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Abstract

Estrogen and estrogen receptor alpha (ERα) have been implicated in systemic lupus 

erythematosus (SLE) pathogenesis. ERα signaling influences dendritic cell (DC) development 

and function, as well as inflammation and downstream immune responses. We previously reported 

that ERα modulates multiple TLR-stimulated pathways in both conventional and plasmacytoid 

DCs in lupus-prone mice. For example, CD11chiMHCII+ cell numbers are reduced in mice with 

global ERα deficiency or when expressing a short variant of ERα. Herein, RNA-seq analysis 

of CD11chi cells from bone marrow of NZM2410 mice expressing WT ERα vs. ERα short 

vs. ERα null revealed differentially expressed complement genes, interferon-related genes and 

cytokine signaling (e.g., IL-17 and Th17 pathways). To better understand the role of ERα in 

CD11c+ cells, lupus prone NZM2410 mice with selective deletion of the Esr1 gene in CD11c+ 

cells were generated. Phenotype and survival of these mice were similar with the exception of 

Cre positive (CrePos) female mice. CrePos females, but not males, all died unexpectedly prior to 

35 weeks. DC subsets were not significantly different between groups. Since ERα is necessary 

for robust development of DCs, this result suggests that DC fate was determined prior to CD11c 

expression and subsequent ERα deletion (i.e. proximally in DC ontogeny). Overall, findings point 

to a clear functional role for ERα in regulating cytokine signaling and inflammation, suggesting 

that further study into ERα-mediated regulatory mechanisms in DCs and other immune cell types 

is warranted.
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Introduction

A variety of risk factors including genetic predisposition, environmental exposures and 

hormonal status lead to the development of SLE. Being female is a risk factor for developing 

autoimmune diseases (SLE, Sjogren’s syndrome, systemic sclerosis, among others)1, 2. In 

SLE, greater than 80% of those diagnosed are women of reproductive age, when most 

hormonally active1, 3, suggesting sex hormones and their receptors are important to examine 

for underlying mechanisms of disease risk in females. Estrogen, and estrogen receptor alpha 

(ERα) in particular, have been implicated in SLE disease pathogenesis4–7; however, the data 

at times have been contradictory and precise mechanisms have yet to be elucidated.

Estrogen receptors are expressed in a variety of innate and adaptive immune cells, including 

dendritic cells (DCs), macrophages, monocytes, natural killer cells, as well as B and T 

cells8, 9 and have variable influences on immune cell development and function. While 

the effects of some sex hormones can be described as either generally anti-inflammatory 

(androgen and progesterone)10, 11 or proinflammatory (prolactin)12, estrogens produce 

highly pleiotropic immune effects, depending on concentration, timing, cell/tissue type, 

and disease state, among other variables13. The mechanisms by which high and low 

physiological doses of estradiol differentially alter ER activity to modulate immune 

responses are not well-defined8. One possibility is that distinct ER-containing transcriptional 

complexes (with coactivators/corepressors) are formed in response to varying hormone 

levels leading to differential expression of genes that promote or dampen inflammation. 

ERα variant expression is a another contributor to the diversity of responses. Binding 

partners and transcriptional machinery are likely also cell-type specific. Overall, ER 

expression and function are dependent on cellular milieu, and responses are heterogeneous.

Adding to the complexity, timing of estrogen signaling differentially impacts immune 

responses (ex. impacts on genes are different at early vs. late time-points throughout cellular 

development and function). For example, SLE patient B cells have distinct epigenetic 

profiles, influenced by early growth response (EGR) transcription factors that impact both 

early and late estrogen response gene sets19. In innate immune cells, ERα signaling 

stimulates the early development of both conventional and plasmacytoid dendritic cells16. 

CD11b+ DC differentiation is driven by ERα signaling, inducing IRF4 in the early stages 

of myeloid cell development20. Conversely, ERα signaling in mature DCs (late effects) 

inhibits certain DC functions. DC treatment with estrogen/SERMs impairs their ability 

to upregulate co-stimulatory molecules (ex. CD80/86 and CD40). They are less effective 

antigen presenting cells compared to control DCs21. Multiple other studies have shown the 

impact of ERα signaling on proinflammatory cytokine expression in DCs8, 18, 22.

Our previous studies demonstrated an important role for ERα and ERα variants in lupus 

disease expression in lupus prone mice (NZM2410 and MRL/lpr)23, 24. While ERβ knockout 
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had no effect on disease, female mice with a complete knockout of ERα were protected 

from disease, but only if they were not ovariectomized (likely due to high testosterone levels 

from hypergonadism of ovary-intact females)25. Of note, an important feature of all global 

ERα knockouts is aberrant sex hormone levels due to loss of endocrine feedback loops that 

negatively regulate pituitary gonadotropin secretion. These mice have elevated levels of both 

estrogen and testosterone (females have levels akin to males) as well as low prolactin26–28. 

All of these sex hormones have significant immune modulating capacity (and ERα-mediated 

consequences) and must be controlled for experimentally. We recently demonstrated that 

female mice expressing an N-terminally truncated ERα (structurally similar to a naturally 

ocurring short ERα variant) exhibited significantly less lupus renal disease and increased 

survival of female mice. Estrogen was required for this protective phenotype29. These 

data revealed that ERα deficiency by itself was not protective, but that, in the presence 

of estrogen, an ERα short variant provided protection. Multiple Toll-like receptor (TLR)-

stimulated immune responses were significantly altered in B cells, mesangial cells and DCs 

depending on the presence or absence of the full-length ERα26, 30.

In this study, RNA-seq experiments were undertaken to further examine the role of ERα 
in DCs (comparing DCs expressing WT ERα vs. ERα short vs. ERα null). In addition, to 

better understand the effects of ERα on DCs in lupus disease expression, a tissue-specific 

knockout of ERα in CD11c+ cells in NZM2410 mice was created. Results of this study 

revealed differences in immune-related genes and pathways, including complement genes, 

cytokines and genes that impact interferon, all of which are modulated by ERα. These 

results suggest that differential expression of ERα and its variants in DCs likely impact 

autoimmune disease risk in females. Further mechanistic studies are needed to understand 

the complex nature of ERα effects and the differential expression of ERα variants.

Materials and Methods

Mice

Mice were maintained at the Ralph H. Johnson VAMC Animal Facility (Charleston, SC). 

Animal protocols followed the principles outlined in the Guide for the Care and Use of 

Laboratory Animals, and were approved by the VA’s IACUC. Mice were maintained on 

a 12-hr. light/dark cycle with access to food and water ad libitum. The NZM2410 mouse 

strain was originally purchased from Jackson Laboratory (Bar Harbor, ME). Mice carrying 

the Esr1tm4.2Ksk allele (Stock No. 026176, The Jackson Laboratory) are ERα null, and have 

no tissue responses to estrogen or estrogen receptor alpha activity27. ERαKO mice (ERα 
short) on the C57BL/6 background were a kind gift of Dr. Ken Korach (NIEHS) and are 

also available commercially (Stock No. 004744, The Jackson Laboratory). In contrast to the 

ERα null strain, mice carrying the Esr1tm1Ksk allele express a truncated form of ERα (ERα 
short) and have residual estrogen responsivity. Mice were backcrossed onto the NZM2410 

background for 10 generations and have different lupus disease phenotypes29. Mice with 

global disruption of ERα were ovariectomized (OVX) pre-disease at 4–8 weeks of age 

(peri-puberty) in order to combat hypergonadism (high testosterone, high estrogen) that 

results from loss of normal endocrine feedback to the pituitary27. These groups subsequently 

received 0.25 mg, 90-day sustained release 17β-estradiol pellet (Innovative Research of 
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America, Sarasota, FL, USA) implanted sub-dermally to replete physiologic E2 levels31. For 

RNA-seq, experimental mice (n=12) were female and littermates when possible. Mice were 

sacrificed at 10–13 weeks and bone marrow-derived dendritic cells (BM-DCs) generated as 

outlined below.

The floxed-estrogen receptor alpha (ERα) mice and Cre-CD11c mice were generous 

gifts from Dr. Ken Korach (NIEHS, Raleigh, NC) and Dr. Zihai Li (The Ohio State 

University, Columbus, OH), respectively. Floxed-ERα (ERαflox/flox) mice and Cre-CD11c 

mice were each backcrossed onto NZM2410 lupus-prone background for 10 generations. 

ERα expression was specifically disrupted in CD11chi cells using this Cre/LoxP system, 

creating the experimental CrePos (conditional ERα−/−) and CreNeg animals. A survival 

study contained both male and female experimental mice (cohort 1, n=26). For the 

phenotypic study (cohort 2, n=29), only female mice were used. Littermates were used 

when possible. Mice were sacrificed when they reached sacrifice requirements: >10% loss of 

weight, >500mg urine protein as assessed by dipstick, upon recommendation by the animal 

facility, or >52 weeks for the survival experiment, and 9–26 weeks for the phenotypic study: 

pre-disease (9–13 weeks) and disease (23–26 weeks).

Genotyping

The following primer pairs were utilized to confirm the genotypes of the mice: 

floxed-ERα null mice - N6delcKF (5’ GACTCGCTACTGTGCCGTGTGC 3’) and 

N6del3R (5’ CTTCCCTGGCATTACCACTTCTCCT 3’) and Cre-CD11c - CD11c-

Cre Forward (5’ ACTTGGCAGCTGTCTCCAAG 3’) and CD11c-Cre Reverse (5’ 

GCGAACATCTTCAGGTTCTG 3’). DNA was isolated from tail snips of 4 week-old mice 

using DirectPCR (Tail) Lysis Reagent and Proteinase K solution (Viagen, Los Angeles, 

CA). DNA samples were incubated at 56°C overnight with a final digestion at 95°C for ten 

minutes. PCR conditions for the Floxed-ERα null (−/−) mice are as follows: 94°C for 1 

minute, with 30 cycles of 94°C for 30 seconds, 60°C for 30 seconds, 72°C for 30 seconds, 

and a final cycle of 72°C for 5 minutes. A 275bp fragment indicates the presence of the 

WT allele and the Flox-ERα band is detected at 475bp. PCR conditions for genotyping 

the Cre-CD11c mice were: 95°C for 3 minutes, 35 cycles of 95°C for 30 seconds, 60°C 

for 1 minute, 72°C for 1 minute, and one cycle of 72°C for 5 minutes. The Cre-CD11c 

transgene was observed at approximately 313bp. All experimental mice were confirmed to 

have the Floxed-ERα null (−/−) genotype and were categorized based on their being positive 

or negative for Cre-CD11c. Conditional ERα−/− mice were validated using quantitative 

Real-Time PCR. CD11chi BM-DCs were sorted by FACS. RNA was isolated using the 

Qiagen RNeasy kit (Qiagen, Germantown, MD) and cDNA synthesized with the iScript 

cDNA synthesis kit (Bio-Rad, Hercules, CA). Real-Time PCR was performed using the iQ 

SYBR Green Supermix (Bio-Rad, Hercules, CA), and Esr1 and GAPDH primers (Qiagen, 

Germantown, MD). PCR was carried out using the CFX connect Real-time PCR Detection 

System (Bio-Rad) and relative expression was determined using the delta CT method.

Bone marrow-derived dendritic cells

Bone marrow (BM) was flushed from the femurs and tibias of mice, dissociated through 

a 70μm strainer, and depleted of red blood cells using red blood cell lysis buffer (144mM 
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NH4Cl and 17mM Tris, pH 7.6). Cells are spun immediately (3min low speed spin) and 

resuspended in cold PBS. To generate BM-DCs for RNA-seq, total BM was plated at a 

concentration of 1.5×106 cells/ml in RPMI 1640 media containing 10% FBS, 1% penicillin/

streptomycin/ampicillin, and L-glutamine with 20 ng/ml GM-CSF and 10 ng/ml IL-4. Media 

and cytokines were replenished on day 3 and BM-DCs were harvested on day 7. For 

flow cytometry experiments, BM-DCs were generated using 10% supernatant from a Flt3L-

producing cell line (a kind gift of Dr. Stephania Gallucci, Temple University, Philadelphia, 

PA) in complete RPMI 1640 media. BM-DCs were harvested on day 7, and washed with 

PBS prior to staining.

RNA-sequencing and Heatmap visualization

CD11chi BM-DCs were generated from n=3 pooled mice per group and sorted by FACS. 

Experimental triplicates were treated with vehicle or loxoribine (200 μmol/ml), a TLR7 

agonist, and CpG (1 μg/ml), a TLR9 agonist (Invivogen, San Diego, CA) for 24 hours. Total 

RNA (100–200 ng) was used to prepare RNA-Seq libraries using the TruSeq RNA Sample 

Prep Kit (Illumina, CA, USA), following the protocol described by the manufacturer. Paired-

end RNA sequencing was performed using an Illumina HiSeq2500 in the MUSC Center for 

Genomic Medicine (CGM), with each sample sequenced to a minimum depth of ~50 million 

reads. Illumina Casava1.8 software used for base calling.

Two types of heatmaps were generated. First, three sets of comparisons were analyzed, using 

only TLR-stimulated BM-DCs from NZM2410 mice, including 1) WT vs. ERα short; 2) 

ERα short OVX vs. ERα null OVX; and 3) ERα short OVX vs. ERα short. The comparison 

criteria were utilized to control for the fact that not all of the animals were OVX’ed for the 

sequencing experiments. The resulting intersection of all three comparisons should control 

for hormonal changes due to OVX vs non-OVX’ed animals. To accomplish this, genes with 

absolute log2 fold change greater than 1 for the first two comparisons were selected and then 

those with absolute log fold change less than 1 for the third comparison were included. The 

genes that intersected all three lists were included in Fig. 1A. The heatmap was generated 

using log10-transformed Fragments Per Kilobase of transcript per Million mapped reads 

(FPKM) using the pheatmap() function in the R package pheatmap. For the second set 

of heatmaps in Fig. 1B, WT vs. ERα null OVX TLR was exclusively compared using 

the absolute degree of expression, arranged in descending order by absolute fold change 

between the two strains. The heatmap was generated as described above.

Gene set enrichment analysis

Gene set enrichment analysis was completed for the WT TLR vs. ERα null OVX 

TLR comparison using the WebGestalt (WEB-based Gene SeT AnaLysis Toolkit: http://

www.webgestalt.org/#). Specifically, we implemented the module Gene Set Enrichment 

Analysis (GSEA) based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway annotations, using the genes with absolute log2 fold change 

greater than 1 (Figure 1C and D). In addition, we also implemented GSEA GO analysis 

using all the genes, where absolute log2 fold changes were used as scores (Supplementary 

Figure 1).
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Cytokine Multiplexing

Magnet bead-based Luminex multiplex assays with 14 analytes were purchased from R&D 

Systems (Minneapolis, MN). Analytes assessed were GM-CSF, TNFα, IL-12p70, IL-1β, 

IL-4, IL-6, IL-17a, IFNγ, G-CSF, IL-23p19, M-CSF, IL-1α, BAFF, and IL-9. Serum 

samples were taken from WT NZM2410 mice (n=11), NZM ERα short mice (n=12), 

NZM ERα short mice +E2 (n=8), and NZM ERα null mice +E2 (n=6) at the time of 

death (32 weeks or when renal failure occurred). The assay was completed according to 

manufacturer’s protocol and perfomed on a FlexMap 3D instrument (Luminex, Austin, TX).

Staining and flow cytometry

BM-DCs and spleen cells were resuspended (4×106 per sample) in staining buffer (0.5% 

BSA, 0.02% sodium azide in 1X PBS) and stained with one of two panels. Panel 1: 

CD11c-Brilliant violet 605 (1:100), CD8a-Brilliant violet 421 (1:100), CD11b-PE (1:400), 

MHCII-APC (1:200), Siglec H-PerCP/Cy5.5 (1:100), B220-PE/Cy7 (1:100), F4/80-BV510 

(1:200) CD3/CD19-FITC (1:200; both stained with FITC in order to remove populations 

for analysis) and Live/Dead-APC/Cy7. Panel 2: F4/80-Brilliant violet 421 (1:100), CD19-

PerCP/Cy5.5 (1:100), CD3-Brilliant violet 605 (1:100), CD49b-PE (1:400), pDCA1-APC 

(1:200), and Live/Dead-APC/Cy7. All antibodies were purchased from Biolegend (San 

Diego, CA). Cells were incubated with antibodies in the dark for 30 minutes on ice. Viability 

was assessed using LIVE/DEAD Fixable Dead Cell stain (Life Technologies, Carlsbad, 

CA) at a concentration of 1μl/million cells. Cells were washed twice with staining buffer 

and resuspended in 300μL of staining buffer for flow cytometry. Cells were acquired on 

an LSRFortessa cell analyzer (BD Biosciences, San Jose, CA) and analysis was performed 

using FlowJo software (FlowJo LLC, Ashland, Oregon). For real-time PCR assays, BM-DCs 

were sorted on CD11chi cells via a BDFacs Aria sorter (BD Biosciences, San Jose, CA).

Serum anti-dsDNA and proteinuria measurements

Serum was collected at 25- and 35-week time points and at time of sacrifice. Serum anti-

dsDNA was measured by an in-house ELISA assay as described previously (23). Mice 

were housed in metabolic cages for 24-hour urine collection at 24–25 week and 35-week 

time points, when possible. To prevent bacterial growth, antibiotics (ampicillin 25ug/mL, 

gentamicin 50 ug/mL, chloramphenicol 200 ug/mL) were added to the collection tube. After 

24 hours, urine quantity was determined, and samples were frozen at −20°C for future 

analysis via mouse albumin ELISA with known standards.

Statistics

See above for statistics related to RNA-seq analysis. Log rank (Mantel-Cox) analysis was 

used to compare trends in animal survival, except for median time of death (two-tailed t 

test). For other experiments, depending on whether the normality assumption is violated or 

not, either Kruskal-Wallis test with post-hoc Dunn’s multiple comparison test, or one-way 

analysis of variance (ANOVA) with post-hoc Tukey’s test for multiple comparisons, were 

utilized to test for significance. Standard error of the means was reported where applicable. 

P values < 0.05 were considered significant.
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Results

The impact of ERα on gene expression in CD11chi cells of lupus prone NZM2410 mice

We and others have demonstrated a critical role for ERα in murine DC development 

and function. We examined the impact of ERα on gene expression in CD11chi BM-DCs 

to obtain a broader understanding of ERα impact on inflammatory-type DCs (generated 

with GM-CSF and IL-4). RNA-seq was performed on BM-DCs from two sets of female 

lupus prone NZM2410 mice expressing full length ERα vs. an ERα short mutant (missing 

the AF-1 activation domain) vs. a global knockout of ERα (ERα null). The first set 

included TLR7/9-treated BM-DCs from NZM WT and NZM ERα short mice. To control 

for the hormonal impact of ERα disruption in mice (e.g., hypergonadism resulting in supra-

physiologic levels of estrogen and testosterone), a second set of female ERα short and ERα 
null mice were ovariectomized (OVX’ed) and E2-repleted. As in the first set, BM-DCs 

were cultured and TLR7/9-treated prior to RNA-seq. Thus, ERα expression was either 

present, present in the truncated form, or deleted completely from the CD11chi BM-DCs. 

As described in the methods section, comparisons were made across the four sets of female 

mice under a strict set of guidelines to control for known hormonal impacts.

The heatmap shown in Fig. 1A depicts the results of a comparison of sorted CD11chi 

cells across all four sets of mice and shows a total of the 29 most highly differentially 

expressed genes (DEG)s. Several genes that impact both the innate and adaptive immune 

system differed in expression across all four sets of mice, including Slamf9, Fcgr4, 

complement factors C1qa, C1qb and C1qc, as well as cytokines Ccl7, Cxcl5 and Cxcl3. 

Distinct differences were observed between ERα short compared with both WT ERα 
and ERα null mice, supporting the theory that a truncated version (AF-1 mutant) of 

ERα differentially and significantly impacts the immune system. Fig. 1B shows a direct 

comparison of DEGs between WT and ERα null mice, to further illustrate the impact 

of a complete deletion of ERα on DCs. Multiple genes important to the function of the 

innate and adaptive immune system were differentially expressed between WT and ERα 
null mice. Cytokines (Cxcl5 and Cxcl10), several granzymes, Arg1 which impacts immune 

defense and immune cell regulation, and interferon related genes Ifit2, Ifit3, and Apol9, 

were all differentially expressed between WT and ERα null. GO and KEGG pathway 

analyses were performed on the WT vs. ERα null comparisons, with WT being the 

reference set, and are shown in Fig. 1C and 1D. Gene sets involved with several immune 

processes including response to chemokine, cytolysis, cytokine-mediated signaling pathway 

and response to interferon beta were enriched, whereas gene sets involved in more basic 

biological processes, such as regulation of ATPase and vesicle localization were down 

regulated (Fig. 1C). KEGG pathway analysis revealed similar results, with immunological 

pathways associated with cytokine signaling enriched and biological processes (ex. glucagon 

signaling) down regulated (Fig. 1D). Of note, upregulated pathways included those 

associated with autoimmune disease and down regulated pathways were associated with 

cancer, diseases that can sometimes have rival immune effects. Interestingly, the mTOR 

pathway, which is known to be activated in SLE was also down regulated in ERα null mice 

by KEGG analysis (Fig. 1D).
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Cytokine protein levels vary in mice expressing different forms of ERα

Based on the number of differentially expressed cytokines and the prevalence of cytokine 

gene sets and pathways observed by RNA-seq, we examined the protein levels for a select 

number of cytokines in these lupus mouse strains using multiplex technology. Serum taken 

from all female OVX’ed mice expressing intact ERα, ERα short or ERα null with E2 

repletion, was utilized to determine cytokine expression levels. Cytokines were expressed at 

different levels across ERα genotypes, also reflecting diverse roles for full length (WT) ERα 
vs. ERα short (Fig. 2). Consistent with our RNA-seq data, IL-17a expression and production 

was greatly impacted by the absence of ERα. However, the results were opposite for mRNA 

levels vs. protein levels for IL-17. The IL-17 inflammatory pathway was upregulated in in 

ERα null mice in the RNAseq experiment, but IL-17 protein was undetectable in these mice. 

Message levels of IL-17 may be induced in response to lack of negative feedback (since the 

IL-17 cytokine is missing in these lupus-prone mice, despite being in an inflamed disease 

state). Thus, these results suggest that ERα is critical for regulating the IL-17 pathway and 

will be further investigated in future studies.

IL-6 levels were also decreased in ERα null mice, although this did not reach significance. 

Few differences were observed in the cytokine protein levels between WT and ERα short 

if no ligand was available indicating an active role for ERα short in modulating cytokine 

release (rather than being a result of deficiency of full length ERα). With the addition 

of E2, TNFα levels were significantly decreased in NZM ERα short compared to WT, 

but unaffected in ERα null mice (Fig. 2C). A statistically significant decrease in M-CSF 

protein expression was also observed in E2-replete ERα short-expressing mice compared 

to ERα null mice, and G-CSF was coordinately significantly decreased in ERα null mice 

(Fig. 2D and F). GM-CSF levels were increased in the ERα null animals but did not rise 

to significance (Fig. 2E). In most cases, the effect of ERα null resulted in cytokine levels 

that were opposite of those observed for ERα short. Overall, these results illustrate the stark 

differences between the presence and absence of ERα in immune responses in females. 

They also illustrate differences mediated by the short ERα variant, whose role may be to 

modulate the pro-inflammatory actions of full length ERα.

Generation and survival of DC-specific ERα−/− NZM2410 lupus prone mice

In order to better understand the function of ERα in DCs of lupus prone mice, experimental 

CrePos (Cre-CD11c × floxed-ERα) and CreNeg lupus prone mice were created to study 

selective disruption of the Esr1 gene in NZM2410 cDCs. Disruption of the Esr1 gene was 

determined by measuring mRNA expression in the CrePos and CreNeg animals. Both male 

and female mice were studied. Figure 3A demonstrates a large and statistically significant 

reduction in expression of the Esr1 gene in CD11chi bone marrow-derived DCs from the 

CrePos animals compared to CreNeg animals. Expression of the Esr1 gene was more than 

90% reduced in CrePos BM-DCs that were isolated by fluorescence-activated cell sorting 

(FACS), gated on CD11chi cells. There was no statistically significant difference in the 

overall survival rate between CrePos and CreNeg (floxed-ERα) mice (Fig. 3B, C) when 

considering both males and females. However, CrePos female mice died significantly earlier 

than the CreNeg female mice (Fig. 3B, C). None of the CrePos female mice survived past 35 

weeks, while nearly half of CreNeg females were alive at 52 weeks (cohort 1).
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Characterization of the disease phenotype in NZM2410 lupus-prone CD11c-Cre/ERαflox/flox 

mice

Body and spleen weight, autoantibody production and 24h proteinuria were measured in 

male and female NZM CD11c-Cre/ERαflox/flox mice, both in the survivors of the first 

cohort and in a second cohort with a pre-determined sacrifice date. Despite an accelerated 

pattern of death in female CrePos mice, no differences were observed in body or spleen 

weight between CrePos and CreNeg female mice (Fig. 4A). Additionally, no significant 

differences were observed in serum autoantibody levels between CrePos and CreNeg 

mice (female and male mice). Interestingly, male CrePos mice had significantly increased 

autoantibody production compared to female CrePos mice (Fig. 4B). Of note, autoantibody 

levels did not parallel disease activity in these mice. For example, autoantibody levels were 

similar between CrePos and CreNeg female mice (Fig. 4B), while survival between those 

groups was significantly different (Fig. 3). This result again suggests an uncoupling of 

autoantibody development (autoimmunity/loss of tolerance) and lupus disease expression 

(ex. nephritis) in the setting of altered sex hormone signaling, as we have seen in our other 

studies23, 25, 29. With regard to proteinuria as a reflection of nephritis, a trend towards more 

severe proteinuria was observed in the CrePos mice, which was driven by a few mice and 

the results were not statistically significant (Fig. 4C). Since most of the CrePos female mice 

died unexpectedly prior to 35 weeks, we were unable to obtain 24 urine albumin data to help 

determine renal impact on these mice (mice either died in cage or were not healthy enough 

to undergo 24h metabolic cage collection).

Determination of spleen cell immunophenotype in female NZM2410 lupus-prone CD11c-
Cre/ERαflox/flox mice

Given the significant difference in female survival rate (Fig. 3B) despite the lack of other 

observable phenotypic differences, we investigated the impact of ERα deletion on the 

immunophenotype of spleen cells in female CrePos and CreNeg mice (cohort 2). The 

gating strategy utilized to evaluate the effects of ERα on classical DCs (cDCs) in the 

spleen is outlined in Fig. 5A and further described in Supplementary Fig. 2. No differences 

were observed in the percent splenic plasmacytoid DCs (using SiglecH+B220+ markers), 

although there was a trend towards increased percent pDCs and increased percent MHCII+ 

cells in CrePos females (Fig. 5B). Percent live cDCs or total number cDCs (data not shown) 

were also not found to be different. These results suggest that the impact of ERα on DC 

development may be minimal in the DC-specific ERα−/− on this NZM2410 background 

(interferon-rich), or that DC fate was determined prior to CD11c expression and subsequent 

ERα deletion.

Discussion

Compared with other immune cells, more is known about the requirement for estrogen and 

ERα for normal/robust cDC and pDC early development and differentiation18, 21, 22, 29, 32. 

Other sex hormones play a role similar to estrogen signaling on DC maturation and 

function (i.e. late responses, such as progesterone modulation of TLR3/4-induced cytokine 

production)33. While a complete knockout of ERα in lupus prone mice did not significantly 

affect DC numbers, bone marrow-derived DCs had distinct differences in subsets with an 
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increase in cDC1s and a concomitant decrease in cDC2 subsets29. In ERα short mice treated 

with estrogen, we observed decreased numbers of cDCs as well as decreased plasmacytoid 

DCs that had reduced IL-6 and IFNα production compared to mice expressing a full length 

ERα22. Our previous work using ERα variants and mutants, combined with that of others, 

exemplifies the complex role of ERα in immune cells, and profound impact on DCs in 

particular.

This study examines the role of ERα in myeloid cells, mainly CD11chi dendritic cells, 

focusing on the immune response in lupus prone NZM2410 mice. RNA-seq experiments 

examining the role of ERα in DCs (comparing DCs expressing WT ERα vs. ERα short 

vs. ERα null) revealed differences in immune related genes and pathways, including 

complement genes, cytokines and genes that impact interferon. It identifies differentially 

regulated genes involved in both the innate and adaptive immune response across TLR7 and 

TLR9-stimulated cells from mice expressing full-length ERα, a truncated version of ERα, 

or no ERα. Multiple chemokine and cytokine signaling pathways are affected by deletion of 

ERα, indicating its importance in immunomodulation. Selective deletion of the Esr1 gene 

in CD11c cells of lupus prone mice led to significantly decreased female (CrePos) survival, 

although the mechanism behind this has not yet been elucidated. Due to unexpectedly early 

deaths in this group, proteinuria and renal histology were not fully captured, and thus we 

were not powered to observe significant differences in those lupus disease endpoints. We 

did observe significant differences in anti-dsDNA antibody levels. However, similar to our 

previous studies in ERα mutant mice, there was no correlation between autoantibody levels 

and disease severity consistent with multiple distinct and sometimes opposing roles for sex 

hormones and ERα in lupus23, 25, 29. CrePos male mice had significantly higher anti-dsDNA 

levels compared to CrePos female mice, and no change in survival. In addition, there were 

surprisingly few differences detected in spleen DC populations in CrePos mice lacking ERα, 

suggesting that lineage commitments had already been made prior to CD11c expression, 

since ERα is necessary for normal DC expansion and function in mice8, 18, 34, 35.

RNA-seq experiments revealed distinct differences in DCs between WT and ERα null mice 

(Fig. 1 A and B), with a majority of upregulated genes from immune processes impacting 

cytokine signaling, cytolysis, and immune defense. Several interferon inducible genes were 

upregulated in DCs from mice deficient in ERα, and thus may have protective effects (if 

down-regulated in the presence of ERα). One example is the murine orthologue of Apol1, 

which is induced by interferon, plays a role in autophagy, and has been linked to the time 

of progression to end stage renal disease in African Americans36, 37. It is well established 

that Type I IFNs promote plasmacytoid DC development, and interferon signature genes 

are increased in most lupus patients and patients with lupus nephritis, serving as a disease 

biomarker in a large subset of patients38–41. Arg1, which has ties to IL-4, nitric oxide 

synthase, and Th1/2 responses42 was also upregulated in DCs from ERα null mice (Fig. 

1B). This is interesting as the Th1/Th2 pathway also appears to be differentially regulated 

in DCs from WT vs. ERα null lupus prone mice (Fig. 1D). Arg-1 activity and expression is 

increased in SLE patients and correlated with disease activity43. Further, the Th17 response 

and cytokine production in myeloid-derived suppressor cells from SLE patients was found to 

be dependent on Arg-143.
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Other pathways significantly impacted by deletion of ERα include the IL-17 signaling 

pathway, Th17 cell differentiation and the mTOR signaling pathway, all of which have 

importance in SLE. Serum IL-17 and Th17 cell frequency are enhanced in SLE patients 

and have a positive correlation with SLEDAI scores44 and increased levels of mTOR have 

been detected in SLE T cells45. That ERα affects these pathways is consistent with our 

previous observations indicating that estradiol and ERα impact IL-23 secretion and promote 

the Th17 response in murine DCs46. Results of the cytokine multiplex analysis in murine 

serum were generally consistent with the RNA-seq analysis. While not in the top 50 DEGs 

from the RNAseq experiment, the trends we observed in serum cytokine protein expression 

between WT and ERα null mice mirrored those observed in the RNA-seq data (e.g. IL-6 

was downregulated in ERα null compared to WT in both sets of experiments). This was 

true for all genes except IL-17A, which showed different levels of protein production in 

mice expressing different forms of ERα (Fig. 2). IL-17A protein was undetectable in ERα 
null mice, suggesting a role for ERα in IL-17 induction and an impact on Th17 cells 

that occurs after RNA processing. ERα has multiple other inflammatory cytokine targets 

and our previous work demonstrates the impact of ERα short on IL-6, IL-1β and CCL2 

expression8, 20, 22, 30, 47–49. Serum TNFα was significantly reduced in E2-treated ERα short 

mice (vs. WT NZM) and these are the mice that were protected from severe lupus-related 

renal disease24. We did not expect to see a reduction in TNFα in ERα null mice since these 

mice had similar survival to WT NZM. We were surprised to see a disconnect between 

disease state and IL-17 and IL-6 (both undetectable in ERα null mice), suggesting ERα is 

singularly required to regulate their induction even in an already inflamed disease state; this 

will be further investigated.

Colony stimulating factors, M-CSF, GM-CSF and G-CSF are associated with autoimmune 

disease50–54 and GM-CSF promotes DC development50, 55, 56. GM-CSF and G-CSF are 

partially regulated by Fli-1, another transcription factor implicated in SLE pathogenesis53, 57 

and DC differentiation from hematopoietic progenitors is stimulated by estradiol/ERα 
signaling20. In this study, we show that there were clear opposing effects on M-CSF, GM-

CSF and G-CSF expression in ERα null mice vs. mice expressing ERα short in the presence 

of estradiol compared with WT mice (Fig. 2). These results suggest that the previously 

observed protective effect of ERα short in lupus prone mice may be in part associated with 

regulation of CSF expression impacting DC and other myeloid cell development, and thus 

downstream impacts on antigen presenting cell function and inflammatory potential.

To gain a better understanding of the role of ERα in DCs, the Esr1 gene was selectively 

deleted from DCs in NZM2410 lupus prone mice (CrePos). While the overall survival rates 

between CrePos and CreNeg mice did not differ, CrePos female mice died rapidly, with 

0% of the first cohort surviving to the predetermined sacrifice date of 52 weeks, while 

survival of CrePos male mice was not different from CreNeg lupus prone mice (Fig. 3). 

Renal disease and survival of unmanipulated NZM2410J mice is bimodal, and is routinely 

observed in these mice; we do not observe a spectrum of pathologic renal disease25, 29. 

In this study, CrePos mice lacking Esr1 in DCs were unable to tolerate any amount of 

renal disease, which could be attributed to an anti-inflammatory effect of Esr1 that is 

missing (perhaps lack of an ERα variant)29. Mice had similar overall body and spleen 

weights (Fig. 4). Autoantibody levels between female CrePos and CreNeg mice also did not 
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differ, suggesting that while they may be necessary for lupus disease onset, they were not 

sufficient to drive disease in these mice. Interestingly, CrePos male mice had significantly 

increased anti-dsDNA antibodies compared to CrePos females, but again, this did not impact 

proteinuria or mortality. Unfortunately, we were not able to capture proteinuria or renal 

histology on most female CrePos mice since they died unexpectedly early. The proteinuria 

data we do have is biased towards the healthier mice. Thus, it is not possible to say with 

certainty that the female CrePos NZM2410 mice died as a result of kidney disease. When 

a second cohort of mice was sacrificed early (25 weeks) a large percent did not yet have 

significant proteinuria, adding speculation that the female CrePos mice dying early may 

have had an alternative cause of death than renal disease. Limitations of this study include 

a lack of functional studies and an inability to study additional mice to investigate the 

mechanisms of accelerated death in female CrePos mice. Given the breeding difficulties and 

the challenges of the times, there was an inability to maintain the colony lines which have 

been lost.

Analysis of spleen DCs with ERα deleted revealed no significant differences in cDCs 

or overall MHCII positivity, but there was a trend towards increased pDCs (Fig. 5B), 

suggesting that selective deletion of ERα in CD11c+ cells mainly occurred subsequent to 

cDC and pDC developmental decisions. These results are consistent with previous findings 

suggesting that while some level of ERα is required for cDC development58, abundant 

(or even full-length) ERα may not be required25. Further supporting evidence from our 

laboratory demonstrated that an ERα short variant does play a role in specific DC subset 

development and is consistent with findings that the AF-1 domain of ERα may affect early 

progenitor DC development through IRF-4 upregulation16, 18, 59. Despite the total number 

of DCs being largely unchanged, it is possible that DC function may have been altered. 

Functional studies to determine if ERα deletion affected cellular responses to antigen 

presentation or TLR stimulation may be interesting. Unfortunately, due to the rapid deaths in 

cohort 1, along with the ultimate loss of the line, these studies were not performed.

This study defines the effect and immunophenotype of DC-specific ERα deletion in lupus 

prone mice, which ultimately affects female survival. Complete deletion of ERα in CD11c+ 

cells did not confer protection in lupus-prone mice. In contrast, it caused female mice to die 

significantly earlier than their female counterparts that retained ERα expression in CD11c+ 

cells. These studies have generated many questions regarding the complex and diverse role 

of ERα in the development and function of myeloid cells like DCs. The data reported 

in this study continues to provide evidence that deletion of full length ERα (whether 

global or in specific immune cell subsets) does not provide protection from lupus disease 

expression despite having some anti-inflammatory effects (ex. reduced IL-17 expression). 

These current data also further support the need for more study of ERα variants in immunity 

and autoimmunity. The fact that a variant of ERα, but not loss of ERα in CD11chi cells 

affects DC development highlights the complexity behind ERα expression and signaling. 

DC RNA-seq and protein expression data indicate that multiple cytokine signaling pathways, 

but not all, are impacted by ERα deletion. Importantly, the distinct differences in gene 

expression observed between mice expressing full length ERα and the short variant of ERα 
provide further support for the fact that ERα variants differentially impact the immune 

response.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1 –. Cytokines and cytokine signaling altered in CD11chi lupus prone NZM2410 mice 
expressing different forms of ERα.
Heatmaps revealing differentially expressed genes (DEGs) in CD11c hi cells isolated from 

lupus mouse strains with different forms of ERα. CD11chi cells were derived from murine 

bone marrow cultures with GM-CSF and IL-4. Panel A depicts DEGs across all four strains 

of mice (with and without ovariectomy). Values are in log10-based FPKM. All cells were 

stimulated with TLR7/9 and hormonal differences were accounted for in the analysis. Panel 

B shows the DEGs across WT and ERα null only. The same parameters used in Panel A 

apply to Panel B. The bar plot in Panel C depicts the GO analysis results for genes between 

WT and ERα null that have an absolute fold change over 1 and included a total of 1912 

genes. Panel D represents the results of the KEGG pathway analysis using the same set of 

genes as in Panel C. For Panels C and D the WT group was used as the reference gene set.
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Figure 2 –. Cytokine protein expression levels in NZM2410 mice with variable forms of ERα 
expression ± E2.
Cytokine protein expression levels were determined using a multiplex array (FlexMap). 

Observed results in pg/ml for IL-17A (Panel A), IL-6 (Panel B), TNFα (Panel C), M-

CSF (Panel D), GM-CSF (Panel E), and G-CSF (Panel F) are displayed. All mice were 

ovariectomized (pre-pubertal), and serum samples were taken at sacrifice. Significance is 

based on a t-test, with the exception of Panel C, whose results were significant based on 

ANOVA with post-hoc Tukey’s test for multiple comparisons.
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Figure 3 - Selective disruption of ERα expression in dendritic cells (CD11c-Cre/ERαflox/flox) of 
NZM2410 lupus-prone mice.
(A) Relative mRNA expression of the Esr1 gene in CD11chi cells isolated from CrePos 

(CD11c-Cre/ERαflox/flox) and CreNeg (CD11c-Cre/WTloxP-ERα) mice. Total RNA was 

isolated from flow sorted BM-DCs from female mice 20–27 weeks of age (n=3 for each 

group). Real time PCR was performed in triplicate on transcribed cDNA with primers to 

the Esr1 gene and normalized to Gapdh housekeeping gene. Survival of CrePos and CreNeg 

mice in Cohort 1 by sex (n=26) illustrated by Kapalan-Meier curve (B) and scatter-plot of 

individual mouse groups (C). Pre-determined sacrifice at 52 weeks.
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Figure 4 –. Characterization of disease phenotype in NZM2410 lupus-prone CD11c-
Cre/ERαflox/flox mice.
Data was collected from Cohort 1 (male and female, as above) plus a second all-female 

cohort sacrificed at 25 weeks. (A) Body and spleen weight for CrePos and CreNeg female 

mice. (B) serum anti-dsDNA measured by ELISA for all mice at the 25 week time point. 

Positive controls from diseased MRL/lpr mice (open grey circles) and negative controls from 

C57BL/6J mice (open grey square) are included. Panel C demonstrates albuminuria in mice 

ages 25–35 weeks old (highest recorded) as measured by 24hr urine collection on metabolic 

cages.
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Figure 5 –. Immunophenotype of spleen cells from NZM2410 lupus-prone Cre-CD11c-Floxed-
ERα mice.
Panel A shows the preliminary gating strategy for isolating immune cells (Time, singlets, 

debris dump, live/dead staining). Subsequent gating is as follows: pDCs (Lin-, F4/80−, 

MHCII+, B220+/SiglecH+); cDCs (Lin−, F4/80−, MHCII+, CD11c++, CD11blo); B cells 

(CD19). All flow experiments utilized FMOs, found in Supplementary Figure 2. Panel B 

depicts differences in the % live of cDCs and pDCs.
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