty (open symbol). Mice were euthanized at 16 weeks. Total spleen cell numbers were 

quantified by hemocytometer. Cells were distinguished by flow staining: Singlets /Scatter 

/FVD780- /CD3. Within the CD3+, CD8 positive cells were assessed. (A) or total number 

of CD8+ cells in the spleen (B, C) CD8+ T cells were distinguished naïve (CD62L+CD44-

), central memory (CD62L+CD44+) or effector memory (CD62L-CD44+) T cells. (D) 

Percent CD69+ positive within each population was assessed.  Mean and SD from 12 mice 

per group. (A-D) Two-tailed unpaired t-test was used to compare Clean and Dirty groups. 

**p < 0.01, ***p < 0.001  
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Unlike CD4 T cells, a difference was found in CD69 expression in CD8 T cells 

between clean and dirty mice. Specifically, effector memory CD8 T cells had significantly 

less CD69 in dirty mice compared to clean mice (Fig 4D). CD69 is an early activation 

marker for lymphocytes (Simms and Ellis, 1996). However, CD69 also regulates the 

generation and maintenance of memory CD4 T helper cells (Shinoda et al., 2012). No 

difference in CD69 in splenic CD4 T cell populations from clean and dirty mice (Fig 3G) 

suggests that both clean and dirty mice have similar capacity to generate memory CD4 T 

helper cells. 

Disruption of S1P1-S1PR1 interaction prevents lymphocyte egress from secondary 

lymphoid organs (Matloubian et al., 2004). Others have shown that type 1 IFN through 

CD69 disrupt S1P1(Shiow et al., 2006). Low CD69 in splenic effector memory CD8 T cells 

in dirty mice (Fig 4D) suggests that S1P1
 is not disrupted and therefore, effector memory 

CD8 T cells can more easily leave the spleen. Beura et al. have shown an increase in tissue 

resident memory CD8 T cells (Beura et al., 2016) and CD69 regulation is required for 

retention of tissue-resident memory CD8 T cells in the skin (Mackay et al., 2013). 

Therefore, although the clean and dirty mice spleens have similar numbers of effector 

memory CD8 T cells, dirty NZBW-F1 CD8 T cells that are lower in CD69 may be more 

poised to leave the spleen. 

Dirty mice have altered B cell populations in the spleen 

As anti-dsDNA autoAbs were higher in dirty mice (Fig 1C, D), we checked to see 

if B cell populations were expanded. Dirty and clean mice show similar percent of B cells 

in the spleen (Fig 5A, B) although total number of B cells in the spleen were decreased 
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(Fig 5E) due to dirty mice have lower total cell numbers in the spleen (Fig 1E). Similarly, 

B1a B cells were similar in ratio but significantly decreased in total number in dirty mice 

(Fig 5C, F). In contrast, percent of GC B cells was significantly higher in dirty mice 

compared to clean mice (Fig 5D) although no difference was found in number of GC B 

cells (Fig 5G).  

We next assessed the maturity of B cells in the spleen utilizing a flow gating 

strategy (Fig 6A) previously used by (Fournier et al., 2012). Immature B cells go through 

several transitional stages, T1 and T2, before becoming mature follicular B cells (Rolink 

et al., 1998). More recently a third transitional stage, T3, (Allman et al., 2001) that are 

considered anergic has been characterized (Merrell et al., 2006). No difference was found 

between the percent of immature B cells in clean and dirty mice (Fig 6B). However dirty 

mice had a significant increase in the percent of T1 (Fig 6C), T2 (Fig 6D) and T3 (Fig 6E) 

B cells. No difference was detected in percent of follicular B cell population (Fig 6F). 

Number of splenic immature B cells (Fig 6G) and follicular B cells (Fig 6K) significantly 

decreased in dirty mice while no difference was found in the number of T1, T2 and T3 B 

cells (Fig 6H-J). As total splenic B cells, immature B cells and follicular B cells were 

decreased in dirty mice compared to clean mice but the percent of T1, T2 and T3 B cells 

were increased in dirty mice, splenic B cells in dirty mice may be undergoing greater 

proliferation but also entering anergy at a greater rate which results in lower total number 

of mature B cells. 
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Figure 5.5. Dirty Mice Have Decreased Number of Total B Cells in the Spleen 

 

 

24 8-week-old NZBW-F1 mice were ordered from Jackson Laboratory. At 9-

weeks-old, NZBW-F1were split into two groups and housed in clean (closed symbol) or 

dirty (open symbol). Mice were euthanized at 16 weeks. Total spleen cell numbers were 

quantified by hemocytometer. Cells were distinguished by flow staining: Singlets /Scatter 

/FVD780- / (A, B, E) B220 / (C, F) IgMHigh IgDLow /CD5+CD43+ for B1a B cells or (D, G) 

B220+/CD95+Gl7+ for germinal center B cells. (B) Percent of B cells in the spleen. (C) 

Percent of B1a B cells within total B220+ population. (D) Percent of germinal center B 

cells within total B220+ population. (E) Number of B cells in the spleen. (F) Number of 

B1a B cells in the spleen. (G) Number of germinal center B cells in the spleen. Mean and 

SD from 12 mice per group. (B-G) Two-tailed unpaired t-test was used to compare Clean 

and Dirty groups. *p < 0.05, **p < 0.01. 
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Figure 5.6. B Cells in Dirty Mice Have a Higher Turn-Over Rate 

 

 

24 8-week-old NZBW-F1 mice were ordered from Jackson Laboratory. At 9-

weeks-old, NZBW-F1were split into two groups and housed in clean (closed symbol) or 

dirty (open symbol). Mice were euthanized at 16 weeks. Total spleen cell numbers were 

quantified by hemocytometer. Cells were distinguished by flow staining: Singlets /Scatter 

/FVD780- /B220. (A) B cells were further split into Follicular B cells (CD23+CD24int) 

and Immature/Transitional B cells (CD24High). Immature/Transitional populations were 

split into Immature (IgD-) or Transitional (IgD+). Transitional populations were further 

split into T1 (CD23-), T2 (CD23+IgM+) and T3 (CD23+IgM-). Gray histograms represent 

B220- population. (B-F) Populations were quantified as percent of subset within the B cell 

population or (G-K) number of subsets in the spleen. Mean and SD from 12 mice per group. 

(B-K) Two-tailed unpaired t-test was used to compare Clean and Dirty groups. *p < 0.05, 

**p < 0.01.  
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Plasma cells in the bone marrow, spleen and mesenteric lymph nodes (mLNs) were 

analyzed: representative FACS plot of the gating for bone marrow (Fig 7A) and spleen (Fig 

7B). Gating strategy for CD138High population in the bone marrow has been shown to be 

predominantly mature plasma cells while CD138Low is a mix of mature and immature 

plasma cells (Wilmore et al., 2017). Therefore, we analyzed these populations separately. 

No difference was found in the percent of bone marrow mature plasma cells (Fig 7C). 

However, bone marrow mature plasma cells from dirty mice had significantly less IgM 

(Fig 7D) suggesting that there is an increased fraction of plasma cells in dirty mice that 

have isotype switched. Dirty mice had significantly less CD138Low plasma cell population 

(Fig 7E) and less IgM on CD138Low plasma cells (Fig 7F) suggesting that dirty mice had 

less immature plasma cells than clean mice. Analysis of splenic plasma cells and 

plasmablasts revealed significantly lower fraction of both populations in the spleens of 

dirty mice (Fig 7G, I) as well as decreased IgM within each population in dirty mice (Fig 

7H, J).  No significant differences were found in mLN (Fig7K-N) although there was a 

trend of less plasma cells in mLNs of dirty mice (Fig 7K). Dirty mice spleens have fewer 

total cells (Fig 1E) and fewer B cells (Fig 5) than clean mice spleens. Therefore, total 

number of plasma cells and plasmablasts are also significantly lower in dirty mice (data 

not shown). Due to isolation technique, we are not able to compare absolute number of 

cells in the bone marrow and mLN of clean and dirty mice. Nonetheless, bone marrow 

from clean and dirty mice contained an equal percent of mature plasma cells (Fig 7). 
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Figure 5.7. Dirty Mice Have More Isotype Switched Plasmablasts and Plasma cells 
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24 8-week-old NZBW-F1 mice were ordered from Jackson Laboratory. At 9-

weeks-old, NZBW-F1were split into two groups and housed in clean (closed symbol) or 

dirty (open symbol). Mice were euthanized at 16 weeks then bone marrow, spleens and 

mesenteric lymph nodes (mLN) were harvested. Spleens and bone marrow were treated 

with red blood cell lysis buffer before staining. (A) Bone marrow cells were distinguished 

by flow staining: Singlets/ Scatter/ IgD- FVD780-/CD138High or CD138Low B220+/IgM+. 

Red line represents IgM in CD138High population and Blue represents IgM in CD138Low 

population. (B) Spleens (and mLN) cells were distinguished by flow staining: Singlets 

/Scatter /FVD780- /(Plasmablasts) B220+CD138+ or (Plasma Cells) B220-CD138+/IgM+. 

Red line represents IgM in plasma cell population and Blue represents IgM plasmablast 

population. (C-J) Mean and SD from 12 mice per group. (K-N) Mean and SD from 5 (clean 

mice) or 11 (dirty mice) per group. (C-N) Two-tailed unpaired t-test was used to compare 

Clean and Dirty groups. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

We and others have shown that infections can induce autoAbs and accelerate Sle in 

mice or correlate with disease in humans (Azzouz et al., 2019; Bagavant et al., 2018; Gallo 

et al., 2015; Greiling et al., 2018; Vieira et al., 2018). However, other human studies 

suggest that both viral (Hepatitis B virus (HBV) (Ram et al., 2008)) and bacterial (H. Pylori 

(Sawalha et al., 2004)) infections may be protective. It is possible that murine hepatitis 

virus (MHV) may have similar effect of HBV in SLE patients. Although the dirty mice 

were not infected with H. Pylori, they were exposed to three other helicobacter strains 

(Table 1) which may also function in similar capacity to H. Pylori. We are not aware of 

literature suggesting that the other pathogens (Table 1) are protective or deleterious in Sle. 

Smaller spleens (Fig 1E), fewer DCs (Fig 2), fewer CD4 and CD8 T cells (Fig 3-4) 

fewer B cells and plasma cells in the spleen (Fig 5,7) all suggest that dirty mice have fewer 

leukocytes in a secondary lymphoid organ. Furthermore, initial assessment of transitional 

B cell population in the spleen of dirty mice suggest greater turn over and anergy (Fig 6). 

Therefore, gross analysis of the spleen suggests that these infections may prevent the 
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splenomegaly and overaction of the leukocytes seen in Sle, either because the lymphocytes 

emigrate to infiltrate the peripheral tissues or because the infections induce regulatory 

mechanisms, which are normally deficient in lupus prone mice compared to WT mice, that 

limit lymphocyte expansion or induce their cell death. 

Only a fraction of newly generated plasma cells resides in bone marrow indefinitely 

(Lemke et al., 2016). Therefore, while there are fewer plasma cells in the spleens from dirty 

mice, an equal fraction in the bone marrow suggests that a greater fraction of plasma cells 

in the periphery become mature long-term plasma cells in the bone marrow of dirty mice. 

Previous reports show that IgM anti-dsDNA autoAb immune complexes reduce disease 

severity in NZBW/F1 mice (Werwitzke et al., 2005). Significantly reduced IgM on these 

bone marrow plasma cells in dirty mice suggest a more antigen-experienced and isotype 

switched plasma cell population in dirty mice which may contribute to greater IgG immune 

complex driven renal inflammation. Similarly, as CD69 regulation is required for retention 

of tissue-resident memory CD8 T (Mackay et al., 2013), low CD69 in splenic effector 

memory CD8 T cells in dirty mice (Fig 4D) suggests that effector memory CD8 T cells can 

more easily leave the spleen of dirty mice, enter tissue, such as the kidney and accelerate 

renal disease (Bagavant and Fu, 2009). Therefore, increased memory T cell populations in 

the spleen and increased IgM- plasma cells in the bone marrow from chronic infection, as 

similarly shown by (Beura et al., 2016), may also accelerate lupus disease by altering 

multiple adaptive immune cell population. 
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CHAPTER 6 CONCLUSIONS 

In Chapter 2, we show that male TCSle cDCs express similar IFN Signature, co-

stimulatory molecule regulation and cytokine production as female TCSle cDCs. While 

these are enhanced by increasing titrations of E2, E2 alone is not sufficient to recapitulate 

the difference between TCSle and B6 cDCs (Chapter 2 Figure 1-9). Furthermore, we found 

that female TCSle cDCs uniquely have a higher immunometabolism (Chapter 2 Figure 10-

11) and IL-10 production (Chapter 3 Figure 1) than male TCSle cDCs. These results 

suggest that the effect of estrogens on just the IFN signature cannot per se justify the higher 

incidence of lupus in females, while the effects of sex and estrogens on IFN-dependent and 

IFN-independent pathways, in conjugation with additional hormonal and environmental 

factors, are likely necessary for the full development of lupus in genetically susceptible 

individuals.   

In Chapter 3, we propose that murine lupus cDCs overproduce IL-10 and IL-27 as 

the result of an I-IFN-IL-27/IL-10 molecular network that is highly active in lupus cDCs 

(Chapter 3 Figure 2-4).  Importantly, we show that the same axis is present in SLE patients 

PBMCs (Chapter 3 Figure 5-6). Clinical trials focused on neutralizing type I IFN-IFNAR 

(IFNα (Sifalimumab, Rontalizumab, IFNκ and Anifrolumab) have not consistently been 

able to reduce disease severity in SLE patients (Furie et al., 2017; Lauwerys et al., 2014; 

Riggs et al., 2018). Our results suggest that I-IFN blockade, by suppressing IL-27 and IL-

10, may have opposite effects on lupus disease: it may block the promotion of autoAbs but 

also suppress anti-inflammatory mechanisms. 
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As previously discussed, IFNAR has been shown to be both beneficial and 

detrimental in disease progression in MRL-lpr mice yet IFNAR is detrimental in NB/W F1 

mice. Similarly, IL-10 has been shown to be beneficial in disease progression in MRL-lpr 

mice (Yin et al., 2002) yet IL-10 was initially shown to be detrimental in NZB/W F1 mice 

(Ishida et al., 1994). Since then, a unique subset of B cells that produce IL-10 (B10 cells) 

(Yanaba et al., 2008) can delay disease progression in NZB/W F1 mice (Haas et al., 2010). 

Curiously, B cell intrinsic IL-10 does not affect disease progression in MRL-lpr mice 

(Teichmann et al., 2012) despite IL-10 deficient MRL-lpr mice having worst disease (Yin 

et al., 2002). Collectively this suggests several possibilities. 

There is the possibility that B10 cells from MRL-lpr and NZB/W F1 mice are 

different in function or antigen recognition. Future single-cell analysis experiments could 

determine differences in these B10 cells with the potential of therapeutically utilizing B10s 

that are more akin to those found in NZB/W F1 mice to treat SLE patients. Other sources 

of IL-10, aside from B10 cells, may be protective in MRL-lpr mice. As discussed in chapter 

3, cDCs from TCSle mice (congenic mice derived from NZB/W F1 mice) overproduce IL-

10 due to autocrine type I IFN. As non-B cell IL-10 is beneficial in MRL-lpr mice, the 

“protective nature” of IFNAR in MRL-lpr mice may be due a conserved IFNAR-IL-10 

network in DCs or T cells. In contrast, I hypothesize that protective B10 population in 

NZB/W F1 mice may not have this IFNAR-IL-10 network. While we report an IFNAR-

IL-10/IL-27 parallel network in cDCs, others have reported an IFNAR-IL-27-IL-10 series 

axis in macrophages setting precedent for different IFNAR-IL-10 regulation in multiple 

cell subsets. Further analysis of IFNAR-IL-10 regulation in human PBMCs subsets and 
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multiple murine models of Sle, as well as analysis of IL-10 and IL-27 from samples of SLE 

patients treated in clinical trials utilizing anti-IFNAR antibodies (Morand et al., 2018) is 

warranted to better understand this regulation of cytokines. 

Multiple groups have reported specific systemic bacterial infections as possible 

drivers of inflammation and autoimmunity in SLE patients (Azzouz et al., 2019; Bagavant 

et al., 2018; Greiling et al., 2018; Vieira et al., 2018). Our group has shown that infection 

with curli producing bacteria or injections of curli/DNA complexes respectively induces 

or accelerates autoimmunity in wild-type or lupus-prone mice (Gallo et al., 2015). This is 

a TLR2 and TLR9 dependent process (Tursi et al., 2017). In chapter 4, I show that 

curli/DNA activated WT and DNA-specific naïve B cell non-canonical NFB pathway, 

downstream of BCR/TLR, aicda and triggered isotype switching without T cell help in 

vitro. Furthermore, curli/DNA complexes and curli-producing bacteria induced 

autoantibodies in CD40L-/- mice, which lack T cell help. Our results suggest that the 

fibrillar structure of curli/DNA complexes triggers anti-DNA antibodies by simultaneous 

BCR/TLR stimulation and explain how anti-DNA autoAbs are triggered despite the 

inability of T cells to recognize DNA. 

I utilized I.P. injections of E. coli MC4100 as a model to ensure that neither LPS 

nor cellulose is cross-linking the BCR in these studies. Although this elucidates a 

mechanism for how curli/DNA induces autoAbs, this does not mimic the dysbiosis or 

systemic infections seen in SLE patients. We show that curli/DNA induced similar levels 

of anti-dsDNA autoAbs in female and male 3H9 mice (Chapter 4 Figure 4E). However, 

unlike female CD40L-/- mice infected with E. coli MC4100 (Chapter 4 Figure 5O), 
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experiments with E. coli MC4100 infections in male CD40L-/- mice did not see anti-dsDNA 

autoAb induction (data not shown). There is also the possibility that infection with curli 

producing bacteria but not injection with curli may result in stronger autoAb induction in 

females. Future experiments could focus on the role of curli, IFNAR and IL-10 during 

infection with pathogenic curli-producing bacteria in female and male mice. A better 

understanding of how bacterial amyloids induce autoAb production can lead to therapeutic 

targeting of these mechanisms that break tolerance. 

In Chapter 5, we discuss how murine models studied in traditional specific 

pathogen free (SPF) facilities do not account for environmental factors that SLE patients 

are exposed to.  Studies have reported that resident memory T(TRM) cells in non-lymphoid 

tissues are elevated in healthy adult humans compared to children and infants (Machado et 

al., 1994; Thome et al., 2016; Thome et al., 2014). Studies in wild-type murine models 

confirm that aged mice raised in SPF facilities do not develop a robust TRM population in 

non-lymphoid tissues: co-housing of SPF mice with pet store mice is able to rescue this 

TRM populations to similar levels seen in pet store and feral mice (Beura et al., 2016). I 

found an increase in memory T cells as well as transitional and germinal center B cells in 

spleens, accelerated anti-dsDNA Ab production and reduced the number of IgM+ plasma 

cells in bone marrow of dirty NZBW-F1 compared to SPF-NZBW-F1. While we discuss 

in Chapter 4 how specific infections/bacterial antigens can induce autoimmunity, the list 

of infectious agents in Chapter 5 Table 1 are not known to accelerate or induce 

autoimmunity. In fact, there is some evidence that hepatitis virus and Helicobacter may be 

protective in SLE (Ram et al., 2008; Sawalha et al., 2004). Therefore, the accelerated 
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autoimmunity we see in the dirty NZB/W-F1 mice may be due to a more mature immune 

system that comes with constant exposure to infection rather than a specific antigen like 

curli driving autoAb production. Lupus patients do not live in a sterile environment, yet we 

study Sle in SPF facilities. Therefore, there is a need for future research in understanding 

how a more mature immune system affects autoimmunity.  
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APPENDIX 

BMDC Culture: In Vitro Bone Marrow-Derived Conventional Dendritic Cell 

(cDC) Cultures 

Complete Iscove’s Modified Dulbecco’s Medium (IMDM): IMDM containing 

phenol red (Corning Costar, Tewksbury, Massachusetts: Cat #10-016-CV) was 

supplemented with 10% Fetal bovine serum (FBS) (Gemini Bio-Products, West 

Sacramento, California: Cat #100-106, Lot #A89C05C), 100 units/mL penicillin, 100 

ug/mL streptomycin (Corning: Cat #30-002-Cl),  50 g/mL gentamicin (Gibco by Life 

Technologies, Grand Island, NY: cat#15750-060), 55 M 2-ME (Gibco: Cat#21985-023), 

and 2 mM L-glutamine (Corning: Cat #25-005-Cl or Life Technologies: Cat #25030). All 

media were supplemented with supernatant of a B7H1-GM hybridoma cell line secreting 

murine GM-CSF then sterile filtered with 0.2m PES, sterile 500mL polystyrene bottle top 

filtration unit (VWR, Radnor, PA: Cat# 97066-202) for standard condition complete 

IMDM.  

Tibias and femurs were isolated by gross dissection from female mice followed by 

removal of muscle with gauze sponges (Covidien, Mansfield, MA: Cat #2187) and surgical 

instruments under sterile conditions. Bones were then rinsed in 70% ethanol for 1 minute 

followed by a PBS rinse for 1 minute. Bone marrow precursors were flushed from the tibias 

and femurs of mice with 25-gauge needle and syringe with complete IMDM then passed 

through a 100μm strainer (Fisher Scientific, Hampton, NH: Cat# 22-363-549). Cells were 

diluted at a 1:9 ratio with 0.04% trypan blue solution (Trypan blue 0.4% (Sigma-Aldrich, 

St. Louis, MO: Cat# T8154) in Dulbecco’s phosphate buffered saline (PBS) (Corning: Cat# 
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21-031-cm) and live cells were counted by hemocytometer. Cells were seeded at 106 

cells/mL/well in 1mL in 24-well plates (Corning: Cat #3524) and incubated at 37° C with 

5% CO2. One mL of media per well was added on day 2 and 1mL of media was replaced 

on day 5 and each subsequent day until stimulation of cells.  

Resting cDCs were stimulated on day 7, 8 or 9 with 10ug/mL CpG-B 1826 

(Invivogen, San Diego, CA: Cat# tlrl-1826-1 or IDT Biotechnologies, Coralville IA: 

Custom DNA Oligo Sequence: 5'-

T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*T-3' with standard desalting) or 

1ug/mL R848 (Risiquimod, Invivogen: Cat #tlrl-R848-5) or 100ng/mL LPS (Sigma-

Aldrich). Supernatants and cDCs were harvested at 6 or 24 hours post stimulation. 

Chapter 2: Deviation from Standard BMDC Culture Protocol to Study the Effects of Sex, 

Metabolism and Estrogen on BMDC. 

 Complete IMDM was modified as follows: IMDM was replaced with Phenol red-

free IMDM (Life Technologies Cat# 21056-023) and standard FBS was replaced with 

charcoal-treated FBS (HyClone, Logan UT: Cat# SH3006803 or Omega Scientific, 

Tarzana CA; 3 experiments each) for hormone-depleted complete IMDM. 17--Estradiol 

(E2, Sigma-Aldrich: Cat# E2758) was reconstituted in ethanol and added to hormone-

depleted complete IMDM at concentrations of 0.03 nM, 0.1 nM or 50 nM E2 with a final 

concentration of 0.1% ethanol. E2-devoid conditions were also supplemented with 0.1% 

ethanol. Alternatively, Fulvestrant (1uM or 100nM in DMSO: Sigma-Aldrich: Cat# I4409-

25mg) and 4-Hydrotamoxifen (Tamoxifen: 10nM or 100nM in ethanol: Sigma-Aldrich: 

Cat# H7904-5mg) were added to standard complete media. One BMDC culture from 

female and male B6 and TCSle mice were compared in the same experiment. Figure 3C, 
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BMDC were cultured in complete media made with either RPMI 1640 1X with L-

glutamine (RPMI: Corning Cat# 10-040-CV) or IMDM. 

Chapter 3: Deviation from Standard BMDC Culture Protocol to Study the Effect of 

IFNAR, IL-10 and IL-27 

Anti-IFNAR (10 µg/ml, clone MAR1-5A3, Leinco Technologies I-400) or isotype 

control antibody (10 µg/ml, IgG1, Leinco Technologies I-102) were added 24 hours and 

again 30 minutes before TLR stimulation for initial IFNAR1 neutralizing antibodies 

studies done by Paul Gallo. This lab protocol was altered during STAT2/IFNAR studies 

(Xu et al., 2016). Instead of the previous protocol, one hour prior to TLR stimulation, 1mL 

of media was removed. 500μL of media containing cytokine or neutralizing antibody was 

then added. Final concentration of neutralizing antibody or cytokine was calculated with a 

2mL final volume detailed in Appendix Table 1. After 1 hour, 500μL media with TLR 

agonist was added for a final volume of 2mL per well. 

Immune Cell Isolation from Spleen and Lymph Nodes: 

Spleens and mesenteric lymph nodes were isolated from mice after euthanasia by 

CO2. Lymph nodes were mechanically dissociated in IMDM or RPMI supplemented with 

10% FBS by gently pressing them through 100m nylon mesh with a plunger from a 1mL 

Syringe (BD Cat#309659). Lymph nodes were then washed and resuspended in flow 

staining buffer then stained and analyzed by flow cytometry. 

For experiments with flow cytometric analysis of splenic populations, spleens were 

fist cut into smaller pieces before mechanical dissociation through a 100m nylon mesh. 

Spleens were further digested with DNase I from bovine pancreas (Sigma-Aldrich: Cat no. 
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D4527) and Collagenase Type IV (Worthington Biochemical Corporation, Lakewood, NJ: 

Cat no. LS004186) treatment followed by Ammonium-Chloride-Potassium (ACK) red 

blood cell lysis buffer (Quality Biological, Gaithersburg, MD: Cat no. 118-156-101). For 

B cell sorting, spleens were disrupted as explained further below. 

B Cell Culture, Sorting and Labeling 

B Cell Media 

500mL of RPMI 1640 was supplemented with 50mL of Fetal Bovine Serum 

(Gemini Bio-products) and 55M 2-Mercaptoethanol (Gibco) then sterile filtered with 

0.2m PES, sterile 500mL Polystyrene Bottle Top Filtration Unit (VWR) and stored at 

4C. 

Positive Selection Sorting of B Cells: Macs Separation Columns: 

For isolation of B220+ B cells by MACS separation columns, spleens were fist cut 

into smaller pieces before mechanical dissociation through a 100m nylon mesh. Single 

cell suspensions were pelleted, treated with 5mL of ACK Lysing Buffer (Quality 

Biological) for 5 minutes to remove red blood cells, washed with 10mL of B cell media, 

then resuspended in 10mL of sorting buffer. PBS (Corning) supplemented with 0.5% 

bovine serum albumin (Gemini Bio-products, West Sacramento, CA: Cat# 700-100P) and 

2mM EDTA (0.5M, Invitrogen, Carlsbad, CA: Cat# 15575-038) followed by sterile 

filtration with 0.2m PES, sterile 500mL polystyrene bottle top filtration unit was used as 

macs sorting buffer. Macs sorting buffer was stored at 4°C and brought up to room 

temperature before use. 
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Cells were diluted at a 1:9 ratio with 0.04% trypan blue solution and live cells were 

counted by hemocytometer. Splenocytes were then washed in 10mL of sorting buffer and 

resuspended at 107 live cells per 90L in sorting buffer. Cells were then incubated at room 

temperature with 3.3ug/mL of purified anti-mouse CD16/32 Antibody (1mg/mL: 

BioLegend Cat# 101321) for 5 minutes followed by 15-minute incubation with 10L of 

CD45R (B220) Microbeads (Miltenyi Biotec Cat# 130-049-501) per 107 cells. Cells were 

then washed twice with 10mL of sorting buffer and resuspended in 500L of sorting buffer. 

MACS LS separation columns (Miltenyi Biotech Cat# 130-042-401) were placed in 

QuadroMACS separator (Miltenyi Biotech Cat#130-090-976) then rinsed with 3mL of 

sorting buffer to prepare the column. A 15mL conical was placed below the LS separation 

column then cells were filtered through a 100m nylon mesh and finally applied to the 

MACS LS separation column: cells were gently pipetted to ensure that bubbles would not 

disrupt the column. 3mL of sorting buffer was added to the column when the reservoir was 

empty. This was repeated 2 more times.  Finally, the MACS LS column was then removed 

from the QuadroMACS separator magnet, 5mL of sorting buffer was added to the MACS 

LS column and a plunger was used to isolate B cells into a fresh 15mL conical. Initial, 

negative and positive fraction of cells were stained by flow cytometry to assess purity. 

Cells were then washed in the appropriate media for labeling or cell culture as further 

explained below.  

Negative Selection Sorting of B Cells: EasySepTM Mouse B Cell  

Alternatively, spleens were fist cut into smaller pieces before mechanical 

dissociation through a 100m nylon mesh in EasySep sorting buffer: either RoboSep 
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Buffer (Stemcell Technologies, Vancouver, BC, Canada: Cat# 20104) or sterile filtered 

PBS containing 2% FBS (Gemini Bio-products) and 1mM EDTA (Invitrogen). Both 

buffers were stored at 4°C and brought up to room temperature before use. Instead of trypan 

blue solution, which is normally utilized to count live cells, 3% acetic acid with methylene 

blue (Stemcell Technologies: Cat# 07060) to count total nucleated cells. Cells were diluted 

at a 1:10 ratio with 3% Acetic Acid with methylene Blue and counted with a 

hemocytometer. 

Cells were then washed and resuspended in EasySep buffer at a concentration of 

108 cells/mL. 50L of Rat Serum (Stemcell Technologies: Cat#13551) per mL of cells was 

added. Cells were then transferred to a sterile 5 mL Falcon Round-Bottom Tube (Corning: 

Cat# 352058). Isolation cocktail from EasySepTM Mouse B Cell Isolation Kit (Stemcell 

Technologies: Cat# 19854A) was then added to cells at a concentration of 50L/mL. In 

addition, biotinylated Rat anti-mouse CD43 (eBioscience: Cat# 13-0431-82) was added to 

the cells at a 10L/mL of sample. Cells were incubated at room temperature for 10 minutes. 

Rapid Spheres from the isolation kit were vortexed for 30 seconds then added to the cells 

at 75L/mL of sample and left to incubate for 2.5 minutes. Additional separation buffer 

was added to the sample to bring the final volume to 2.5mL before placing the polystyrene 

tube in an EasySep magnet (Stemcell Technologies: Cat# 18000) for 2.5 minutes. Cells 

were then decanted into a 15mL conical without shaking excess liquid off the polystyrene 

tube. Initial and positive fraction of cells were stained by flow cytometry to assess purity. 

Cells were then washed in the appropriate media for labeling or cell culture as further 

explained below. 
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Fluorescent Cell Labeling 

In preparation for fluorescent cell labeling, B cells from MACS Separation Column 

or EasySep Mouse B cell isolation kits were washed in 1% BSA in PBS then resuspended 

at 2*107 cells/mL in 1% BSA in PBS. Furthermore, conicals and tubes are wrapped in 

aluminum foil and the biosafety cabinet’s fluorescent light is turned off to reduce 

photobleaching of the fluorescent labeling. 

For carboxyfluorescein succinimidyl ester (CFSE: PromoKine, Heidelberg, 

Germany: Cat# PK-CA707-30050) labeling, 50μg CFSE vials are dissolved with 18μL of 

anhydrous DMSO (provided with the kit) for a 5mM CFSE stock. 2μL of 5mM CFSE stock 

is added per mL of PBS (No BSA) for a 10μM CFSE.  

For CellTraceTM Violet Cell Proliferation Kit (CTV: Invitrogen: Cat# 34557) 

labeling, CTV component A vial was resuspended with 20μL of DMSO for a 5mM CTV 

stock. 2μL of 5mM CTV stock is added per mL of PBS (No BSA) for a 10μM CTV. 

Both fluorescent dyes bind to amines, so they are kept in PBS without BSA prior 

to use to prevent untargeted binding before use. The fluorescent labeling for B cells was 

utilized to determine proliferation: labeling in PBS without BSA did not provide clear 

proliferation peaks. B cell labeling was optimized at 0.5% BSA in PBS for proliferation 

analysis.  

Either 10μM CFSE or 10μM CTV in PBS is added at a 1:1 ratio to 2*107 cells/mL 

in 1% BSA in PBS and for a final concentration of 107 cells/mL in 5μM fluorescent dye in 

0.5% BSA in PBS. Cells were incubated for 10 minutes at 37°C. After 10 minutes, excess 
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fluorescent dye was quenched by adding B cell media and incubated for another 10 minutes 

at 37°C. Cells were washed then resuspended in B cell media. 

B Cell Culture 

B cells were cultured in 96 well flat bottom cell culture plates (Greiner bio-one, 

Monroe, NC: Cat# 655180) or 48 well flat bottom cell culture plates (Costar: Cat# 3548). 

250μg/mL curli, LPS and CpG-B stocks were diluted in B cell media to 20μg/mL for 2X 

stimulation mix. PBS was diluted 1:11.5 in B cell media. 125μL or 500μL of the above 2x 

mix were respectively added to 96 well or 48 well plates. 125μL of 8*106 cells/mL were 

added to 96 well plates. 500μL of 4*106 cells/mL were added to 48 well plates. Final 

concentration of curli, LPS and CpG-B was 10μg/mL. Curli was purified as described 

previously (Collinson et al., 1991). Purified curli is always a natural curli/DNA complex. 

For westerns and qPCR, B cells were plated on 48 well plates and harvested at 48 hours. 

For flow cytometry, B cells were plated on 96 well plates and harvested at 24, 48, and 96 

hours. 

Quantitative Real-time PCR (qPCR) 

RNA Isolation 

Workspace, gloves and pipettes were first wiped with RNase Away (Molecular 

Bio-Products:  cat# 7000). Sterile filter tips, certified free of DNase, RNase and DNA 

(TipOne filter tip line, USA scientific, Ocala, FL) were used for RNA/cDNA work. Total 

RNA was extracted using Quick-RNATM Miniprep kit (Zymo Research, Irvine, CA: Cat# 

R1054) following the manufacturer’s protocols. Dendritic cells were harvested 6 hours 

after stimulation. B cells were harvested 48 hours after stimulation. Cells were pelleted 
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then either snap frozen on dry ice and stored at -20°C to be lysed later or lysed in 300μL 

of RNA lysis buffer: 300μL of cell lysate was either stored at -20°C or used immediately. 

Lysates were transferred into Spin-AwayTM filters and spun at 13.8k RCF for 1 minute. 

300μL of flow through was combined with 300μL of 95% ethanol. This 600μL mix was 

transferred to a Zymo-SpinTM IIICG Column and centrifuged for 1 minute at 13.8k RCF. 

In-column DNase I treatment, an optional step, was utilized: columns were washed 

with 400μL of RNA wash buffered followed by a 15-minute incubation with DNase I 

reaction mix (DNase I reaction mix changed with Lot# of each kit). After 15 minutes, 

columns were centrifuged for 1 minute at 13.8k RCF. 

Columns were then washed with 400μL of RNA prep buffer with 30 second 

centrifugation at 13.8k RCF. Columns were then washed with 700μL of RNA wash buffer 

with 30 second centrifugation at 13.8k RCF. Columns were then washed with 400μL of 

RNA wash buffer with 2-minute centrifugation at 13.8k RCF. Finally, columns were 

transferred on to DNase/RNase free 1.7mL microcentrifuge tubes (BioExpress: cat# C-

3262-1): extra care was taken to ensure that RNA wash buffer from the bottom collection 

tube did not splash onto the column at this step. 20-30μL of DEPC-treated water (DNase- 

RNase- Pyogen-free: Invitrogen: cat# 46-2224) were added directly to the column matrix 

then spun at 13.8k RCF for 30 seconds: water was incubated at 37°C prior to use to 

maximize RNA yield. Purified RNA was used immediately or stored at -20°C (overnight). 

cDNA Synthesis 

Quantity and purity of RNA was assessed with a NanoDrop spectrophotometer 

2000c (Thermo Scientific). Nucleic acid was selected with NanoDrop 2000/2000c software 
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version 1.2.1. NanoDrop was blanked with 1.5μL DEPC-treated water then 1.5μL of 

sample was assessed. 260nm/280nm and 260nm/230nm ratios around 1.7 to 2.2 were 

considered pure. If these ratios were significantly lower, high quantity but low purity 

samples were run through Quick-RNATM Miniprep kit again while additional technical 

replicates were utilized in place of low quantity and purity samples. 

Once sufficiently pure RNA samples were acquired, RNA stock and DEPC-treated 

water were combined for an equal quantity of RNA per 10μL per sample: quantity ranged 

from 100ng - 1μg of RNA per 10μL depending on yield in each experiment.  

High-capacity cDNA Reverse Transcription Kit (Applied biosystems: cat# 

4374966 (with RNase inhibitor) or cat #4368814 (without RNase inhibitor)), possibly in 

conjunction with RNase inhibitor (Applied biosystems: cat#100021540), was used for 

cDNA reaction master mix as further detailed in Appendix Table 2. Briefly 10μL of RNA 

and 10μL of master mix were combined. Samples were run on a Mastercycler® pro 

(Eppendorf cat# 6321) under the following cycle: 

1) 25°C for 10 minutes 

2) 37°C for 120 minutes 

3) 85°C for 5 minutes 

4) 4°C indefinitely  

20μL of DEPC-treated water was added to final cDNA product. 

qPCR Analysis 

TaqManTM universal PCR master mix (Applied Biosystems: cat# 4304437) or 

Maxima Probe/ROX qPCR Master Mix (2X: Thermo Scientific: cat# K0231) have been 

used for qPCR reaction. A mix of 3.75μL of one of the above master mixes, 0.375μL of 
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TaqMan primer and 1.875μL DEPC-treated water were plated per well in a 96-well PCR 

plates (BioExpress: cat# T-3108-1). 1.5μL of cDNA was added per well. Plates were sealed 

with ThermalSeal® Sealing Films (BioExpress: cat# T-2417-14). TaqMan primers 

(Applied Biosystems) are described in detail in Appendix Table 3. 

Plates were run on a StepOnePlus® Real-time PCR system (Applied biosystems: 

cat# 4376592) with StepOneTM software version 2.2.2. FAM was selected as a reporter, 

NFQ-MGB as a quencher and ROX as a passive reference. Plates were initially brought to 

50°C for 2 minutes then 95°C for 10 minutes. Following the initial holding stage, plates 

were cycled between 95°C for 15 seconds followed by 60°C for 1 minute. This cycle was 

repeated 40 times. Raw data was exported as an excel file. The cycle threshold (Ct) method 

of relative quantification of gene expression was used for these TaqMan PCRs. Ct value 

from technical triplicates were averaged for each sample per gene. Ct was calculated as 

(Ct gene of interest – Ct cyclophilin). Fold change was calculated as follows: 2^(-Ct) = 2^(-Ct 

Sample + Ct PBS control). 

Cyclophilin (peptidylprolyl isomerase A: ppia) was used as the reference gene for 

normalization in qPCR analysis. While others have suggested that cyclophilin is a good 

housekeeping gene to use as a reference for qPCR analysis in human bronchial airway 

epithelial cells from asthmatic and healthy children (He et al., 2008), there are also studies 

indicating that CD4+ lymphocytes have altered cyclophilin in asthmatic patients (Wang et 

al., 2012). Furthermore, altered levels of cyclophilin are thought to contribute to the 

pathogenesis of inflammatory diseases and cancer by altering cell proliferation and 

apoptosis (Obchoei et al., 2009). 



201 

 

Our lab has previously used cyclophilin as a housekeeping gene in cDC cultures 

(Gallo et al., 2015; Sriram et al., 2012a; Sriram et al., 2014; Xu et al., 2016). However, 

these previous experiments were done with cDCs from female bone marrow in standard 

culture conditions while we more recently found that different estrogen conditions and sex 

affected inflammatory cytokine and metabolic pathways in cDCs (Chapter 2, Figure 9,10). 

As the metabolic shift during TLR stimulation of cDCs resembles the Warburg effect seen 

in cancer cells (Krawczyk et al., 2010) and others noted altered cyclophilin levels in 

inflammatory conditions and cancer (Obchoei et al., 2009; Wang et al., 2012), we 

questioned whether cyclophilin was an appropriate housekeeping gene for the studies 

performed in Chapter 2. 

Therefore, we assessed cyclophilin CT values from 3 independent cDC experiments 

from Chapter 2 (Appendix Figure 1). Different estrogen and stimulation conditions are 

pooled in each group. The single high sample in the B6 female column represents one of 

three technical replicates from one sample: this well of the StepOne Plus plate reader was 

found to give inconsistent readings across multiple experiments and therefore result from 

that well removed from analysis of previous experiments and that well was not used in 

future experiments. 

The several other outliers seen in the other columns were: B6-Male-PBS-0.03E2, 

B6-Male-Ctrl-PBS-standard conditions and TCSle-Male-R848-0E2. These discrepancies 

did not repeat across the 3 independent experiments. Furthermore, these discrepancies did 

not consistently happen within a single E2 condition or stimulation condition. Finally, upon 

further analysis, all genes from those samples were found to have higher than expected CT 
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value compared to the same sample conditions in other independent cultures. Therefore, 

we concluded that the cDNA quantity or quality of those 3 samples were poor which 

resulted in positivity at a higher than expected cycle across multiple genes.  

Aside from a technical issue with the machine and 3 outlier samples, Cyclophilin 

CT values were consistently in the 19-21 range regardless of sex, stimulation, mouse strain, 

or estrogen culture conditions. Therefore, we conclude that cyclophilin is an appropriate 

control to use for cDC in metabolic studies. 

Flow Cytometry 

The following is a combined general protocol used for flow staining: Individual 

experiments vary in which panels were used and are clarified in figure legends and material 

and methods of each individual chapter. Cells were stained and incubated on ice while 

covered in aluminum foil unless otherwise noted. Flow staining buffer was 1% BSA in 

PBS unless otherwise noted. All flow reagents and antibodies, clones and catalog numbers 

are detailed in Appendix Table 4.  

Cell Isolation 

cDC culture plates were transferred from the incubator to ice (or 4°C fridge if there 

were many plates). The top 1mL of supernatant was gently removed and stored for ELISA. 

The remaining 1mL was removed and saved in a 15mL conical as some cDCs are in this 

fraction. 1mL of cold PBS was added back to the 24 well plate. cDCs were gently scraped 

with wide bore pipet tips (Corning Axygen: cat# T-1005-WB-C-R-S), pipetted up and 

down then added to the 15mL conical. Cells were spun down (572 x g for 10 minutes) then 
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resuspended in appropriate buffer then transferred to 96 well round bottom polypropylene 

plates (Corning: cat# 3365) for staining. 

B cell cultures were gently harvested and transferred directly to 96 well round 

bottom polypropylene plates. Plates were spun down, 100μL of supernatant was removed 

then cells were resuspended in appropriate buffer. B cells were spun down one more time 

then supernatant was decanted by gently flicking the plate upside-down over the sink. Cells 

were then resuspended in appropriate buffer. 

Live/Dead Staining 

For samples that could not be fixed, 7-AAD was used as a viability stain. 5 minutes 

prior to running samples, 5μL of 7-AAD was added to the first sample. 7-AAD was the 

added in a staggered manner to another sample every minute to 2 minutes depending on 

how quickly sample were being acquired. 

For samples that could be fixed, or samples that required live/dead staining in a 

different channel, Live/Dead Fixable aqua dead cell stain or fixable viability dye eFlour780 

were used instead. For these stains, cells were initially washed in PBS without FBS or 

BSA. Cells were resuspended in 100μL of either FVD eFlour780 diluted at 1:1000 in PBS 

or Live/Dead Aqua (1 vial component A + 50μL component B) diluted at 1:2000 in PBS 

and incubated for 30 minutes. Cells were then washed in flow staining buffer  

General Surface Staining 

After cells are resuspended in flow staining buffer, and possibly stained for 

viability, cells were washed and resuspended in 50μL with rat anti-mouse CD16/CD32 
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(clone 2.4G2) mAb for 10 minutes to block FcRs. After 10 minutes, 50μL of a 2X panel 

were added and incubated for 30 minutes. Cells were then washed and either resuspended 

in one of the following manners:200μL of flow staining buffer to be freshly run, 100μL of 

flow staining buffer then 100μL of 4% paraformaldehyde for fixation or 100uL of 

secondary or additional antibodies. Fixed samples were incubated for 20 minutes then 

resuspended in 200μL of flow staining buffer. Secondary steps were incubated for 30 

minutes then washed and resuspended in 200μL of flow staining buffer or fixed. 

B cell Specific Staining 

Rat anti-mouse Ig λ1 Light Chain-Biotin or κ cross adsorbed goat anti-mouse λ-

FITC were utilized to stain B cells sorted with Miltenyi Biotec or EasySep B cell sorting 

kits, respectively, due to presence of biotin in EasySep kits. Some B cell panels also 

contained polyclonal goat anti-mouse IgG subclass Abs. These antibodies were cross 

adsorbed with human immunoglobulin and specific murine subclasses as described on 

Appendix Table 4. However, there was the possibility that these antibodies might cross 

react with other species such as rat IgG antibodies used for surface staining. To minimize 

this possibility, initial staining panels only contained anti-isotype antibodies followed by a 

wash then secondary staining with additional surface markers. Additional surface markers 

used in these panels were monoclonal antibodies and no major cross reactivity to these 

antibodies was noticed during analysis. 
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Data Analysis 

Data was acquired on a BD Canto or LSRII flow cytometer (BD Bioscience). 

FlowJo version 10 (FlowJo LLC, Tree Star, Ashland, OR, USA) software was used for 

data analysis. 

ELISA 

Reagents for ELISA are listed in detail in Appendix Table 5. Phosphate buffered 

saline (80g NaCl, 2g KCl, 14.4g Na2HPO4, 24g KH2PO4 in 10L of distilled H2O) for wash 

buffers were made in lab. 

Cytokine ELSIA 

Murine CXCL10, IL-6, IL-10, IL-12p70, IL-27 and TNF- was measured by 

ELISA kits, detailed in Appendix Table 5 following manufacturer’s protocols. Absorbance 

was measured at 450nm with a VERSA max microplate reader (Molecular Devices) with 

SoftMaxPro 6.5 software. Absorbance at 570nm was measured and used as wavelength 

correction.  

Autoantibody ELISA 

Borate buffered saline (BBS: 17.5g NaCl, 2.5g H3BO3, 38.1g, Na2B4O7 in 4L H2O), 

Blocking buffer (BBT: 3% BSA, 1% Tween 80 in BBS) and sample buffer (BBST: 0.5% 

BSA, 0.4% Tween 80 in BBS) were made in lab. 

Day 1: Plates were coated with 0.01% poly-L-Lysine (diluted in PBS) for 1 hour, 

washed with dH2O then coated with 2.5μg/mL in BBS for anti-dsDNA Ab ELISA. Plates 
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were coated with 3μg/mL chicken chromatin in BBS overnight for anti-chromatin ELISA. 

Plates were sealed with parafilm and stored at 4°C overnight. 

Day 2: Plates were washed 3X with BBS then blocked for 2 hours with 100μL of 

BBT. Samples or standards were diluted in BBST at 1:250. Standards were further diluted 

1:2 in BBST 7 or 8 times. Plates were washed 3X with BBS, 100μL of sample were added 

per well. Plates were sealed with parafilm and stored at 4°C overnight. 

Day 3: Plates were washed 5X with BBS. 100μL of biotinylated goat anti-mouse 

IgG (1:5000 in BBST) were added per well and incubated at room temp with gentle shaking 

for 2 hours. Plates were washed 5X with BBS. 100μL of AAP (1:8000 in BBST) were 

added per well and incubated at room temp with gentle shaking for 2 hours. Finally, plates 

were washed 5X with BBS then 100μL of pNPP solution was added to each well. Plates 

were covered with aluminum foil coated lids and incubated at 37°C. Plates were then read 

at 405nm with 650nm wavelength correction with a VERSA max microplate reader 

(Molecular Devices) with SoftMaxPro 6.5 software at 30 minutes, 1 hour, 2 hours, 4 hours, 

6 hours and 24 hours depending on development of standard. 

Griess Reaction 

Nitrites, a proxy for nitric oxide, were measured in cDC culture supernatants by 

Griess reaction. Technical duplicates of supernatants and standards (Sodium Nitrite: 

cat#31443 Sigma-Aldrich) were titrated in a 96-well plate (Corning Costar). Griess 

Reagent (Cat# AC328670500 Acros Organics, Geel, Belgium) was then added to each well 
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at a 1:1 ratio and absorbance was measured at 550nm with a VERSA max microplate reader 

(Molecular Devices) with SoftMaxPro 6.5 software. 

Statistical Analysis 

Prism software version 6 (GraphPad, San Diego, CA) was used for statistical 

analysis with the two-way unpaired t-test for comparison between two groups and either 

one-way ANOVA or two-way ANOVA with multiple comparison for multiple groups. See 

specific figure legends for further details in each experiment. 
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Figure A1. Cyclophilin CT, Analysis Across Multiple cDC Culture Conditions, Does Not 

Fluctuate 

cDCs from B6 (darker color) or TCSle (lighter color) female (red/orange) and male 

(blue/azur) mice were cultured in standard conditions or in hormone-depleted conditions 

supplemented with 0.03nM, 0.1nM or 50nM E2. On day 7, cDC were stimulated with CpG 

B 1826(10μg/mL) or R848 (1μg/mL) then harvested 6 hours later for qPCR analysis. Raw 

CT value of cyclophilin from 3 independent experiments (Chapter 2), 5 E2 conditions, 3 

stimulation conditions in technical triplicate are graphed in each column: 135 CT values in 

each column. Black bars represent mean + SD. 
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Table A1. Chapter 3 Culture Reagants 

Reagent Company 

Catalog# 

Stock Final 

concentration 

Anti-Mouse IL-27 p28/IL-30 

Antibody 

R&D Systems 

Cat # AF1834 

100μg in 

100μL of PBS 

1μg/mL 

Normal goat IgG Control R&D Systems 

Cat# AB-108-C 

1mg in 1mL of 

PBS  

1μg/mL 

Recombinant Mouse IL-27 BioLegend 

Cat# 577402 

0.1mg/mL 10ng/mL 

Mouse anti mouse IFNAR1 

(MAR1-5A3) 

GeneTex Cat# 

GTX14637 

4.35mg/mL 10μg/mL 

Mouse IgG1 isotype control(15H6) GeneTex Cat# 

GTX35014 

100μg1mg/mL 10μg/mL 
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Table A2. cDNA Mix 

 Volume per sample 

for 10μL master mix 

cDNA RT Kit without / with 

RNase inhibitor 

10X RT Buffer 2μL Applied Biosystems Cat# 

4368814 / 4374966 

10X RT Random 

Primers 

2μL Applied Biosystems Cat# 

4368814 / 4374966 

25X dNTP Mix 

(100mM) 

0.8μL Applied Biosystems Cat# 

4368814 / 4374966 

MultiScribeTM 

Reverse Transcriptase 50 

U/μL 

1μL Applied Biosystems Cat# 

4368814 / 4374966 

RNase Inhibitor 

20 U/μL 

1μL Applied Biosystems Cat# 

100021540 / 4374966 

DEPC treated 

H2O 

3.2μL Invitrogen Cat# 46-2224 
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Table A3. qPCR Primers 

Gene Company Assay ID 

aicida Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm01184115

_m1 

 

cxcl10 Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm00445235

_m1 

cyc (ppia) Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm02342430

_g1 

ifnb Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm00439546

_s1 

Il-10 Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm00439616

_m1 

Inos (nos2) Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm00440502

_m1 

irf7 Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm00516788

_m1 

isg15 Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm01705338

_s1 

mx1 Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm00487796

_m1 

pdk1 Taqman Gene 

Expression Assay primer 

Applied 

Biosystems 

Mm00554300

_m1 
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Table A4. Flow Antibodies and Reagents 

Antibody (Clone) or Reagent Company Catalog # 

Rat anti-mouse CD16/CD32 (2.4G2) BioLegend 101310 

Streptavidin PerCPCy5.5 eBioscience 45-4317-82 

Streptavidin FITC BD Bioscience 554060 

Streptavidin APC BD Bioscience 554067 

Streptavidin APC-Cy7 BD Bioscience 554063 

Streptavidin PE-Cy7 BD Bioscience 557598 

Fixable Viability Dye eFlourTM (FVD) ef780 eBioscience 65-0865-14 

7-Amino-Actinomycin D (7-AAD) BD-Bioscience 559925 

Live/DeadTM Fixable Aqua Dead Cell Stain Invitrogen L34957 

carboxyfluorescein succinimidyl ester (CFSE) Promokine PK-CA707-

30050 

CellTraceTM Violet Cell Proliferation Kit Invitrogen C34557 

APC-conjugated hamster anti-mouse CD11c (N418) eBioscience 17-0114-82 

APC-conjugated hamster anti-mouse CD11c (HL3) BD Biosciences 550261 

PE-Cy7-conjugated rat anti-mouse CD11b (M1/70) BD Biosciences 552850 

PE-conjugated rat anti-mouse CD86 (GL1) BD Biosciences 553692 

PE-conjugated rat anti-mouse CD86 (GL1) eBioscience 12-0862-81 

FITC-conjugated hamster anti-mouse CD80 (16-

10A1) 

BD Biosciences 561955 

FITC-conjugated hamster anti-mouse CD80 (16-

10A1) 

eBioscience 11-0801-82 

FITC-conjugated hamster anti-mouse CD40 (HM40-

3) 

BD Biosciences 553723 

PE-conjugated rat anti-mouse CD115 (AFS98) BioLegend 135505 

FITC-conjugated rat anti-mouse MHCII 

(M5/114.15.2) 

eBioscience 11-5321-82 

Biotin-conjugated rat anti-mouse MHCII 

(M5/114.15.2) 

eBioscience 13-5321-85 

Biotin-conjugated goat anti-mouse MERTK 

(polyclonal) 

R&D Systems BAF591 
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*PE-Cy7-conjugated goat anti-mouse IgG3
 Southern Biotech 1100-17 

*APC-conjugated goat anti-mouse IgG2c
 APC Southern Biotech 1079-11S 

*PE-conjugated goat anti-mouse IgG2b Southern Biotech 1090-09S 

*PE-Cy7-conjugated goat anti-mouse IgG2b Southern Biotech 1090-17 

APC-conjugated rat anti-mouse IgG1 (X56) BD Bioscience 550874 

Biotin-conjugated Rat anti-mouse Ig λ1 Light Chain 

(R11-153) 

BD Bioscience 553431 

†FITC-conjugated goat anti-mouse λ Southern Biotech 1060-02 

APC-conjugated rat anti-mouse IgD (11-26c) eBioscience 17-5993-82 

FITC-conjugated anti-mouse IgM (eB121-15F9) eBioscience 11-5890-82 

FITC-conjugated rat anti-mouse GL7 (GL7) BD Bioscience 553666 

PE-conjugated rat anti-mouse CD43 (eBioR2/60) eBioscience 12-0431-82 

PE-Cy7-conjugated rat anti-mouse CD5 (53-7.3) eBioscience 25-0051-81 

PerCPCy5.5-conjugated rat anti-mouse B220 (RA3-

6B2) 

BD Bioscience 552771 

APC-conjugated rat anti-mouse B220 (RA3-6B2) BD Bioscience 553092 

APC-H7-conjugated rat anti-mouse B220 (RA3-

6B2) 

BD Bioscience 565371 

PE-conjugated rat anti-mouse CD138 (281-2) BD Bioscience 553090 

*Polyclonal goat anti-mouse IgGsubclass antibodies are cross adsorbed with human 

immunoglobulin as well as mouse IgG1, IgG2a, IgG2b, IgG3, IgM and IgA (excluding the 

subclass the antibody is meant to recognizes). 

†Cross adsorbed with mouse κ light chains.   
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Table A5. ELISA Kits and Reagents 

ELISA Kit or Reagent Company Catalog 

# 

Mouse CXCL10/IP-10/CRG-2 DuoSet 

ELISA 

R&D 

Systems 

dy466 

Mouse Il-6 ELISA Set BD 

Bioscience 

555240 

Mouse Il-10 ELISA Set BD 

Bioscience 

555252 

Mouse IL-12(p70) ELISA Set BD 

Bioscience 

555256 

*Mouse Il-27 ELISA Ready-SET 

Go!TM Kit 

BD 

Bioscience 

88727422 

Mouse TNF (Mono/Mono) ELISA Set BD 

Bioscience 

555268 

Poly-L-Lysine 0.1% Sigma 

Aldrich 

P8920-

100mL 

UltraPure Calf Thymus DNA Solution ThermoFisher 15633-

019 

Chicken erythrocyte-derived 

chromatin  

Gallucci Lab -80°c 

BoxC17 

Boric Acid (H3BO3)  Fisher 

BioReagent 

BP168-

1 

Sodium tetraborate decahydrate 

(Na2B4O7) 

Sigma-

Aldrich 

S9640-

2.5kg 

Bovine Serum Albumin (BSA) 

Fraction V 

Gemini 700-

100P 

Tween 80 Fisher 

BioReagent 

BP338-

500 

Tween 20 Fisher 

BioReagent 

BP337-

500 

Sodium Chloride (NaCl) Fisher 

Chemicals 

S271-3 

Potassium Chloride (KCl) Fisher 

Chemicals 

P217-

500 

Sodium phosphate dibasic (Na2HPO4) Sigma 

Aldrich 

S0876-

500g 

Potassium Phosphate monobasic 

(KH2PO4)  

Sigma 

Aldrich 

P-5379 

4-Nitrophenyl phosphate disodium salt 

hexahydrate (pNPP) 

Sigma 

Aldrich 

N-

2765-50tab 

Biotin-SP (long spacer) AffiniPure 

goat anti-mouse IgG Fcγ fragment specific 

Jackson 

Immuno Research 

115-

065-071 
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Avidin-alkaline phosphatase conjugate Sigma 

Aldrich 

A7294 

96 well clear Polystyrene High Bind 

StripwellTM Microplate (For ANA ELISA) 

Costar 2595 

96 well EIA/RIA Plate Flat Bottom 

High Binding Polystyrene (For cytokine 

ELISA) 

Costar 3590 

*IL-27 production was measured with the anti-mouse IL-27p28 and biotin-conjugated anti-

mouse IL-27p28 antibodies as described in (Hooper et al., 2017a) for initial experiments. 

Further experiments done for reviewer figures were done with Mouse IL-27 ELISA ready 

set go kit from BD Bioscience. 


