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Abstract

Systemic lupus erythematosus (SLE) is a chronic and potentially severe autoimmune disease that
disproportionately affects women. Despite a known role for hormonal factors impacting
autoimmunity and disease pathogenesis, the specific mechanisms of action remain poorly
understood. Our laboratory previously backcrossed “estrogen receptor alpha knockout (ERaKO)”
mice onto the NZM2410 lupus prone background to generate NZM/ERa KO mice. This original
ERaKO mouse, developed in the mid-1990s and utilized in hundreds of published studies, is not
in fact ERa null. They express an N-terminally truncated ERa, and are considered a functional
KO. They have physiologic deficiencies including infertility due to disruption of a critical
activation domain (AF-1) at the N terminus of ERa, required for most classic estrogen (E2)
actions. We demonstrated that female NZM/ERa KO mice had significantly less renal disease and
significantly prolonged survival compared to WT littermates despite similar serum levels of
autoantibodies and glomerular immune complex deposition. Herein, we present results of
experiments using a lupus prone true ERa—/— mice (deletional KO mice on the NZM2410
background), surprisingly finding that these animals were not protected if they were
ovariectomized, even if E2-repleted, suggesting that another hormonal component confers
protection, possibly testosterone, rather than the absence of the full-length ERa.
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1. Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by
production of autoantibodies and immune complex-mediated end-organ damage. Nine out of
ten patients diagnosed with lupus are female, thus biologic sex is key in disease
susceptibility. The mechanisms underlying the sex disparity in SLE are multifactorial, and
likely involve the sex chromosomes, sex hormones and their receptors. There is strong
epidemiologic data to support a role for estrogen impact on disease since the incidence of
disease is highest during reproductive years when women are most hormonally active. This
is in contrast to pre-menarche and post-menopause, when lupus incidence is lower and the
female to male ratio is much less profound. Estrogens, mainly via ERa.,, may promote lupus
by facilitating loss of immunologic tolerance and enhancing production of autoantibodies [1,
2]. In recent years, other immune effects of estrogen were identified, including modulation
of Toll-like receptor (TLR) pathways and dendritic cell development that both play a
significant role in lupus pathogenesis [3, 4]. The molecular pathways through which
estrogens exert these effects are not fully defined.

In murine models of lupus, manipulation of sex hormones has significant impact on disease
expression. NZB/NZW mice and some of the derived NZM strains (i.e. NZM2328) have
significant female predominance of disease [5]. Both genders of MRL/lpr and NZM2410
mice develop severe lupus, however, there is a trend towards earlier and more severe disease
in females [6]. In classic experiments by Roubinian ef a/., and later by Tarkowski et al.,
manipulation of sex hormones and castration led to significant effects on disease expression
[7-12]. Specifically, castration of male NZB/NZW or MRL/Ipr mice led to female-like
disease, and ovariectomy with androgen replacement in female mice led to disease
protection. Administration of pharmacologic doses of estrogen led to significant
enhancement of disease in ovariectomized (OVX) females, castrated males, and un-
manipulated females [12].

Estrogen has pleiotropic effects on many different cell types, including immune cells. Thus,
estrogens do not act in the same manner in all inflammatory diseases. Even within a disease,
estrogen may play both anti-inflammatory and pro-inflammatory roles depending on the
disease state, the target organ, the type of immune stimulus, the length of exposure and the
presence of other hormones and their receptors. This is consistent with the immense
variability in immune responses necessary throughout a female’s reproductive life. Females
are known to respond more vigorously to infection and vaccination, but are unfortunately
more susceptible to autoimmunity. Testosterone (T2) also plays a role in sex-based disparity
in immune responses. Multiple lines of study have demonstrated immune-suppressive effects
of androgens on both adaptive and innate immune responses (Reviewed in [13]).

This study was undertaken to clarify unanswered questions from previous studies done using
ERa KO animals. The original ERa.KO mice express an N-terminally truncated ERa that
includes a disruption of a critical activation domain (AF-1) resulting in, strictly speaking, a
functional knockout of ERa.. They are infertile and have physiologic deficiencies wherever
classic estrogen action via AF-1 is required (ex. reproductive tissues) [14]. However, these
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animals still express an ERa protein with an intact DNA-binding domain (DBD), ligand
binding domain (LBD) and AF-2, and may retain some non-classical functions [15]. Thus,
they have the potential for impacting the murine lupus phenotype differently than a complete
ERa knockout. Additionally, both the functional knockout (ERaKO) and complete
knockout (ERa—/-) mice have hypergonadism (supraphysiologic serum levels of estrogen
and testosterone, as a result of ERa dysfunction/deletion) which can be immunomodulatory.
In this study, we compared intact/unmanipulated NZM ERa.—/- mice to ovariectomized
NZM ERa~/- mice (E2 and T2 depleted). We also included a group of ovariectomized
NZM ERa-/- mice with repletion of E2 via pellet, to determine estrogen impact on the
lupus phenotype in the setting of ERa.—/- (since E2 may also have immune effects via ER,
ERR or non-ligand bound functions).

The goal of this study was to assess whether complete deficiency of ERa is similarly
protective in lupus disease expression as the functional knockout. We additionally
determined the immuno-phenotype of these animals. Our results reveal that the complete
ERa knockout is not directly protective since ovariectomized (OVX’d) ERa—/- mice are
not protected. Like the NZM ERaKO mice, unmanipulated NZM ERa—/- mice are
protected. With removal of sex hormones via OV X, there is no effect of ERa—/-, thus, this
study suggests that elevated testosterone (in this case, secondary to hypergonadism) confers
protection in the setting of ERa—/-, rather than deficiency of the full length receptor itself.
Further study with T2 treatment of the OVX’d NZM ERa~/- group would be required to
confirm that androgen treatment, as in historical studies, confers a protective phenotype.
This report is of clinical significance since it corrects a previously held belief that ERa and
E2 are generally pro-inflammatory in females and lupus murine models, when in fact there
is evidence that E2 can have anti-inflammatory effects in specific settings. Regardless,
improved understanding of sex hormones and nuclear hormone receptor action (ER and AR)
may enable therapeutic targeting of specific functions, as opposed to general manipulation
of hormones, to allow for separation of hormone effects on different tissues (immune cells
versus reproductive tissue, for example).

2. Materials and Methods

2.1 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 MUSC’s and the VA’s IACUC. The NZM2410
mice were acquired from Jackson Laboratory (Bar Harbor, ME, USA), the ERa~/-
C57BL/6 mouse strain was a kind gift of Dr. Ken Korach. The two strains were backcrossed
for >10 generations to create the ERa—/— NZM2410 mouse (NZM ERa —-/-). They were
maintained on a 12 hr. light/dark cycle with access to food and water ad /ibitum. All
experimental mice (n=51) were female and were littermates when possible. Two cohorts
(NZM WT and NZM ERa -/-) were unmanipulated. All other mice were ovariectomized
(OVX) at 4 weeks of age, before puberty, and 2 groups subsequently received 0.1 mg, 90-
day sustained release 17p-estradiol pellet, implanted sub-dermally (Innovative Research of
America, Sarasota, FL, USA). Mice were sacrificed by cervical dislocation following
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induction of anesthesia by isoflurane at 32 weeks of age or when they reached pre-
determined sacrifice requirements (>10% loss of weight, >500mg urine protein as assessed
by dipstick, or upon recommendation by the animal facility veterinarian).

2.2 Serum estradiol, serum testosterone, and serum anti-dsDNA

Serum was collected throughout the experiment at 2—4 week intervals and at time of
sacrifice via submandibular bleed. Serum anti-dsDNA was measured by ELISA assay as
previously described [6]. Estradiol levels were assessed via ELISA (Calbiotech, San Diego,
CA, USA), with an assay sensitivity 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.

2.3 Urine protein excretion

Mice were housed in metabolic cages for 24 urine hour collection at 2-4 week intervals
starting at 10 weeks of age until sacrifice. To prevent bacterial growth, antibiotics (ampicillin
25ug/mL, gentamicin 50 ug/mL, chloramphenicol 200 ug/mL) were added to the collection
tube. After 24 hrs, urine quantity was determined and samples were frozen at —20° for future
analysis via mouse albumin ELISA with known standards.

2.4 Kidney processing and renal pathology

One kidney was divided evenly for renal pathology and immunofluorescent analysis (IF).
One half was snap frozen in liquid nitrogen and stored at —80°C for IF 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) and graded on glomerular hyper-cellularity, segmental mesangial expansion,
neutrophils/cell debris, crescent formation, and necrosis. These scores were combined for a
total glomerular pathology score as previously described (17). Deposition of 1gG and
complement component C3 was assessed by immunofluorescence after incubating slides
with rabbit anti-mouse 1gG FITC (MP Biomedical) and sheep anti-mouse C3 FITC (MP
Biomedical). 1gG and C3 were graded 0-3 for intensity of staining as previously described
(17). [A second kidney was processed for flow cytometry staining. The outer membrane of
the kidney was removed before being sliced into pieces and digested with DNase | (Roche
Life Sciences, Indianapolis, Indiana) and collagenase 1V (Sigma Aldrich, St. Louis, MO) for
30min at 37C on a shaker. The kidney was then put through a 70um strainer and PBMCs
were isolated using a Percoll gradient (Sigma Aldrich, St. Louis, MO). PBMCs were washed
2x with PBS before staining for flow cytometry.]

2.5. Spleen Flow Cytometry

Spleens were harvested and kept in complete RPMI media (10% fetal bovine serum, 1% L-
glutamine, 1% penicillin-streptomycin) on ice during processing. The spleens were
processed through 40um strainers and depleted of red blood cells with red blood cell lysis
buffer (144 mM NH4CI and 17 mM Tris, pH 7.6). Cells were washed twice with cold
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complete RPMI before being stained for flow cytometry analysis. Spleen cells (4x108 per
sample) were resuspended in staining buffer (0.5% BSA and 0.02% sodium azide in
1xPBS). Viability was assessed using LIVE/DEAD Fixable Dead Cell stain (Life
Technologies, Carlshad, CA, USA) at a concentration of 50 ul/million cells. Cells were
stained with Panel I: F4/80-Brillaint violet 421 (1:100), CD19-PerCP/Cy5.5 (1:100), CD3-
Brilliant violet 605 (1:100), or Panel 11: MHCII-APC (1:200), CD11c-Brilliant violet 605
(1:100), CD8a-Brilliant violet 421 (1:100), CD11b-PE (1:400). Cells were incubated with
antibodies for 30 minutes on ice in the dark. All antibodies were purchased from Biolegend
(San Diego, CA, USA). Cells were washed twice with staining buffer and resuspended in 0.3
mL of staining buffer for flow cytometry. Cells were acquired on an LSR Fortessa cell
analyzer (BD Biosciences, San Jose, CA, USA) and analysis was performed using FlowJo
software (FlowJo LLC, Ashland, Oregon, USA). Gating strategies are outlined in the text;
briefly, gates were first serially set on Time, Debris dump, Singlets, and Live cells (using
L/D in APC-Cy7 channel). Gates were then set by fluorescence minus one (FMOQ) and back-
gating was done to ensure accuracy of populations.

2.6 Statistical analysis

3. Results

Log rank analysis was used to compare trends in animal survival. For all other experiments,
depending on whether data was non-parametric or parametric, either Kruskal-Wallis one-
way analysis of variance with posthoc Dunn’s multiple comparison test, or ANOVA with
post-hoc Tukey’s test were utilized to test for significance for comparing multiple groups.
Standard error of the means was reported where applicable. p values < 0.05 were considered
significant.

3.1 Survival effect of ERa deletion mutant (ERa—/-) in NZM2410 lupus prone mice

Ovariectomized (OVX) NZM WT mice had similar survival to the intact WT NZM (No
OVX) mice regardless of whether they were E2-repleted (Figure 1A, 1B). Thus, OVX did
not provide a protective effect in WT NZM2410 mice. In agreement with our prior study
using ERa functional KO mice, NZM ERa~/- (ovaryintact) mice demonstrated protection
from disease, with 6 of 7 animals surviving to the pre-determined euthanization age. The
single animal that died early in that group did not have proteinuria or renal disease by
pathology, and appeared to die of a cause likely unrelated to lupus (stomach obstruction).
However, OV X of the NZM ERa.—/— mice resulted in loss of protection (similar survival
rates as NZM WT mice), indicating that the protection conferred by ERa deficiency was
absent when sex hormones were removed. Repleting E2 in OVX’d NZM ERa—/- mice did
not rescue them. In agreement with historical studies in murine mice, E2-treated mice had
more severe disease. In fact, E2-treated ERa.—/- mice had accelerated disease beyond that of
NZM WT mice treated with E2. No animals survived beyond 30 weeks of age, suggesting
that E2 can exacerbate lupus disease expression via a mechanism that is independent of
ERa.
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3.2 Testosterone levels in NZM ERa—-/— mice correlate with survival

This study, in which NZM WT and NZM ERa—/- mice had E2 replaced via subcutaneous
delayedrelease pellets (0.1 mg) following OV X, was designed to mitigate potential
confounding effects of hypergonadism resulting in high endogenous testosterone levels in
female NZM2410 mice without an intact ERa, as observed in our previous study. Serum
testosterone (T2) levels were assayed at 2 different time points, 18 weeks and 32 weeks,
with radioimmunoassay. Figure 2A shows testosterone levels from 32 weeks (or terminal
endpoint). As expected, all OVX’d mice had low or undetectable T2 levels. Mice that were
not OVX’d had higher levels, but significantly so for the NZM ERa~/- mice, which had
levels approaching that of male mice. The significantly elevated T2 levels measured in the
intact NZM ERa—/- mice may have contributed to the protected phenotype seen in this
group that is not seen in the other groups where T2 levels are low. Specifically, NZM ERa.—/
- mice that were OV X’d had testosterone levels similar to that of NZM WT OVX, and their
survival was remarkably similar. Thus, ERa deficiency alone did not directly protect from
lupus disease expression, since the protective effect was lost following OV X. Also of note,
E2 treatment was not protective in the WT or ERa deficient mice. Consistent with historical
reports, E2 exacerbated disease, but only impacted survival in ERa null mice, not WT.
Interestingly, this did not correlate with E2 levels (which were generally low or physiologic),
but correlated with T2 levels. NZM ERa-/- OVX +E2 mice had the lowest T2 of all the
groups and had significantly worse survival. These data suggest that in the setting of ERa
deficiency, E2 treatment acted either directly or indirectly to lower T2 levels, and this may
be either receptor-independent or via another receptor (ERB, ERR). All together, this
experiment demonstrated that complete knockout of ERa alone does not protect NZM
lupus-prone mice from disease expression as had been previously concluded based on the
unmanipulated NZM ERKO model. Most likely, testosterone, or lack thereof, plays a critical
role in disease development in females in this model, perhaps more so than estrogen.

17p-estradiol levels in mice range from <5 pg/ml to >1000 pg/ml (sick/old/non-breeding
mice on the low end vs. healthy/young/pregnant mice on the high end). In this study, serum
17p-estradiol levels for all treatment groups were assessed by estradiol ELISA at two time
points, 18 weeks and 32 weeks. Results from the 32 week (or terminal) time point are
displayed in Figure 2B. Intact NZM WT females had lower normal estrogen levels than
expected, potentially due to a variety of factors including age, disease state, and hormonal
cycle. Intact NZM ERa—/- mice had significantly higher estrogen levels compared to all
other cohorts, consistent with hypergonadism (also seen in ERaKO mice).

3.3 Autoimmunity in NZM ERa—/- mice is increased, not decreased, compared with NZM

WT mice

Anti-double stranded DNA (anti-dsDNA) levels were assessed via ELISA at 18 weeks
(early-mid stage disease) and 32 weeks (terminal endpoint). While some individual animals
had higher anti-dsDNA levels than others within a particular group, all cohorts had similar
levels of anti-dsDNA antibodies at the 18 week time point with the exception of the intact
NZM WT which trended towards lower levels (Figure 3A). This trend was further borne out
at 32 weeks at which time all 3 groups of NZM ERa.—/— mice had similar elevations in anti-
dsDNA antibody levels regardless of OVX or E2 treatment (Figure 3B). Since levels of E2
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and especially T2 are quite different amongst the ERa—~/— groups, these data suggest that sex
hormones alone do not significantly impact autoantibody production, consistent with our
previous data. Also in agreement with our previous study, lack of ERa appears to increase,
not decrease, autoantibody levels across all groups suggesting that the etiology of the
protective disease phenotype and improved survival observed in intact NZM ERa—/- mice
is not due to a difference in tolerance or autoantibody production.

There are also differences amongst the NZM WT mice, where OV X without E2 replacement
resulted in higher anti-dsDNA levels. E2 treatment resulted in diminished autoantibody
production in NZM2410 WT mice, in contrast to prior reports of E2 (also via ERa) inducing
breaks in tolerance in other lupus models. Since E2 is an important driver of ERa
expression, and OVX’d animals lack both E2 and T2, these data suggest that ERa. plays a
critical role in tolerance /n vivo, and its complete deficiency may trigger or exacerbate
autoimmunity.

3.4 Effects of ERa receptor knockout on lupus renal disease: proteinuria, C3 and IgG
deposition, and histopathology

Urine protein levels (24h collection) were assessed using albumin ELISA at 18 and 32
weeks of age. All groups had mild proteinuria at 18 weeks except NZM WT OVX mice
which appeared to be fully protected from early renal damage that was significantly different
from NZM ERa—/- OV X (Figure 4A). By 32 weeks or the terminal endpoint, there were
clearer differences among the cohorts, with only the intact NZM ERa.—/— mice protected
from progression to having pathologic proteinuria, consistent with their improved survival
(Figure 4B). Intact NZM WT mice also showed a trend towards reduced albuminuria
compared to the OVX’d groups, perhaps owing to their slightly higher T2 levels compared
with OV X’d mice. Of note, intact NZM ERa—/- mice had the highest T2 levels. Also of
note, E2-treated mice had exacerbated proteinuria, despite ERa knockout, suggesting that
E2 may have renal-damaging effects that are ERa-independent. Together, these data
definitively demonstrate that complete knockout of ERa is not directly protective. The data
suggest that higher levels of serum T2 may be protective, and E2 may be detrimental in
lupus nephritis even when ERa is absent.

Deposition of C3 and 1gG, markers of kidney involvement in lupus diseases, was assessed
via immunofluorescence. Samples were graded on a 0-3 scale by a blinded scorer. Similar to
the albuminuria data, we observed that intact NZM ERa~/- mice had significantly lower C3
deposition (Figure 4C) compared to NZM WT mice or NZM ERa—/- OVX + E2 mice after
accounting for multiple comparisons. It is worth noting, however, that all of the mice had at
least some C3 deposition, and several animals had substantial deposition (grade 3) despite
the fact that no animal in this group had significant proteinuria or died of lupus-related
kidney disease. The immune complex deposition in this group could perhaps be expected
given that serum autoantibody levels were still high in these mice. Consistent with our
previous report in NZM ERa.KO mice, there is a disconnect between effects of E2 and ERa
on autoantibody production vs. renal pathology and mortality. This appears to also be the
case with 1gG deposition - all cohorts had similar moderate-severe IgG deposition scores,
with most animals being scored at 2 or higher (Figure 4D) despite stark differences in other
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disease parameters. As in human disease, autoantibody production is necessary but clearly
not sufficient for renal disease manifestation in this model.

This is further supported by renal pathology results from these mice. H&E stained kidney
samples were scored, range: 0-18, by a blinded pathologist who used multiple parameters to
assess disease. The most common changes contributing to an elevated glomerular score in
WT NZM mice were hypercellularity, mesangial expansion, membrane thickening, and focal
segmental glomerular sclerosis. We observed a protected renal phenotype in intact NZM
ERa—/- mice, whereas OVX’d NZM ERa~/- mice were not significantly different from
NZM WT, and were in fact most damaged when ERa~/- mice were both OVX’d and E2-
repleted (Figure 5). Thus NZM mice developed proliferative renal disease similar to WT
NZM regardless of hormone receptor status, but impacted by hormones themselves. Nearly
90% of NZM ERa~/- OVX + E2 had glomerular scores >15. In parallel with the
albuminuria results, renal pathology scores correlated with T2 in NZM ERa—/- mice. As is
typically observed in this model, all cohorts had some animals that did, and some that did
not, have high renal pathology scores, indicating that a subset of NZM mice are able to
“escape” lupus kidney disease despite similar genetic backgrounds and exposures. There
was also a slight trend towards renal protection in the OVX’d NZM WT mice without E2
repletion. As in human lupus, the renal scoring system outlined above was based on
glomerular pathology, but in all cases chronic inflammation and fibrosis in the
tubulointerstitium (T1) were also assessed. It is worth noting that NZM mice had
concomitant disease in the TI that paralleled the severity of disease in the glomerulus in this
model with less severity in the intact NZM ERa—/- mice compared to the other groups (data
not shown). While several mice in this cohort had evidence of mild-moderate chronic
inflammation in the TI, no intact NZM ERa—/- mouse had fibrosis.

3.5 Effects of deleting ERa receptor on numbers of innate and adaptive immune cells in

the spleen

Spleen cells were isolated from all animals that were sacrificed, and stained for flow
cytometry analysis. Based on our previous work in ERaKO mice, and work of others, we
hypothesized that changes in E2 and ERa would significantly impact numbers and subsets
of innate immune cells, specifically dendritic cells, that require E2 and ERa for normal
development and differentiation [3, 16-18]. Spleen cells from NZM lupus prone mice were
stained for MHCII, CD11c, CD11b, and CD8a to assess humbers of cDCs (classical/
conventional dendritic cells) as well as cDC subsets: CD11b+ (DC2s) vs. CD8+ (DC1s). In a
separate panel, PDCA1 was used to identify plasmacytoid dendritic cells. Spleen weights
were not significantly different between groups and spleen counts were also not significantly
different, although there was a trend toward an increased spleen cell count in untreated
OVX’d NZM ERa—-/- mice (Supplemental data). There was a decrease in percent of MHCI|I
+ cells from spleens of NZM WT OV X +E2 mice versus other groups, which was significant
compared with NZM ERa—/- OVX (+/- E2) (Figure 6); absolute numbers were not
significantly different between the groups (data not shown). There were no significant
differences in the percent of MHCII+CD11c+ spleen cells among groups, although there
was a trend towards an increase in intact NZM ERa—/- mice. Surprisingly, absolute
numbers of these cells were significantly increased in intact NZM ERa—/— mice versus
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NZM WT mice (Supplemental data). This data demonstrates that on the NZM background,
ERa is not required for development of MHCII+CD11c+ cells, perhaps due to the elevated
levels of Type 1 IFN that drive disease in this model (overriding a need for E2). Of the
MHCII+CD11c+ spleen cells, DC1s (CD8+ DCs) were generally decreased compared with
all other groups, and significantly decreased versus NZM WT mice, while DC2s (CD11b+
DCs) trended up in intact NZM ERa—/- mice. Percent of DC2s in spleens from intact NZM
ERa—/- mice were also significantly increased versus intact NZM WT mice (supplemental
data). With regard to pDCs (MHCII+CD11c+F4/80-PDCA1+ cells), there were small shifts
in numbers, however there were no significant differences between groups (Figure 7).
Together these data support the concept that sex hormones, including testosterone, play a
role in modulating development of innate immune cells such as DCs. Perhaps more
importantly, this work demonstrates that a full length ERa is not required for robust
development of DCs on the NZM2410 background, since all three groups of ERa null mice
were still able to produce DCs on par with that of WT animals. This further sheds light on
previous work using ERaKO NZM mice in which DC development was negatively
impacted [3]. Since AF-1 is missing in NZM ERaKO mice, our working model is that the
AF-1 mutant of ERa actively suppresses early DC development, not seen in the ERa—/-
mouse.

Panel 11 was designed to assess numbers of other spleen immune cells to look for any other
possible differences in immune cells that might correlate with lupus phenotype differences.
There were no significant differences in percent of CD19+ or CD3+ spleen cells except for a
trend towards reduced numbers in WT OV X +E2 mice that was significantly different from
intact WT mice (CD3+) (Figure 7); absolute numbers were not different between these
groups, whereas there was a significant difference in absolute numbers (but not percent
positive) of CD3+ and CD19+ in NZM ERa—/- OV X mice (data not shown), likely related
to slightly increased spleen counts in these mice. These differences are unlikely to be of
import, since there is no correlation with disease phenotype. Interestingly, although it also
does not correlate with disease phenotype, there was a significant increase in both percent
and absolute numbers of mature macrophage (F4/80+) in spleens of NZM WT OV X +E2
mice not seen in other groups, suggesting that this innate immune cell population is also
impacted by E2 (higher in this group) and T2 (lower in this group) that does require ERa..

4. Discussion

Systemic lupus erythematosus and other autoimmune diseases have a significant female sex
bias. Although this may in part be determined by the sex chromosomes, many studies have
established a significant role for sex hormones and their receptors in triggering disease and
modulating disease severity [19, 20]. Sex hormones, such as estrogens, are generally
considered to be an environmental factor in disease pathogenesis, and thus may be
considered a potentially modifiable risk, particularly if immune functions can be separated
from reproductive functions. Extensive evidence indicates that E2, usually via ERa
signaling, has significant immunomodulatory effects on most immune cell types, both
developmentally and functionally. Testosterone and other sex hormones also have known
immunomodulatory effects [21-24]. In murine lupus, manipulating sex hormones via classic
ovariectomy and castration experiments demonstrated clear roles for E2 and T2 in
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exacerbating or ameliorating, respectively, lupus disease expression [25]. However, results
from studies where ERa was knocked out are not as clear-cut. For example, ERa deficiency
in wild-type B6/129 mice actually caused a lupus-like glomerulonephritis [26]. In contrast,
targeted ERa disruption in NZM2410 and MRL/Ipr female mice ameliorated
glomerulonephritis, without decreasing autoantibody production, while in NZB/NZW F1
lupus-prone mice it resulted in attenuation of both autoantibody production and
glomerulonephritis [6, 27].

The inconsistent results observed in these studies may at least be partially explained by two
differences: 1) abnormal sex hormone profiles seen in ERaKOs due to loss of a negative
feedback loop leading to hypergonadism, since most animals were not ovariectomized to
control for this, and; 2) the structure/design of the knockout. One of the original ERa KO
strains and the most widely used for several decades, expresses a truncated ERa (missing
most of the AF-1 domain) (27), and is structurally quite similar to the AF-1 mutant mouse
reported recently [18, 28, 29]. It is also similar in structure to an endogenous ERa splice
variant, ERa46 [30-32]. This short ERa is unable to be classically activated by E2 in
reproductive tissues or any tissue that requires E2-induced AF-1 transactivation (therefore
resulting in infertility and other deficiencies).

To simultaneously determine the impact of sex hormones and complete ERa deletion on
murine lupus, we investigated the effect of ovariectomy (OVX) +/- estradiol (E2) repletion
on lupus disease phenotype in NZM2410 mice. This is the first report comparing NZM WT
mice to a total body ERa deletion mutant on the NZM background (NZM ERa—/-). Similar
to the protected phenotype seen in NZM ERa KO female mice, NZM ERa.—/- mice were
protected from lupus disease expression, but only if they had intact ovaries. OV X abrogated
the protection, and OV X + E2 repletion exacerbated disease as in classic experiments. Intact
NZM ERa~/- mice had significantly improved renal disease and significantly improved
survival, despite similar or higher levels of autoantibodies, consistent with our earlier intact
ERa KO studies. The fact that OVX’d NZM ERa—-/- animals do the same or worse than
NZM WT indicates that the hormonal milieu (ex. T2 levels) and not the estrogen receptor
status accounts for the protective phenotype.

This study further suggests that hypergonadism and the resultant elevated testosterone is
likely the etiology of the protective effect in intact NZM ERa-/- (and ERaKO) mice since
T2 levels nicely parallel renal disease parameters and survival results. In this and previous
studies, elevated E2 levels seen in intact NZM ERa.—/- animals may also have been a
confounder since high E2 levels could 1) act via the intact ERp receptor to exert effects
and/or 2) impact levels of other hormones such as prolactin which has immunomodulatory
potential. Further experiments are necessary to definitely establish that T2 (vs. another
impacted hormone such as E2, prolactin, progesterone, etc) results in the protective
mechanism.

Flow cytometry of spleen cells to immunophenotype this new strain of mice (NZM ERa.—/-)
under various hormonal conditions did not suggest profound changes in numbers of any one
immune cell type that might explain the significant differences in renal disease phenotype
and survival. Based on the literature we hypothesized that there would be a decrease in total
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DCs, and perhaps also differences in DC subsets, in ERa null mice. Lack of estrogen after
OVX in WT mice (without E2 repletion) was also expected to impact DC number. One
possible explanation for the minimal impact of estrogen and ERa. on DC endpoints is the
highly inflammatory background (and late time point) of the NZM mice when analyzed, in
comparison to normal B6 WT mice or young NZM mice that have been previously studied.
NZM mice have Type | IFN-mediated lupus-like disease [33, 34] which may override some
of the immune modulation of sex steroids that would be more impactful in an otherwise non-
inflammatory setting. For example, Carreras et al. reported that ERa signaling promotes DC
differentiation by inducing IRF4 expression [35], and the requirement for ERa can be
circumvented by otherwise increasing IRF4 expression (which would be expected in this
IFNa-induced model, likely via NfxB).

B cell and T cell spleen numbers (grossly identified with CD19 and CD3, respectively) were
also not profoundly different between groups, but there were some trends that suggested
hormonal modulation. ERa action was studied extensively in adaptive immune cells of
multiple other models, however, one new finding herein was the increased anti-dsDNA
production seen in all of the ERa.—/— mice, regardless of T2 or E2 level. This autoantibody
result, consistent with ERa deficiency in B6/129 mice [26], is of some interest and will
require further experiments to determine the mechanism of increased autoimmunity seen in
ERa—/- mice in this NZM model (not correlated with renal disease or survival).

To our knowledge, this study is the first report of complete ERa. deficiency in murine lupus,
correcting for the confounders of aberrant hormone levels, and demonstrates that complete
ERa deficiency is not directly protective in murine lupus. We have also demonstrated that,
consistent with classic reports, estrogen exacerbates lupus disease expression, but does so,
interestingly, by an ERa.-/mdependent mechanism. We also provide evidence that deletion of
ERa paradoxically increases autoantibody levels regardless of hormonal milieu.
Pharmacological activation or inhibition of ERa already provides the foundation for
therapeutic interventions in breast cancer and osteoporosis. Any future use of next
generation selective estrogen receptor modulators (SERMSs) in autoimmune diseases relies
on our ability to understand the separate molecular actions of ERa in individual tissues and
cell-types, and at appropriate times, so we may uncouple detrimental effects from beneficial
ones.

In summary, despite myriad studies on the effects of estrogen on different cell types in lupus,
our understanding of ERa. molecular mechanisms of action in normal immunity and
autoimmunity is still limited. Hormones clearly have variable effects on B, T, and dendritic
cell functions [36]. Small clinical trials and case series have suggested benefits of androgens
or known SERMs in lupus, but these are not well tolerated (ex. DHEA, fulvestrant) [37-39]
or may even be associated with risks such as, in the case of anti-estrogens: clotting/strokes,
bone loss and mood disorders, for which our patients are already at higher risk. Other trials
confirmed the safety of estrogen-containing oral contraceptives, although hormone-
replacement therapy induced mild flares in subsets of lupus patients [40, 41]. Overall,
however, we have not sufficiently progressed our knowledge of sex hormone effects on lupus
disease expression to benefit patients, as we have in other diseases where hormones play an
important role. Contributing to the problem is a lack of detailed understanding of nuclear
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hormone receptor action and regulation in immune cells. The current study’s conclusions
modify our previous working hypothesis that complete ERa. deficiency is protective in
murine lupus. Instead the study supports prior work that demonstrated a protective role for
T2 and an exacerbating role for E2, although not via ERa.. In contrast to the literature, mice
with high T2 (in this case from ERa deficiency) are not protected from autoantibody
development, but rather renal disease progression. In fact, ERa deficiency actually appears
to worsen autoantibody development in this model, regardless of T2 or E2 levels, suggesting
arole for ERa in the development of autoimmune B cells or individual cell autoantibody
production. Additionally, E2 exacerbation of disease is much more evident in ERa—/- mice
(no animals survived to endpoint), suggesting that E2 is pro-inflammatory either in a
hormone receptor-independent manner, or via a different nuclear hormone receptor.
Regardless, these data suggest that ERa is not the villainous receptor we once thought, and
clearly has some protective functions in lupus as it does in other diseases such as
experimental autoimmune encephalitis (EAE). Further work is necessary to determine more
definitely the protective mechanisms of sex hormones and their receptors at particular time
points and in particular tissues. Given that most autoimmune diseases are more prevalent in
women, ongoing studies are needed to identify the mechanisms of hormone action that lead
to increased female risk in autoimmunity.
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Highlights
. NZM2410 ERa—/- mice are not protected from lupus disease expression if
ovariectomized.
. ERa disruption increases, not decreases, autoantibody production in the
NZM2410 model.
. E2 can exacerbate lupus disease expression via a mechanism that is

independent of ERa.

. DCs & their subsets (cDC1, cDC2) are not altered by E2 or ERa on the NZM
background.
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Figure 1. Survival of NZM2410 WT vs. NZM ERa-/- mice
All mice were female. A subset underwent ovariectomy (OVX), and a subset of those were

E2-repleted. A) Kaplan-Meier curve: 86% of intact NZM ERa—/- mice survived to the 32
week terminal point, whereas survival in other cohorts was 30-57% at 32 weeks. NZM ERa
—/- mice that were both OV X’d and E2-repleted had exacerbated disease (0% survived to
predetermined endpoint). Global p-value of differences among all 6 groups (using a log-rank
Mantel-Cox test) was 0.013. B) Pair-wise comparisons of intact (No OVX) NZM ERa-/-
mice to each of the other 5 groups (using a Dunn’s adjusted p-value), resulted in a
significantly increased probability of survival in the No OVX NZM ERa —/- group in
comparison with NZM ERa—/- mice that were OVX’d and E2-repleted (p< 0.01).
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Figure 2. Hormone levels in NZM2410 WT and NZM ERa—/- mice +/- OV X and E2-repletion
All mice were female. A) Serum testosterone (T2) levels where determined by

radioimmunoassay and ELISA. Intact NZM ERa—/- mice had the highest levels of T2 due
to known hypergonadism, and were significantly increased over all groups, including intact
NZM WT mice. B) Estrogen (E2) levels in serum samples were assessed via ELISA. A
subset of NZM WT and NZM ERa~/- mice had E2 replaced via subcutaneous 90d
sustained-release pellet after OV X (implanted twice). Intact NZM ERa—/- mice had
significantly higher levels of E2 (although not technically supraphysiologic), even more than

those that were E2-repleted.
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Figure 3. Anti-double stranded DNA in NZM WT vs. NZM ERa~/- mice
A) Anti-dsDNA levels as measured by ELISA were mildly elevated in WT NZM mice by 18

weeks, but moreso in all other groups. There was no significant difference, ANOVA=0.22 B)
At the terminal endpoint (32 weeks or at sacrifice), serum anti-dsSDNA antibody levels were
high in all groups with no significant differences between individual groups after multiple
comparisons, however trends suggested only groups that were deficient in ERa., E2, or both
had the highest levels, ANOVA p=0.021.
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Figure 4. 24h Proteinuria and C3 and 1gG Deposition in NZM WT vs. NZM ERa—/- mice
A) 24h proteinuria was assessed by albumin ELISA. At 18 weeks, mild proteinuria was

observed in most groups although NZM WT OV X mice were protected from early
proteinuria. B) By 32 weeks (or the terminal time point), most NZM mice had clinically
significant proteinuria with the exception of intact NZM ERa—/- mice, which were
protected. E2 exacerbated proteinuria, even in NZM ERa—/- mice which had significantly
more proteinuria than intact NZM WT or NZM ERa—-/- mice. C) C3 and IgG deposition
were assessed via immunofluorescence after incubating slides with sheep anti-mouse C3 or
rabbit anti-mouse 1gG antibody. Slides were scored on a 0-3 scale by a blinded investigator.
Almost all mice had moderate to high C3 and IgG deposition, and there were no significant
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differences in immune complex deposition among the groups, although NZM ERa~/- mice
trended towards reduced C3 deposition.
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Figure 5. Renal pathology scores in NZM WT vs. NZM ERa—/- mice
Histopathology was scored by a blinded pathologist based on multiple parameters including

glomerular hypercellularity, segmental mesangial expansion, membrane thickening,
neutrophils/cell debris, crescent formation and focal segmental glomerular sclerosis. Scores
in all treatment groups were varied, with animals having either high (=15) or low scores
(<5), indicating few animals with moderate disease. Although there were no significant
differences we observed trends toward a protected renal phenotype in intact NZM ERa.-/-
mice, and both groups of OV X’d mice that were not E2-repleted. NZM ERa—/- OVX +E2
mice appeared to be the most renally progressed, with 89% of mice exhibiting severe
pathology scores (all died), ANOVA p=0.21.
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Figure 6. Flow cytometry of isolated spleen cells of NZM WT vs. NZM ERa.-/- mice (DC panel)
Single cell suspensions of spleen cells were stained with MHCII, CD11c, CD11b, and CD8a

and gates set by FMO. NZM WT OV X +E2 treated mice had decreased MHCII+ spleen
cells compared to all groups, and were significantly reduced compared with intact ERa.—/-
and OVX’d ERa—/- mice, however this did not parallel MHCII+CD11c+ cells or subsets of
DCs based on CD11b or CD8a staining. The only significant difference was seen in the DC1
subset which was reduced in intact NZM ERa—/- compared to intact NZM WT mice.
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Figure 7. Flow cytometry of isolated spleen cells of NZM WT vs. NZM ERa—/- mice
Single cell suspensions of spleen cells were stained with CD19, CD3, F4/80, and PDCA,

with gates set by FMO. There were no significant differences in B cells among the groups
although NZM WT OV X +E2 treated mice trended towards reduced numbers. These mice
also had a significant reduction in total CD3+ T cells compared with intact NZM WT mice,
and significantly increased percent of mature macrophage by F4/80 staining compared with
all groups, suggesting ERa is required for this effect. Although there were slight differences
in numbers of PDCAL+ cells (pDCs), there were no significant differences.
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