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Ninety percent of those diagnosed with systemic lupus erythematosus are female, with 
peak incidence between the ages of 15 and 45, when women are most hormonally 
active. Despite significant research effort, the mechanisms underlying this sex bias 
remain unclear. We previously showed that a functional knockout of estrogen receptor 
alpha (ERα) resulted in significantly reduced renal disease and increased survival in 
murine lupus. Dendritic cell (DC) development, which requires both estrogen and ERα, is 
impacted, as is activation status and cytokine production. Since both estrogen and tes-
tosterone levels have immunomodulating effects, we presently studied the phenotype of 
NZM2410 lupus-prone mice following post- and prepubertal ovariectomy (OVX) ± estra-
diol (E2) replacement to determine the impact of hormonal status on disease expression 
and DC development in these mice. We observed a trend toward survival benefit in 
addition to decreased proteinuria and improved renal histology in the early OVX, but not 
late OVX- or E2-repleted WT mice. Interestingly, there was also a significant difference in 
splenic DC subsets by flow cytometry. Spleens from NZM mice OVX’d early had a signif-
icant decrease in proinflammatory CD11c+CD11b+ DCs (vs. unmanipulated WTs, late 
OVX- and E2-repleted mice). These early OVX’d animals also had a significant increase 
in tolerogenic CD11c+CD8a+ DCs vs. WT. These data join a growing body of evidence 
that supports a role for hormone modulation of DCs that likely impacts the penetrance 
and severity of autoimmune diseases, such as lupus.
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inTrODUcTiOn

Systemic lupus erythematosus (SLE) is the prototypic autoimmune disease characterized by produc-
tion of autoantibodies and immune complex-mediated end-organ damage. Nine out of 10 patients 
diagnosed with lupus are female, thus biologic sex is important in disease development. The cause of 
the sex difference in SLE is likely multifactorial, including the sex chromosomes, sex hormones, and 
their receptors. Perhaps the strongest epidemiological data to support a role for hormone impact on 
disease is the fact that incidence of disease is highest during the reproductive years when women are 
most hormonally active (in contrast to pre-menarche and post-menopause, when lupus incidence is 

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2016.00031&domain=pdf&date_stamp=2016-02-15
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://dx.doi.org/10.3389/fimmu.2016.00031
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:cunnima@musc.edu
http://dx.doi.org/10.3389/fimmu.2016.00031
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00031/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00031/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00031/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00031/abstract
http://loop.frontiersin.org/people/237874/overview
http://loop.frontiersin.org/people/298500/overview
http://loop.frontiersin.org/people/98054/overview


February 2016 | Volume 7 | Article 312

Cunningham et al. Early OVX Decreases cDCs in Murine Lupus

Frontiers in Immunology | www.frontiersin.org

lower and the female:male ratio is less profound). The SELENA 
trial showed that use of oral contraceptive pills in SLE patients did 
not enhance flare rates; however, estrogen replacement therapy 
in post-menopausal women did result in a slight increase in mild 
lupus flares, indicating that changing/replacing estrogen levels in 
an estrogen-deficient setting can impact disease (1, 2).

In murine models of lupus, manipulation of sex hormones also 
has significant impact on disease expression. NZB/NZW mice 
and some of the derived NZM strains, including NZM2410, have 
significant female predominance of disease (3). Both genders of 
MRL/lpr mice develop severe lupus; however, there is a trend 
toward earlier and more severe disease in females (4). In classic 
experiments by Roubinian et  al. and later by Tarkowski et  al., 
manipulation of sex hormones and castration led to significant 
effects on disease expression (5–10). Specifically, castration of 
male NZB/NZW or MRL/lpr mice led to female-like disease and 
ovariectomy (OVX) with androgen replacement in female mice 
led to disease protection. Protection in male mice was limited to 
those in which gonadectomy was performed at 4 weeks of age or 
earlier (prepubertal). Interestingly, castration after onset of sexual 
maturity had little impact on disease. Administration of phar-
macological doses of estrogen led to significant enhancement of 
disease in ovariectomized females, castrated males, and unma-
nipulated females (6). These experiments are suggestive that there 
is an imprinted component to female sex that is fixed at the time 
of sexual maturity. This imprinting appears manipulatable since 
lupus can be induced by repleting estrogen. Once the imprinting 
has occurred, however, taking away estrogen does not appear to 
be an effective therapeutic intervention, although there is modest 
data to support androgens as a treatment.

Estrogen has pleiotropic effects on many different cell types, 
including immune cells. For example, estrogen treatment of 
macrophages is proinflammatory and induces expression/release 
of TNFα and nitric oxide (NO) (11–16). In contrast, estrogen 
given to macrophage in the setting of LPS treatment results in 
estrogen partially inhibiting the release of NO and TNFα (15). 
This estrogen-mediated immune suppression was mediated via 
the activation of ERα. Short-term administration of exogenous 
estrogen appears immune suppressing, while long-term exog-
enous or endogenous estrogen is proinflammatory (17). In some 
lupus-prone strains, exogenous estradiol, via ERα, promotes 
survival of DNA-reactive B cells and decreases the activation 
threshold for BCR signaling, leading to increased autoantibody 
formation (18–20). While the ability of estrogen to impact B cell 
activation requires classic ERα action, estrogen effects on B cell 
survival do not (21). This may also explain data in NZM2410 
ERαKO female mice that have high levels of both serum estradiol 
and anti-dsDNA but are still protected from renal disease and 
have a significant survival benefit (4). It seems clear that estrogen 
and ERα have differential effects on immune cells that may also 
be dose and time dependent.

In lupus, dendritic cells (DCs) play a critical role in disease 
pathogenesis and progression. For example, mice deficient in 
DCs (conventional DCs and most plasmacytoid DCs) are pro-
tected from developing lupus nephritis. DC-deficient mice have 
similar autoantibody levels and immune complex deposition 

as their WT littermates, but lack progression of renal damage 
despite ongoing immune complex deposition. As noted above, we 
previously showed that female NZM2410 ERαKO mice also had 
significantly less renal disease and prolonged survival compared 
to WT littermates despite similar serum levels of autoantibodies 
and glomerular immune complex deposition. We subsequently 
showed that DCs from ERαKO mice have a blunted inflamma-
tory response (e.g., IL-6, IL-1β, and IFNα production) to toll-like 
receptor (TLR) ligands (22). These findings suggested that an 
important effect of estrogen and ERα in lupus may be on the 
innate immune system and local tissue response to inflammation.

Despite significant research effort, the mechanisms underly-
ing estrogen and its receptors effects on disease remain unclear. 
Since estrogen and ERα are known to modulate DC development 
in  vitro (23–26), we and others are interested in the impact of 
estrogen on DCs in SLE, especially since estrogen influences DC 
development and function primarily via ERα (24, 26). Due to the 
importance of DCs in SLE pathogenesis, we investigated the effect 
of early and late OVX ± estradiol (E2) repletion on both lupus 
disease phenotype and DC development in NZM2410 mice.

MaTerials anD MeThODs

Mice
Mice were maintained at the Ralph H. Johnson VAMC Animal 
Facility (Charleston, SC, USA). Animal protocols followed 
the principles outlined in the Guide for the Care and Use of 
Laboratory Animals, and were approved by MUSC’s IACUC. The 
NZM2410 mouse strain was acquired from Jackson Laboratory 
(Bar Harbor, ME, USA) and was maintained on a 12-h light/dark 
cycle with access to food and water ad libitum. All experimental 
mice (n = 34) were female and littermates where possible. Mice 
were ovariectomized at 4 or 8 weeks of age. One group of mice 
OVX’d at 4 weeks of age subsequently received 0.1 mg, 90-day time 
release 17β estradiol pellet (Innovative Research, Sarasota, FL, 
USA, Catalog number: NE-121) that was implanted subdermally. 
Mice were sacrificed with isoflurane and cervical dislocation at 
32  weeks of age or when they reached sacrifice requirements 
(>10% loss of weight, >500  mg urine protein as assessed by 
dipstick, or upon recommendation by the animal facility).

serum anti-dsDna, serum estradiol, and 
serum Testosterone
Serum was collected throughout the experiment and at time 
of sacrifice. Serum anti-dsDNA was measured by ELISA assay, 
as previously described (4). Estradiol levels were assessed via 
ELISA (Calbiotech, San Diego, CA, USA), with an assay sensitiv-
ity of 3 pg/ml; precision: 3.1% (intra-assay), 9.9% (inter-assay). 
Testosterone serum levels were assessed by radioimmunoassay 
(RIA) at the University of Virginia Center for Research and 
Reproduction Ligand Assay and Analysis core.

Urine Protein excretion
Mice were housed in metabolic cages for 24 urine hour col-
lection at 2-week intervals starting at 10 weeks of age until 
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sacrifice. To prevent bacterial growth, antibiotics (ampicillin 
25 μg/ml, gentamicin 50 μg/ml, and chloramphenicol 200 μg/
ml) were added to the collection tube. After 24  h, urine 
quantity was determined and samples were frozen at −20 
for future analysis via mouse albumin ELISA with known 
standards.

spleen and Kidney Processing and renal 
Pathology
Spleens were harvested and kept on ice during processing. The 
spleens were processed through 40 μm strainers and depleted of 
red blood cells with red blood cell lysis buffer (144 mM NH4Cl 
and 17 mM Tris, pH 7.6). Spleen cells were washed twice with 
cold RPMI before being stained for flow cytometry analysis.

One kidney was divided evenly for renal pathology and 
immunofluorescence. One half was snap frozen in liquid nitrogen 
and stored at −80°C for immunofluorescence analysis, the other 
half was fixed with buffered formalin, embedded in paraffin, 
and then sectioned and stained with hematoxylin and eosin. 
Kidney sections were analyzed in a blinded fashion by Dr. Phillip 
Ruiz (Department of Pathology, University of Miami School of 
Medicine, Miami, FL, USA) and graded on glomerular hypercel-
lularity, segmental mesangial expansion, neutrophils/cell debris, 
crescent formation, and necrosis. These grades were combined 
for a total glomerular and interstitial pathology score. Deposition 
of IgG and complement component C3 was analyzed on the half 
kidney snap frozen in liquid nitrogen. Deposition was assessed by 
immunofluorescence by incubating slides with rabbit anti-mouse 
IgG FITC (Sigma) and sheep anti-mouse C3 FITC (Sigma). IgG 
and C3 were graded 0–3 for intensity of staining, as previously 
described (4).

staining and Flow cytometry
Spleen cells (4  ×  106 per sample) were isolated in staining 
buffer (0.5% BSA and 0.02% sodium azide in 1× PBS) and 
stained with CD11c-Brilliant violet 605 (1:100), CD8a-
Brilliant violet 421 (1:100), and CD11b-PE (1:400). Cells 
were incubated with antibodies for 30 min on ice in the dark. 
All antibodies were purchased from Biolegend (San Diego, 
CA, USA). Viability was assessed using LIVE/DEAD Fixable 
Dead Cell stain (Life Technologies, Carlsbad, CA, USA) at 
a concentration of 50  μl/million cells. Cells were washed 
twice with staining buffer and resuspended in 0.3  ml of 
staining buffer for flow cytometry. Cells were acquired on 
an LSRFortessa cell analyzer (BD Biosciences, San Jose, CA, 
USA), and analysis was performed using FlowJo software 
(FlowJo LLC, Ashland, OR, USA).

statistical analysis
Kruskal–Wallis one-way analysis of variance and post hoc Dunn’s 
multiple comparison test were utilized to test for significance 
when comparing treatment groups. SEMs were reported where 
applicable. p Values ≤0.05 were considered significant. Log rank 
analysis was used to compare trends in animal survival.

resUlTs

effects of early vs. late Ovariectomy on 
survival, Body, and Organ Weights in 
nZM2410 Mice
NZM2410 mice underwent four different treatments: (1) no OVX 
and no E2 pellet (NONP), (2) late OVX at 8 weeks (post-puberty) 
with no E2 pellet (O8NP), (3) early OVX at 4 weeks (pre-puberty) 
with no E2 pellet (O4NP), or (4) early OVX at 4  weeks with 
0.1 mg E2 via sustained release pellet (O4 + E2). Similar to our 
previous work (4), unmanipulated NZM2410 (NONP) female 
mice began to die at 23 weeks of age and only 33% survived to 
32 weeks (study endpoint). In contrast, as shown in Figure 1, 71% 
of mice OVX’d before puberty (O4NP) survived to 32 weeks of 
age. Mice that were either OVX’d late (post-puberty), or early 
but estradiol repleted (O4 + E2) were less protected, with only 
42 and 50% surviving to 32 weeks of age, respectively. Overall, 
there was not a significant difference in survival between the 
four treatment groups (Figure 1A). At the time of sacrifice, all 
mice were weighed and total body, spleen, and kidney weights 
were documented. Neither OVX nor presence of E2 pellet sig-
nificantly altered the weights of treated mice compared to the 
unmanipulated NONP mice (Figure 1B). Spleen weights were 
variable within all four treatment groups, but no significant dif-
ferences were observed between groups (Figure 1C). Although 
O4NP mice trended toward lower kidney weights compared to 
the other groups (Figure  1D), there was again no significant 
difference observed. Overall, OVX with or without E2 repletion 
did not significantly alter disease penetrance in NZM2410 mice; 
however, early OVX did appear to impact disease and offer mod-
est protection.

serum anti-dsDna autoantibody and 
Proteinuria levels in OVX’d nZM2410
Terminal anti-double stranded DNA (dsDNA) antibody levels 
were assessed via ELISA. O8NP mice had anti-dsDNA levels 
similar to unmanipulated NZM. Interestingly, we observed 
increased anti-dsDNA levels in both groups of early OVX’d mice, 
which was significantly different in the O4NP mice (vs. O8NP) 
(Figure 2B). Similar results were observed in anti-dsDNA levels 
at the 18-week time point (Figure 2A). At 18 weeks of age, when 
onset of lupus-like kidney disease typically becomes evident in 
NZM2410 mice, 08NP and O4  +  E2 mice had not developed 
proteinuria by albumin ELISA; unexpectedly, several O4NP mice 
had early levels of proteinuria, similar to unmanipulated NZM 
mice at that time point (data not shown). Nephritis in these mice 
did not progress; in fact, proteinuria in the same three O4NP 
animals was slightly reduced at the terminal time point. In the 
other WT mice, terminal albuminuria levels increased over time 
as expected reflecting an increased number of animals developing 
lupus renal disease (Figure 3A). It was unexpected to find both 
higher levels of anti-dsDNA and earlier onset of proteinuria in 
the O4NP animals (which had the best overall survival), and sug-
gested that early OVX resulted in a disease phenotype that is less 
severe/less progressive, rather than delayed in onset.
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FigUre 1 | health parameters in nZM2410 mice. NZM2410 lupus-prone mice were unmanipulated (NONP, n = 12), OVX’d after puberty (O8NP, n = 7), OVX’d 
before puberty (O4NP, n = 7), or OVX’d before puberty and administered estrogen (O4 + E2, n = 7). (a,B) No significant difference in survival or body weight 
between the four groups was observed, although there was a trend toward survival benefit in the O4NP group (71%) vs. WT NONP (33%). (c) No significant 
difference in spleen weights between NZM2410 WTs based on hormonal milieus was observed, although there was a trend toward bigger spleens in OVX’d mice. 
(D) No significant difference in kidney weights between-treatment groups, but a trend toward reduced kidney weight in O4NP vs. O4 + E2 was noted (p = 0.07).
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e2 effects on renal Pathology in  
nZM2410 Mice
Kidneys were collected at time of sacrifice and sectioned. C3 and 
IgG deposition, markers of kidney involvement in lupus disease, 
were determined by C3 and IgG immunofluorescence (IF). IF 
intensity was semiquantitated using a 0–3 scale by a blinded 
scorer. For both C3 and IgG, all four treatment groups scored a 2 
or greater, indicating moderate to high levels of immune complex 
deposition that was not significantly different between groups 
(Figures 3B,D). H&E stained kidney samples were prepared and 
renal pathology scores were determined by a blinded pathologist 
who used multiple standard parameters to assess disease involve-
ment of glomeruli, tubules, interstitium, and vessels. In agreement 

with the improved survival and reduced levels of terminal 
proteinuria observed, O4NP mice appeared to have less severe 
kidney disease by renal pathology score compared to the other 
treatment groups, although this decrease was not statistically sig-
nificant (Figure 3C). Overall, all four groups showed evidence of 
renal disease by proteinuria, deposition scores, and overall renal 
pathology scores, although O4NP mice were modestly protected.

hormone levels in nZM2410 Mice with 
and without e2
Estradiol levels in mice can range from <5 pg/ml (old, sick, or non-
breeding) to >1000 pg/ml (young pregnant). In this study, serum 
17β estradiol levels for all treatment groups were assessed by the 
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current gold standard 17β-estradiol ELISA (27). The O4 + E2 treat-
ment group was OVX’d and had estrogen replaced via subcutane-
ous E2 pellet to account for potential effects of varying endogenous 
estrogen levels in cycling NZM2410 mice. The E2 pellet in O4 + E2 
maintained an average of 3.8 pg/ml estrogen during the experiment, 
significantly higher than estrogen levels in the OVX’d unrepleted 
treatment groups, as expected (Figure 4A). O4 + E2 mice main-
tained a level of physiological estrogen that is normally seen in 
mouse strains, with one individual having a much higher level of 
estrogen than the rest of the cohort. NONP mice had low normal 
estrogen levels which could be caused by a variety of factors includ-
ing age, disease state, and hormonal cycle, since NZM2410 begin 
to manifest disease symptoms as early as 16 weeks of age. Terminal 
testosterone levels were quantified with RIA. NONP mice trended 
toward higher levels of testosterone, as would be expected in gonad-
intact cycling female mice, compared to the three OVX’d treatment 
groups, but no significant differences were observed (Figure 4B).

Flow cytometry
Dendritic cells are dysregulated in SLE in both human disease 
and murine models of lupus. Since estrogen is required for 

normal DC development, we investigated the impact of post- vs. 
prepubertal OVX  ±  estrogen on DC numbers in lupus-prone 
NZM2410 mice. DC numbers were analyzed by flow cytometry 
using ex vivo splenocytes harvested at the time of sacrifice. We 
found that the O4NP mice, which tended toward a survival 
benefit, had a significant reduction in the number of CD11c+/
CD11b+ cells (vs. NONP, O8NP, and O4 + E2) (Figure 5A). This 
was particularly surprising in the case of the profound difference 
between O4NP and O8NP, where the only difference between 
groups was the timing of the OVX, suggesting that hormone levels 
during pubescence are critical to determining the developmental 
program of hematopoietic progenitors. This concept is further 
supported by the increase in a different myeloid subset (CD11c+/
CD8a+) from spleens of O4NP mice vs. NONP (Figure  5B). 
Importantly, CD11c+/CD8a+ DCs have been associated with 
promotion of regulatory T cells and mediation of tolerance in 
multiple tissue types and may partially explain the trend toward 
disease protection in the O4NP mice.

DiscUssiOn

Sex biases in autoimmunity have been observed in both humans 
and in rodent models of disease (28). SLE is a disease with a 
profound sex bias. Although there are data to support a role for 
sex chromosomes, sex hormones, and their receptors in disease 
expression, a clear etiology for this health disparity is not appar-
ent. It is known that both estrogens and androgens can modulate 
the expression of autoimmunity. As in human disease, the strik-
ing sex difference in most murine lupus strains includes females 
developing earlier, more severe disease. This can be modified in 
both sexes by castration and differential hormone replacement, 
and the timing of this appears to affect disease differentially in 
males (10, 29–31). While there is somewhat conflicting data 
from prior studies of OVX, estrogen replacement, and estrogen 
receptor knockout on autoimmunity and immune functions 
in lupus animals, there is more agreement on the generally 
protective role for androgens in disease expression. In seminal 
work by Roubinian et al., prepubertal castration of male NZB/
NZW F1 (B/W) lupus-prone mice resulted in accelerated disease 
development, with both accelerated autoantibody production 
and mortality. In contrast, prepubertal castration of female mice 
did not change mortality, although it did have minor effects on 
autoantibody production and class switching (10). The effect on 
castrated males and females was much greater when they were 
treated with androgen vs. estrogen therapy, which resulted in 
attenuated kidney disease and improved survival when castrated 
females were treated with androgen, while castrated male B/W 
mice treated with estrogen had accelerated disease severity simi-
lar to that of WT females (29). Thus, androgen was protective 
while estrogen promoted disease. Anti-estrogen treatment with 
tamoxifen has also been shown to reduce autoantibody produc-
tion and mortality in B/W mice (32, 33). These studies were some 
of the first to show evidence that androgens, estrogens, and anti-
estrogens can modulate autoimmunity and disease expression in 
lupus.

The purpose of the current study was to determine the impact 
of early (prepubertal) vs. late (postpubertal) OVX on the disease 
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phenotype and effects on DC development/subsets in female 
lupus-prone mice. We utilized NZM2410 mice, a recombinant 
inbred strain of New Zealand Mixed mice that have a highly pen-
etrant disease with early onset. We have been using these mice for 
many years to study the effects of estrogen receptor alpha (ERα) 
on disease expression. We previously showed that backcrossing 
ERαKO mice onto an NZM2410 background resulted in reduced 
kidney disease and significantly prolonged survival in female, but 
not male mice (4). Of note, ERβKO NZM mice were not similarly 

protected. Thus, it has not been shown that deficiency of ERβ, or 
the early lack of estrogen alone (such as in castrated female B/W 
mice), significantly impacts disease, although we and others have 
shown that deficiency of a functional ERα does impact disease 
(4, 34). Since the timing of castration in males leads to variable 
protection in some lupus strains, we undertook this study in 
WT NZM female mice to ovariectomize either before or after 
puberty (±estrogen replacement in the early OVX group). The 
results are consistent with earlier experiments that showed no 
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significant impact on the development of lupus nephritis with 
OVX alone. Differences were noted, however, in the fact that 
estrogen replacement with a 17β-estradiol pellet, which resulted 
in physiological doses, did not exacerbate disease over WT ani-
mals. Additionally, anti-dsDNA levels were not different between 
the estrogen-treated group and the other groups, but surprisingly, 
were significantly different between the early and late OVX 
groups. This result supports the concept that there exists a time 
point during the transition between adolescence and adulthood, 
as in males, in which hormone levels critically impact develop-
ment of autoimmunity. It is important to separate autoantibody 

production from disease; however, since the animals with higher 
anti-dsDNA levels trended toward reduced kidney disease and 
improved survival. This is similar to what we observed in our 
previous study of NZM ERαKO mice (higher anti-dsDNA, lower 
disease scores), lending credence to the concept of a two-step 
process, whereby autoantibodies are necessary but not sufficient 
for disease (a concept also supported epidemiologically by the 
large number of normal human females that have autoantibodies 
but no evidence of disease).

Since most testosterone in females is secreted by the ovaries, 
it is also important to mention that OVX’d mice have reduced 
levels of both testosterone and estrogen, as evidenced by serum 
levels in our OVX’d animals. One limitation of this study is that 
testosterone and estrogen levels were examined late: at 18 weeks 
(data not shown) and at the terminal endpoint. We chose these 
time points to reflect hormone levels during early and late lupus 
disease onset and to show evidence of successful (long-lasting) 
estradiol replacement. However, the drawback is that these levels 
do not reflect hormone levels during puberty onset, at which 
point testosterone and estrogen levels would have been different 
between the castrated mice (early OVX) and the gonad-intact 
(late OVX) mice. Also, testosterone levels were assessed by RIA, 
which is relatively sensitive and specific, but estrogen levels (using 
ELISA) are notoriously difficult to measure with accuracy. We did 
see lower estrogen levels in our unmanipulated animals than we 
expected, likely due to increasing disease activity and abnormal 
ovarian cycling at that late time point (these animals do not breed 
well beyond 20 weeks).

Importantly, estrogen has different effects depending on tim-
ing, concentration, and cell type. For example, estrogen can help 
break tolerance by promoting survival of autoreactive B cells and 
leading to increased autoantibody production in a murine lupus 
model (19, 35). In other settings, such as experimental autoim-
mune encephalitis (EAE), which is thought to be more T-cell 
driven, estrogen is neuroprotective/anti-inflammatory via ERα 
signaling in astrocytes, which are CNS APCs expressing MHCII, 
B7, and CD40, and are critical for T cell activation (36, 37). It is 
also likely that estrogen impacts immune cell types differentially 
depending on the milieu.

Dendritic cells are immune cells that are important for both 
maintenance of tolerance and an appropriate innate immune 
response. As with most immune cells, the development status 
of DCs is critical in influencing its cellular functions. Immature 
DCs mostly induce tolerance (since they express fewer surface 
molecules that give a second stimulatory signal), whereas 
mature DCs function to induce immune responses by stimu-
lating proliferation of naïve antigen-specific CD4+ T cells or 
CD8+ T cells (38, 39). It is well known that DCs in SLE are 
abnormal in both number and function (40–42). Additionally, 
previously published studies by our lab and others revealed a 
critical role for estradiol and ERα modulating DC number and 
function in normal and lupus-prone animals (22, 25, 26, 43). 
Estrogen also influences maturation and function of human 
monocyte-derived DCs (44). One limitation to this study is that, 
although we focused on DCs, it is likely that our isolated cells, 
whether spleen derived or BM derived, did have some frequency 
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of monocytes and macrophage present. We and others are mov-
ing toward better markers to gate or sort more specifically on 
DC subsets, but in this experiment, our markers are inadequate 
to identify DCs only.

Because dysregulated DC activation and function are impli-
cated in the pathophysiology of SLE, and estrogen plays a role in 
SLE pathogenesis, this line of study is vital to our understanding 
of sex bias in this disease. In the current study, we observed that 
the single act of ovariectomizing female lupus-prone mice prior 
to puberty resulted in near depletion of absolute numbers of 
CD11c+/CD11b+ DCs from the spleen. This effect appears to be 

due to a lack of estrogen at a critical time point, since replacement 
of estradiol by pellet in early OVX’d mice does not result in the 
same reduction of this DC subset. Perhaps more interesting is 
the observation that a different subset of DCs (CD8a+) were not 
reduced in O4NP mice, and in fact trended toward in increase, 
suggesting that the “imprinting” that took place caused a shift 
in the DC developmental program, rather than simply being a 
survival signal. It is possible that levels of ERα were also altered 
at that time (although we do not have tissue from this early 
time point) since estrogen is known to increase ERα expression. 
One could speculate that when estrogen increases at the time of 
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pubescence, it causes an increase in ERα expression that elicits 
a more proinflammatory environment that then informs DC 
development.

In summary, we investigated the effect of early OVX in WT 
lupus-prone animals and found the disease phenotype to be 
consistent with earlier reports in other lupus strains, except that 
autoantibody levels were actually increased in the (protected) 
early OVX’d mice, at both disease onset and late disease. Although 
there were not significant differences in survival, there was a 
trend toward survival benefit in the early OVX’d animals that 
were not estrogen repleted. These animals also had a significant 
reduction in CD11c+/CD11b+ DCs from spleen, which nor-
mally make up approximately 70% of murine spleen DC (45, 46). 
Conversely, tolerogenic CD11c+CD8a+ DCs were not reduced, 
but rather increased in O4NP mice, suggesting a mechanism for 
the protected phenotype. These data also suggest that the major 
impact of estrogen on DCs is early, specifically during the critical 
hormonal changes that take place at the time of puberty.

aUThOr cOnTriBUTiOns

MC and GG directed the work, contributed to designing the study, 
and reviewed/interpreted the data. MC and JW conducted all stud-
ies with help from JE (breeding, genotyping, bleeding and urine 
collection), JS (IHC/flow cytometry), and EC (ELISAs). MC and 
JW prepared the manuscript and figures. GG contributed to manu-
script revisions. All authors read and approved the final manuscript.

FUnDing

This publication was supported by The South Carolina Clinical & 
Translational Research (SCTR) Institute, with an academic home 
at the Medical University of South Carolina, NIH/NCRR Grant 
number UL1 RR029880 and UL1 RR029882; and a VA Medical 
Research Service Merit Award 1I01BX000470-01. The contents 
are solely the responsibility of the authors and do not necessarily 
represent the official views of the NIH or NCRR.

reFerences

1. Buyon JP. Hormone replacement therapy in postmenopausal women with 
systemic lupus erythematosus. J Am Med Womens Assoc (1998) 53:13–7. 

2. Buyon JP. Oral contraceptives in women with systemic lupus erythematosus. 
Ann Med Interne (Paris) (1996) 147:259–64. 

3. Perry D, Sang A, Yin Y, Zheng YY, Morel L. Murine models of sys-
temic lupus erythematosus. J Biomed Biotechnol (2011) 2011:271694. 
doi:10.1155/2011/271694 

4. Svenson JL, EuDaly J, Ruiz P, Korach KS, Gilkeson GS. Impact of estrogen 
receptor deficiency on disease expression in the NZM2410 lupus prone 
mouse. Clin Immunol (2008) 128:259–68. doi:10.1016/j.clim.2008.03.508 

5. Talal N. Sex hormones and modulation of immune response in SLE. Clin 
Rheum Dis (1982) 8:23–8. 

6. Carlsten H, Tarkowski A, Holmdahl R, Nilsson LA. Oestrogen is a potent 
disease accelerator in SLE-prone MRL lpr/lpr mice. Clin Exp Immunol (1990) 
80:467–73. doi:10.1111/j.1365-2249.1990.tb03311.x 

7. Talal N, Ahmed SA, Dauphinee M. Hormonal approaches to immunotherapy 
of autoimmune disease. Ann N Y Acad Sci (1986) 475:320–8. doi:10.111
1/j.1749-6632.1986.tb20880.x 

8. Ansar Ahmed S, Penhale WJ, Talal N. Sex hormones, immune responses, and 
autoimmune diseases. Mechanisms of sex hormone action. Am J Pathol (1985) 
121:531–51. 

9. Talal N. Sex steroid hormones and systemic lupus erythematosus. Arthritis 
Rheum (1981) 24:1054–6. doi:10.1002/art.1780240811 

10. Roubinian JR, Papoian R, Talal N. Androgenic hormones modulate autoan-
tibody responses and improve survival in murine lupus. J Clin Invest (1977) 
59:1066–70. doi:10.1172/JCI108729 

11. Azenabor AA, Yang S, Job G, Adedokun OO. Expression of iNOS gene in 
macrophages stimulated with 17beta-estradiol is regulated by free intracellu-
lar Ca2+. Biochem Cell Biol (2004) 82:381–90. doi:10.1139/o04-032 

12. Lambert KC, Curran EM, Judy BM, Lubahn DB, Estes DM. Estrogen recep-
tor-alpha deficiency promotes increased TNF-alpha secretion and bacterial 
killing by murine macrophages in response to microbial stimuli in  vitro. 
J Leukoc Biol (2004) 75:1166–72. doi:10.1189/jlb.1103589 

13. Tomaszewska A, Guevara I, Wilczok T, Dembinska-Kiec A. 17Beta-
estradiol- and lipopolysaccharide-induced changes in nitric oxide, tumor 
necrosis factor-alpha and vascular endothelial growth factor release 
from RAW 264.7 macrophages. Gynecol Obstet Invest (2003) 56:152–9. 
doi:10.1159/000073775 

14. Vegeto E, Bonincontro C, Pollio G, Sala A, Viappiani S, Nardi F, et al. Estrogen 
prevents the lipopolysaccharide-induced inflammatory response in microglia. 
J Neurosci (2001) 21:1809–18. 

15. Vegeto E, Ghisletti S, Meda C, Etteri S, Belcredito S, Maggi A. Regulation 
of the lipopolysaccharide signal transduction pathway by 17beta-estradiol in 
macrophage cells. J Steroid Biochem Mol Biol (2004) 91:59–66. doi:10.1016/j.
jsbmb.2004.02.004 

16. You HJ, Kim JY, Jeong HG. 17 Beta-estradiol increases inducible nitric oxide 
synthase expression in macrophages. Biochem Biophys Res Commun (2003) 
303:1129–34. doi:10.1016/S0006-291X(03)00477-7 

17. Stygar D, Masironi B, Eriksson H, Sahlin L. Studies on estrogen receptor 
(ER) alpha and beta responses on gene regulation in peripheral blood leu-
kocytes in vivo using selective ER agonists. J Endocrinol (2007) 194:101–19. 
doi:10.1677/JOE-06-0060 

18. Bynoe MS, Grimaldi CM, Diamond B. Estrogen up-regulates Bcl-2 and 
blocks tolerance induction of naive B cells. Proc Natl Acad Sci U S A (2000) 
97:2703–8. doi:10.1073/pnas.040577497 

19. Grimaldi CM, Cleary J, Dagtas AS, Moussai D, Diamond B. Estrogen alters 
thresholds for B cell apoptosis and activation. J Clin Invest (2002) 109:1625–33. 
doi:10.1172/JCI0214873 

20. Grimaldi CM, Jeganathan V, Diamond B. Hormonal regulation of B cell 
development: 17 beta-estradiol impairs negative selection of high-affinity 
DNA-reactive B cells at more than one developmental checkpoint. J Immunol 
(2006) 176:2703–10. doi:10.4049/jimmunol.176.5.2703 

21. Peeva E, Venkatesh J, Diamond B. Tamoxifen blocks estrogen-induced B cell 
maturation but not survival. J Immunol (2005) 175:1415–23. doi:10.4049/
jimmunol.175.3.1415 

22. Cunningham MA, Naga OS, Eudaly JG, Scott JL, Gilkeson GS. Estrogen 
receptor alpha modulates toll-like receptor signaling in murine lupus. Clin 
Immunol (2012) 144:1–12. doi:10.1016/j.clim.2012.04.001 

23. Carreras E, Turner S, Paharkova-Vatchkova V, Mao A, Dascher C, Kovats S. 
Estradiol acts directly on bone marrow myeloid progenitors to differentially 
regulate GM-CSF or Flt3 ligand-mediated dendritic cell differentiation. 
J Immunol (2008) 180:727–38. doi:10.4049/jimmunol.180.2.727 

24. Douin-Echinard V, Laffont S, Seillet C, Delpy L, Krust A, Chambon P, et al. 
Estrogen receptor alpha, but not beta, is required for optimal dendritic cell dif-
ferentiation and [corrected] CD40-induced cytokine production. J Immunol 
(2008) 180:3661–9. doi:10.4049/jimmunol.180.10.7047-b 

25. Paharkova-Vatchkova V, Maldonado R, Kovats S. Estrogen preferentially 
promotes the differentiation of CD11c+ CD11b(intermediate) dendritic cells 
from bone marrow precursors. J Immunol (2004) 172:1426–36. doi:10.4049/
jimmunol.172.3.1426 

26. Carreras E, Turner S, Frank MB, Knowlton N, Osban J, Centola M, et  al. 
Estrogen receptor signaling promotes dendritic cell differentiation by increas-
ing expression of the transcription factor IRF4. Blood (2010) 115:238–46. 
doi:10.1182/blood-2009-08-236935 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1155/2011/271694
http://dx.doi.org/10.1016/j.clim.2008.03.508
http://dx.doi.org/10.1111/j.1365-2249.1990.tb03311.x
http://dx.doi.org/10.1111/j.1749-6632.1986.tb20880.x
http://dx.doi.org/10.1111/j.1749-6632.1986.tb20880.x
http://dx.doi.org/10.1002/art.1780240811
http://dx.doi.org/10.1172/JCI108729
http://dx.doi.org/10.1139/o04-032
http://dx.doi.org/10.1189/jlb.1103589
http://dx.doi.org/10.1159/000073775
http://dx.doi.org/10.1016/j.jsbmb.2004.02.004
http://dx.doi.org/10.1016/j.jsbmb.2004.02.004
http://dx.doi.org/10.1016/S0006-291X(03)00477-7
http://dx.doi.org/10.1677/JOE-06-0060
http://dx.doi.org/10.1073/pnas.040577497
http://dx.doi.org/10.1172/JCI0214873
http://dx.doi.org/10.4049/jimmunol.176.5.2703
http://dx.doi.org/10.4049/jimmunol.175.3.1415
http://dx.doi.org/10.4049/jimmunol.175.3.1415
http://dx.doi.org/10.1016/j.clim.2012.04.001
http://dx.doi.org/10.4049/jimmunol.180.2.727
http://dx.doi.org/10.4049/jimmunol.180.10.7047-b
http://dx.doi.org/10.4049/jimmunol.172.3.1426
http://dx.doi.org/10.4049/jimmunol.172.3.1426
http://dx.doi.org/10.1182/blood-2009-08-236935


February 2016 | Volume 7 | Article 3110

Cunningham et al. Early OVX Decreases cDCs in Murine Lupus

Frontiers in Immunology | www.frontiersin.org

27. Haisenleder DJ, Schoenfelder AH, Marcinko ES, Geddis LM, Marshall JC. 
Estimation of estradiol in mouse serum samples: evaluation of commercial 
estradiol immunoassays. Endocrinology (2011) 152:4443–7. doi:10.1210/
en.2011-1501 

28. Whitacre CC, Reingold SC, O’Looney PA. A gender gap in autoimmunity. 
Science (1999) 283:1277–8. doi:10.1126/science.283.5406.1277 

29. Roubinian JR, Talal N, Greenspan JS, Goodman JR, Siiteri PK. Effect of castra-
tion and sex hormone treatment on survival, anti-nucleic acid antibodies, and 
glomerulonephritis in NZB/NZW F1 mice. J Exp Med (1978) 147:1568–83. 
doi:10.1084/jem.147.6.1568 

30. Roubinian JR, Talal N, Greenspan JS, Goodman JR, Siiteri PK. Delayed 
androgen treatment prolongs survival in murine lupus. J Clin Invest (1979) 
63:902–11. doi:10.1172/JCI109390 

31. Shear HL, Wofsy D, Talal N. Effects of castration and sex hormones on 
immune clearance and autoimmune disease in MRL/Mp-lpr/lpr and 
MRL/Mp-+/+ mice. Clin Immunol Immunopathol (1983) 26:361–9. 
doi:10.1016/0090-1229(83)90120-4 

32. Wu WM, Lin BF, Su YC, Suen JL, Chiang BL. Tamoxifen decreases 
renal inflammation and alleviates disease severity in autoim-
mune NZB/W F1 mice. Scand J Immunol (2000) 52:393–400. 
doi:10.1046/j.1365-3083.2000.00789.x 

33. Sthoeger ZM, Zinger H, Mozes E. Beneficial effects of the anti-oestrogen 
tamoxifen on systemic lupus erythematosus of (NZBxNZW)F1 female mice 
are associated with specific reduction of IgG3 autoantibodies. Ann Rheum Dis 
(2003) 62:341–6. doi:10.1136/ard.62.4.341 

34. Bynote KK, Hackenberg JM, Korach KS, Lubahn DB, Lane PH, Gould 
KA. Estrogen receptor-alpha deficiency attenuates autoimmune disease 
in (NZB x NZW)F1 mice. Genes Immun (2008) 9:137–52. doi:10.1038/
sj.gene.6364458 

35. Grimaldi CM, Michael DJ, Diamond B. Cutting edge: expansion and 
activation of a population of autoreactive marginal zone B cells in a model 
of estrogen-induced lupus. J Immunol (2001) 167:1886–90. doi:10.4049/
jimmunol.167.4.1886 

36. Spence RD, Wisdom AJ, Cao Y, Hill HM, Mongerson CR, Stapornkul B, et al. 
Estrogen mediates neuroprotection and anti-inflammatory effects during 
EAE through ERalpha signaling on astrocytes but not through ERbeta sig-
naling on astrocytes or neurons. J Neurosci (2013) 33:10924–33. doi:10.1523/
JNEUROSCI.0886-13.2013 

37. Dong Y, Benveniste EN. Immune function of astrocytes. Glia (2001) 
36:180–90. doi:10.1002/glia.1107 

38. Lanzavecchia A, Sallusto F. The instructive role of dendritic cells on T cell 
responses: lineages, plasticity and kinetics. Curr Opin Immunol (2001) 
13:291–8. doi:10.1016/S0952-7915(00)00218-1 

39. Mellman I, Steinman RM. Dendritic cells: specialized and regulated 
antigen processing machines. Cell (2001) 106:255–8. doi:10.1016/
S0092-8674(01)00449-4 

40. Whitacre CC. Sex differences in autoimmune disease. Nat Immunol (2001) 
2:777–80. doi:10.1038/ni0901-777 

41. Rider V, Abdou NI. Gender differences in autoimmunity: molecular basis 
for estrogen effects in systemic lupus erythematosus. Int Immunopharmacol 
(2001) 1:1009–24. doi:10.1016/S1567-5769(01)00046-7 

42. Szyper-Kravitz M, Zandman-Goddard G, Lahita RG, Shoenfeld Y. The neuro-
endocrine-immune interactions in systemic lupus erythematosus: a basis for 
understanding disease pathogenesis and complexity. Rheum Dis Clin North 
Am (2005) 31:161–175,x. doi:10.1016/j.rdc.2004.10.004 

43. Seillet C, Rouquie N, Foulon E, Douin-Echinard V, Krust A, Chambon P, et al. 
Estradiol promotes functional responses in inflammatory and steady-state 
dendritic cells through differential requirement for activation function-1 
of estrogen receptor alpha. J Immunol (2013) 190:5459–70. doi:10.4049/
jimmunol.1203312 

44. Bengtsson AK, Ryan EJ, Giordano D, Magaletti DM, Clark EA. 17Beta-
estradiol (E2) modulates cytokine and chemokine expression in human 
monocyte-derived dendritic cells. Blood (2004) 104:1404–10. doi:10.1182/
blood-2003-10-3380 

45. Dakic A, Shao QX, D’Amico A, O’Keeffe M, Chen WF, Shortman K, et  al. 
Development of the dendritic cell system during mouse ontogeny. J Immunol 
(2004) 172:1018–27. doi:10.4049/jimmunol.172.2.1018 

46. Wu L, Dakic A. Development of dendritic cell system. Cell Mol Immunol 
(2004) 1:112–8. 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2016 Cunningham, Wirth, Scott, Eudaly, Collins and Gilkeson. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1210/en.2011-1501
http://dx.doi.org/10.1210/en.2011-1501
http://dx.doi.org/10.1126/science.283.5406.1277
http://dx.doi.org/10.1084/jem.147.6.1568
http://dx.doi.org/10.1172/JCI109390
http://dx.doi.org/10.1016/0090-1229(83)90120-4
http://dx.doi.org/10.1046/j.1365-3083.2000.00789.x
http://dx.doi.org/10.1136/ard.62.4.341
http://dx.doi.org/10.1038/sj.gene.6364458
http://dx.doi.org/10.1038/sj.gene.6364458
http://dx.doi.org/10.4049/jimmunol.167.4.1886
http://dx.doi.org/10.4049/jimmunol.167.4.1886
http://dx.doi.org/10.1523/JNEUROSCI.0886-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.0886-13.2013
http://dx.doi.org/10.1002/glia.1107
http://dx.doi.org/10.1016/S0952-7915(00)00218-1
http://dx.doi.org/10.1016/S0092-8674(01)00449-4
http://dx.doi.org/10.1016/S0092-8674(01)00449-4
http://dx.doi.org/10.1038/ni0901-777
http://dx.doi.org/10.1016/S1567-5769(01)00046-7
http://dx.doi.org/10.1016/j.rdc.2004.10.004
http://dx.doi.org/10.4049/jimmunol.1203312
http://dx.doi.org/10.4049/jimmunol.1203312
http://dx.doi.org/10.1182/blood-2003-10-3380
http://dx.doi.org/10.1182/blood-2003-10-3380
http://dx.doi.org/10.4049/jimmunol.172.2.1018
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Early Ovariectomy Results in Reduced Numbers of CD11c+/CD11b+ Spleen Cells and Impacts Disease Expression in Murine Lupus
	Introduction
	Materials and Methods
	Mice
	Serum Anti-dsDNA, Serum Estradiol, and Serum Testosterone
	Urine Protein Excretion
	Spleen and Kidney Processing and Renal Pathology
	Staining and Flow Cytometry
	Statistical Analysis

	Results
	Effects of Early vs. Late Ovariectomy on Survival, Body, and Organ Weights in NZM2410 Mice
	Serum Anti-dsDNA Autoantibody and Proteinuria Levels in OVX’d NZM2410
	E2 Effects on Renal Pathology in 
NZM2410 Mice
	Hormone Levels in NZM2410 Mice with and without E2
	Flow Cytometry

	Discussion
	Author Contributions
	Funding
	References


