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Abstract

Ovarian autoimmunity is increasingly implicated in the etiology of primary ovarian insufficiency
(POI), previously termed premature ovarian failure or premature menopause. Links to
autoimmunity in human POI have long been noted due to the close association of POI with several
autoimmune diseases and syndromes such as Addison's disease and Autoimmune polyglandular
syndrome 1. However, diagnosis of autoimmune-mediated POl (aPOI) remains challenging
because of the lack of sensitive or specific markers of disease. Autoimmunity can arise from the
breakdown of immunological tolerance in several ways. How then may we discern what
constitutes a relevant target and what represents a downstream phenomenon? The answer lies in
the study of pathogenic mechanisms in translational models of disease. From examples in humans
and mice, we see that ovarian autoimmunity likely arises from a limited number of antigens
targeted in the ovary that are organ specific. These antigens may be conserved but not limited to
those seen in animal models of autoimmune ovarian disease. Recent advances in these areas have
begun to define the relevant antigens and mechanisms of immune tolerance breakdown in the
ovary. Work in translational models continues to provide insight into mechanisms of disease
pathogenesis that will allow more accurate diagnosis and, ultimately, improved interventions for
women with aPOl.
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Primary ovarian insufficiency (POI), formerly known as premature menopause or premature
ovarian failure, can arise from a diverse array of causes, including genetic, enzymatic,
infectious, oncological, and environmental insults. Affecting 1% of women in the United
States, POl is diagnosed by the presence of oligo/amenorrhea for >4 months with at least
two serum follicle-stimulating hormone (FSH) levels in the menopausal range (separated by
at least 1 month) in women <40 years of age. Clinical manifestations of the disease are quite
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variable, with intermittent ovarian function in 50% of women and even occasional
conception after diagnosis, suggesting a continuum of impaired ovarian function more
appropriately described as POI.1:2 The clinical features and biology of ovarian insufficiency
are well characterized,? but strikingly, most of the cases of POI have no clear etiology.
Growing evidence suggests that ovarian autoimmunity may be a significant cause of many
cases of idiopathic POI. Determination of autoimmunity in POI can impact clinical
management, allowing us to intervene in a population whose ovarian function might be
preserved with timely therapy. However, the challenge in ascribing an autoimmune cause for
disease lies in the amount of immunological “noise” when looking for evidence of abnormal
reactions to self-tissue. Many tests for autoimmunity are fraught with problems with
“specificity, as exemplified by rheumatoid factor”.3 Clearly, accurate diagnosis and
characterization of autoimmune disease then requires knowledge of the immune mechanisms
and key antigens.

POI has long been linked to autoimmunity and specific autoimmune syndromes, but
definitive diagnosis of ovarian autoimmunity has remained elusive due to the lack of
understanding of the pathogenic mechanisms. Several excellent reviews have described the
autoantibodies and possible antigens associated with autoimmune-mediated POI (aPOI).4-2
However, the true prevalence of aPOI remains unclear due to difficulty distinguishing true
pathogenic targets from off-target effects associated with autoimmune destruction.
Historically, various autoantibodies associated with aPOI have shown poor sensitivity or
specificity, such that estimates of aPOI range anywhere from 7%, and 50 to 70% of women
with POL.4® Fortunately, the development of more specific antibody assays and a growing
body of work in animal models are beginning to uncover specific targets of ovarian
autoimmunity.

Only a limited number of translational models for aPOI between mouse and human have
been available to date, but such models hold the key to understanding disease pathogenesis.
Studies in these models provide the most convincing evidence of antigen-specific and organ-
specific disease, although the ovarian autoimmunity arises through several different
mechanisms. Based on these examples, it seems that primary autoimmune disease of the
ovary likely arises from loss of tolerance to a limited number of tissue-specific antigens
targeted in the gland. Moreover, these antigens appear to be conserved but not limited to
those seen in animal models of autoimmune ovarian disease. We review the immunological
markers and clinical evidence for autoimmunity in women with aPOI and focus on the
corresponding animal models of ovarian autoimmunity, where increasingly we are learning
about the mechanisms of disease.

MECHANISMS IN IMMUNE TOLERANCE: DEFINING OVARIAN
AUTOIMMUNITY

To recognize signs of autoimmunity in ovarian disease, we must first understand how
tolerance to the ovary is normally established. The maintenance of nonreactivity to self-
tissue is the key to immunological tolerance in a system designed to generate clonal
diversity to a wide array of potential pathogens. Autoimmunity arises when the adaptive
immune system loses its ability to distinguish self-tissue from nonself—such as pathogens,
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allergens, or tumor cells—and the normal checkpoints that maintain tolerance are broken
(Fig. 1). Several central and peripheral mechanisms have evolved to establish and maintain
tolerance to self during the development and daily function of the immune system.10.11
Briefly, developing T cells and B cells that display receptors to self-tissues are generally
deleted, retuned, rendered inactive, or suppressed by the immune system. Central tolerance
mediates the deletion of developing self-reactive T and B cells within the central lymphoid
organs of the thymus and bone marrow, respectively. The binding of self-antigen to
“forbidden” T-cell and B-cell receptors triggers these cells to self-edit the receptor to a less
autoreactive form (primarily occurring in B cells) or to die (clonal deletion). Cells may
escape this process if they express receptors with intermediate affinities for self-antigen that
fall below the threshold to trigger deletion or if a self-antigen is not sufficiently abundant in
the central lymphoid tissue to interact with the autoreactive cells. As another layer of
regulation, several peripheral mechanisms in the secondary lymphoid organs mediate
tolerance by modulating activity of mature cells. Autoreactive cells that encounter self-
antigen in the periphery can be regulated by (1) the induction of signals to become
functionally inactive (anergy), (2) limitation of survival factors or growth signals, and (3)
active suppression by regulatory T cells. Defects in any of these tolerance mechanisms have
the potential to allow autoreactive B and T cells to escape, proliferate, and induce
autoimmune disease. Autoimmunity can be compounded by epitope spreading that occurs
once an immune response is underway or in the setting of chronic inflammation.12 The
initial destruction of tissues and release of antigens can promote further immune responses
to other components of an antigen or to new self-antigens that now gain exposure to the
immune system. Thus, markers and antibodies that we detect in the course of disease may
reflect the primary response or events several steps removed from the initial insult.
Furthermore, distinguishing between primary and secondary spread epitopes can critically
impact our approach to treatment; therapy aimed at downstream spread epitopes will not
prevent disease initiation and may be ineffective in halting the autoimmune response,
depending on the stage of disease progression.

Classically, criteria for autoimmunity in a clinical disease have been defined by Witebsky's
postulates with (1) demonstration of an autoantibody or cell-mediated immune response, (2)
knowledge of the corresponding autoantigen, and (3) analogous response reproduced in an
animal model.13.14 The hallmarks then of autoimmune conditions are the presence of self-
reactive B and T cells, manifested by circulating autoantibodies and lymphocytic
mononuclear cell infiltrates in affected tissues. Because definitive diagnosis of organ-based
autoimmune disease requires demonstration of autoimmune infiltrates on tissue biopsies or
detection of antigen-specific T-cell responses, other markers, such as autoantibodies, are
frequently used as a surrogate. Ascertainment of aPOI presents a particular challenge
because definitive diagnosis requires ovarian biopsy to document tissue infiltration, and the
current autoantibody tests in use are plagued by poor sensitivity or specificity. Although
proof of autoimmunity also requires the ability to adoptively transfer disease with
autoreactive lymphocytes from an affected subject, transfer of autoimmune disease in
humans is not experimentally feasible. Fortunately, transfer of many autoimmune diseases,
including ovarian disease, is well documented in animal models, which provide the means to
dissect the mechanisms of autoimmunity.
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TRANSLATIONAL MODELS FOR AUTOIMMUNE-MEDIATED PRIMARY
OVARIAN INSUFFICIENCY

To understand the significance of putative autoantigens associated with human disease
requires more direct examination of the pathological immune response. To this end, animal
models have been invaluable in teaching us the mechanisms by which organ-specific
tolerance is broken in the ovary. Traditionally, animal models of ovarian autoimmunity have
been limited by the differences in ovarian disease induction and the autoantigens targeted,
however, recent advances may allow us to draw more direct parallels to human aPOI.

An Immunization Model of Autoimmune-Medicated Primary Ovarian Insufficiency: Zona
Pellucida Antigen—Induced Experimental Autoimmune Oophoritis

One of the earliest models of disease was based on immunization with ovarian self-antigen
to induce oophoritis in a manner similar to experimental autoimmune encephalomyelitis, the
classic model system used to study multiple sclerosis. Experimental autoimmune oophoritis
(EAO) is produced by immunization with zona pellucida antigen (ZP3) in combination with
Freund's adjuvant.15-17 ZP3-induced disease is characterized by rapid onset of inflammatory
and lymphocytic ovarian infiltrates with progressive loss of large antral follicles and a strong
autoantibody response.18 Adoptive transfer of CD4* T cells from ZP3-immunized females
also induces oophoritis in wild-type recipients without a detectable autoantibody response,
suggesting the primary mechanism is T-cell mediated. However, as with many other
experimentally induced autoimmune diseases, ZP3-immunized mice recover from disease
with regression of ovarian inflammation and return to fertility ~4 months postinoculation.
Moreover, the recovered animals exhibit resistance to further oophoritis upon rechallenge
with antigen, raising the question whether other mechanisms of peripheral tolerance play a
role in disease modulation.1” Recently, a newer model of ZP3-mediated autoimmunity has
demonstrated a requirement for B cells and ZP3 antibodies in the induction of disease.18
Mice infected with a recombinant murine-cytomegalovirus expressing murine-ZP3
(rMCMV-mZP3) develop similar disease on ovarian histology with permanent infertility.1
Immunoglobulin-deficient mice are protected from rMCMV-mZP3 induced disease, and
passive transfer of hyperimmune sera or a ZP3-specific antibody can induce transient
infertility in naive female recipients. Thus a requirement for B cell responses in liberating
antigen or antigen presentation may be necessary for achieving durable autoimmunity in this
model. Indeed, autoantibodies have been demonstrated to be necessary to redirect
pathogenic T-cell responses leading to severe oophoritis and ovarian atrophy in ZP3-induced
EA0.2

The rationale for targeting ZP3 arose from observations that antibodies to this molecule
were implicated in women with infertility.2 However, an increased incidence of ZP3
autoantibodies has not been conclusively demonstrated in women with POI.46 The
significance of ZP3 antibodies in human aPOI remains to be determined, although their
usefulness as a contraceptive measure in animals remains an area of active interest.
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Steroidal-Cell Antibody-Primary Ovarian Insufficiency

The first suggestion of an autoimmune etiology in human POI came from observations in
women with Addison's disease, where association of the two conditions is highly
prevalent.22:23 Antibodies to steroid cells were first noted in Addison's disease patients?4 and
linked to clinical ovarian deficiency.2? These steroidal-cell antibodies (SCASs) were detected
based on indirect immunofluorescence staining of adrenal, ovary, placental, or testis tissue
sections. Depending on the method of detection, estimates of SCAs range from 73% to
100% of women with both POI and Addison's disease.2>~27 SCA-POI is highly linked to
adrenal autoimmunity, both for women with clinical evidence for adrenal insufficiency as
well as those who are asymptomatic in this regard yet test positive for adrenal cortex
antibodies by indirect immunofluoresence.2’-29 It is now known that the major autoantigen
that reacts with adrenal cortical antibodies (ACASs) detected by indirect immunofluorescence
is the enzyme 21-hydroxylase (21-OH),30:31 and 21-OH autoantibodies are the best predictor
of Addison's disease.?8:32 Notably, detection of ACAs and SCAs is not concordant in all
cases of isolated Addison's disease,> perhaps due to differences in assay methods or
because the 21-hydroxylase enzyme is not expressed in the ovary. Nevertheless, because the
association of SCA-POI and Addison's disease is very strong and onset of ovarian disease
frequently precedes clinical adrenal insufficiency, screening of all women with SCA-POI for
adrenal function and counseling regarding the symptoms of adrenal insufficiency is
recommended.33-35

The presence of SCAs correlates well with an autoimmune etiology for ovarian disease. In a
small series of ovarian biopsies performed in women with spontaneous POI, 100% of
women with SCAs were found to have CD3* lymphocytic infiltrates on ovarian biopsy,
indicating the presence of active, T-cell-mediated autoimmune oophoritis.29 All of the
biopsies in SCA-negative women did not demonstrate any ovarian infiltrates. Furthermore,
review of the reported cases of POI with histological evidence of oophoritis found evidence
of positive SCAs in all instances. Closer examination of the pattern of SCA
immunofluorescence revealed a cytoplasmic pattern of staining in ovarian theca cells among
many women with positive SCAS, suggesting that common steroidogenic cell enzymes
might be targeted between the adrenal and ovary.25 Further investigation has demonstrated
that SCAs are composed in part of antibodies to the 17-a hydroxylase (17OHAb) and side-
chain cleavage enzymes (p450sccAb) in women with SCA-POI,26:27.33.36 that they are
known mediators of thecal cell androgen synthesis, and that they consist primarily of
immunoglobin G1 isotypes that are associated with autoimmune T-cell responses.3”

Clinical observations support a model of selective thecal cell destruction suggested by the
autoantibody data. Typically, women with POI exhibit low serum concentrations of estradiol,
inhibin A, and inhibin B due to decreased numbers of mature or developing follicles,38-40
However, women with SCA-POI demonstrate elevated inhibin A and B levels with multiple
antral follicles, low estradiol, and relatively elevated FSH,40:41 as well as, in some cases,
normal anti-Miillerian hormone levels.3® Interestingly, in multiple histological reports on
this condition, primordial follicles are spared any lymphocytic infiltration.#29 These
observations are consistent with a model of selective thecal cell loss in which granulosa cells
are preserved but exhibit impaired estradiol synthesis due to lack of androgen substrates.
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Thus, some women with SCA-POI are known to maintain a pool of primordial follicles early
in the disease process; from this perspective, with proper immunosuppressive therapy, it
might be possible to restore fertility for these women.

Despite the clear autoimmune markers seen in SCA-POI, there is evidence to suggest that
the antibodies themselves are not pathogenic. It may be that SCAs arise through epitope
spreading, that other yet undetermined antigens initiate the autoimmune destruction in SCA-
POI, or that autoantibodies alone are not sufficient to precipitate disease. Indeed, women
with SCA-POI have been shown to have antibodies to the granulosa cells and ovum?® with
multiple autoreactive targets within the oocyte.#2 Although the pathological significance of
SCAs remains ambiguous, SCAs represent a highly useful clinical marker for histological
autoimmune oophoritis.

The Neonatal Thymectomy Model

One long-standing example of ovarian autoimmunity that arises from disruption of both
central and peripheral tolerance is the neonatal thymectomy model of disease. In various
strains of inbred mice, thymectomy at day 3 after birth induces a wide array of organ-
specific autoimmune diseases, including autoimmune ovarian disease. Most notably,
oophoritis and ovarian failure can be seen in 90% of C57BI/6xA/J F1 mice.43-45
Immunological mechanisms of disease in this model have been extensively studied
(reviewed by Tung et al),*8 with some of the earliest observations leading to the discovery of
regulatory T cells (Tregs).#’48 Neonatal thymectomy (NTx) results in the relative depletion
of CD4*CD25* regulatory T cells (Tregs), which emigrate from the thymus after day 3, and
autoimmunity ensues in part from an imbalance between regulatory and effector T cells.
Replacement of Tregs in NTx mice prevents autoimmune disease.*® Like women with SCA-
POI, female mice that undergo NTx develop lymphocytic infiltrates and autoantibodies to
several ovarian targets. Similar to a subset of women with autoimmune POI,25 NTx-treated
female mice demonstrate an early robust antibody response predominantly to several oocyte
proteins. The common targeting of oocyte proteins suggests a possible equivalent
mechanism for in these women in what might be termed oocyte-autoimmunity POI.

Further characterization of the ovarian autoantibodies observed in NTx mice allowed the
identification of a novel ovarian antigen known as MATER (Maternal Antigen 7hat
Embryos Require).>0 Materencodes a 125-kDa protein that is highly expressed in oocytes.
Inactivation of the mouse Mater gene causes embryos from Mater knockout mothers to
arrest at the two-cell stage and eventually degenerate, indicating that Mater is required for
embryonic development after fertilization.>1 Similarly, the human homolog for mouse Mater
also shows largely ovarian-specific expression.>2

Many studies in the NTx model have examined the mechanisms by which Tregs modulate
disease. Suppression of ovarian disease by adoptive transfer of polyclonal Tregs depends on
exposure to endogenous autoantigen in the periphery and is disease specific.4> Expression of
self-antigen in the context of major histocompatability complex (MHC) class Il in the
thymus and the periphery has been shown to mediate immune tolerance in several models of
autoimmunity.®3 Indeed, transgenic expression of MATER driven by an MHC class I
promoter mediates a significant reduction in autoimmune oophoritis in NTx-treated mice.>*
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In those cases where oophoritis persists, autoantibodies to other ovarian proteins are
detected, suggesting that multiple antigens may play a role in the pathogenesis of
autoimmune oophoritis in this model. Thus, MATER represents a significant pathogenic
antigen in NTx-induced ovarian autoimmunity and an attractive candidate for the
development of diagnostic testing as well as for induction of tolerance in human
autoimmune oophoritis.

APS1 and the Aire Knockout Mouse Model of Autoimmune-Mediated Primary Ovarian
Insufficiency

Rare genetic disorders frequently provide us the ability to gain unique insights into
fundamental aspects of biology. Autoimmune polyglandular syndrome type 1 (APS1) is one
such example. APS1 is a rare monogenic disorder that manifests as a pleomorphic array of
autoimmune diseases that primarily target endocrine organs, including the ovary. Before the
discovery of the causative gene, the Autoimmune Regulator (AIRE), diagnosis was based on
the development of hallmark clinical conditions of autoimmune hypoparathyroidism,
Addison's disease, and mucocutaneous candidiasis.>>->® The subsequent burst of
investigation has uncovered much about the cellular and molecular mechanisms of disease
and enhanced our knowledge about the thymus and basic immunology.5”°8 Notably,
although variable involvement of other target organs is seen in this syndrome, ovarian failure
is highly prevalent with up to 72% of women affected by age 40.5°

Mutations in APS1 are not only a known genetic cause of disease but also give insight into a
confirmed autoimmune mechanism. Inactivation of the AJre gene in mouse models has
allowed the elucidation of the molecular mechanism for the pleomorphic organ-based
autoimmunity seen in APS1 disease.??-61 Aire acts primarily in the thymus to regulate the
expression of an array of tissue-specific self-antigens (TSAs) within specialized medullary
thymic epithelial cells (nTECs), whose role is to educate developing T cells. Normally,
autoreactive T cells that encounter self-antigen presented by these mTECs are deleted
through thymic negative selection (Fig. 1). In the absence of Aire, these mTECs do not
express many TSASs, and autoreactive T cells can escape into the periphery to cause disease.

Like women with APS1, Ajre KO female mice develop a high incidence of ovarian
autoimmunity with histological oophoritis and infertility in up to 100% of BALB/c.58.61
Knockout (KO) mice develop lymphocytic infiltrates in the ovary and autoantibodies that
recognize the oocyte.58 In contrast to previous models, disease in the Aire KO mouse arises
spontaneously and, as such, represents a significant advance in our ability to study aPOlI as
well to clarify molecular mechanisms for tolerance breakdown. Moreover, the link to a
human syndrome of ovarian autoimmunity suggests that antigens identified in this model
will have direct relevance to clinical disease. Indeed, characterization of a novel lung
autoantigen in Ajre KO mice showed striking similarity to the lung autoreactivity seen in an
APS1 patient with lung disease.52 Alimohammadi et al reported the discovery of NALP5 as
a putative parathyroid autoantigen in patients with APS1. Strikingly, NALP5, also known as
MATER, is the self-same autoantigen identified in NTx-induced aPOI.59 Autoantibodies to
NALP5/MATER are specific for patients with APS1 who are affected with autoimmune
parathyroid disease; none of the APS1 patients without parathyroid disease had detectable
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NALP5/MATER autoantibodies.53 Notably, many patients with APS1 and NALP5/MATER
autoantibodies also had POI. Although these antibodies were not specific for women with
APS1 and POI, 53% of antibody-positive individuals also had hypogonadism (most of these
representing women with aPOl), suggesting that NALP5/MATER could represent a common
target of autoimmunity in both the parathyroid and the ovary. It is unknown whether Aire
regulates expression of Nalp5/Mater within the thymus or if Nalp5/Mater autoreactivity
initiates the ovarian autoimmunity in AJjre KO female mice. Also whether or not the
presence of NALP5/MATER antibodies defines a specific autoimmune mechanism in
women with idiopathic POI is not known. Nevertheless, the identification of NALP5 in two
models of aPOI arising from different immune defects suggests it represents a putative
common target of ovarian disease in women with autoimmune-mediated POI.

CONCLUSIONS

Review of the immunopathology and antigens targeted in both mouse and human models
indicates that several forms of autoimmunity may ultimately lead to POI (Table 1). However,
despite disease induction via different methods of tolerance breakdown, similar antigens are
targeted in the ovary, as in the example of NALP5/MATER. It remains to be determined
whether the various antibodies that have been described with the clinical disease represent
pathophysiological targets or markers associated with the autoimmune condition. However,
the identification of the same target in both mouse and human disease models speaks to the
importance of these studies.

Increasingly, reports have been made of autoimmune oophoritis in idiopathic POI in cases of
“occult ovarian failure” or unexplained infertility,>64 and autoimmunity has been invoked in
the pathology of PCOS and endometriosis based on the detection of various autoantibodies.
However, direct demonstration of lymphocytic oophoritis on ovarian biopsy has been very
limited in cases not associated with known autoimmunity (reviewed by Hoek et al).#
Autoantibodies in human serum can be difficult to measure due to high levels of background
from other serum proteins as well as the often relatively low levels of circulating antigen-
specific antibody. The insight we gain from translational models of aPOI allows us to
interpret autoantibody markers with knowledge of the pathogenic mechanisms and relevant
disease targets to determine more accurately the contribution of autoimmunity in these
conditions.

Given the variable clinical course of aPOl, correct diagnosis of this subset of POI patients
can be critical because some patients might conceive with appropriate immunomodulatory
therapy. Furthermore, detection and prediction of aPOl in patients with known autoimmune
disease or unexplained infertility would be valuable prognostic information, allowing
changes in family planning or assisted reproductive interventions. To date, treatment is
limited to general immunosuppression with glucocorticoids and is being studied in an
ongoing prospective clinical trial based at the National Institutes of Health (Trial ID
NCT00001306). As illustrated by the model systems in this review, knowledge of
pathogenic targets can be gained through the examination of relevant antibody responses and
is essential in enabling the further mechanistic study of both of tolerance breakdown and
tolerance induction. Future research in the identification of ovarian antigens will allow
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improved diagnostic and prognostic testing in aPOI. With the characterization and discovery

of

novel ovarian antigens, targeted immunotherapy and antigen-specific treatment will be

possible, moving the care of patients with aPOIl into a new era.
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Figure 1.
Checkpoints in immune tolerance: Illustrated in this figure are the major mechanisms used

to establish and maintain immunological tolerance, defined as nonreactivity to self-tissue.
For simplicity, most of the mechanisms shown depict the regulation of T cells, although very
similar mechanisms occur for B cells as well. Developing T and B cells randomly generate a
diverse repertoire of receptors. Each cell expresses a single B- or T-cell receptor (BCR or
TCR), of which some will recognize self-tissue (depicted as cells in various shades of
brown). Regulation of these cells begins with central tolerance in the bone marrow and
thymus. In the bone marrow, immature B cells that recognize self-antigens can undergo
receptor editing to express BCRs with lower affinity for self. B cells that fail to rearrange
and edit their BCRs to a less self-reactive form are eventually deleted. Developing T cells
enter the thymus where they complete their maturation and undergo negative selection
before gaining access to the rest of the body. Specialized medullary thymic epithelial cells
(mTECs) function to express and present a wide array of self-antigens that are displayed to
T cells. T cells that recognize self-antigen in this way are deleted (c/onal deletion) in a
process known as negative selection. Some autoreactive cells may escape to the periphery.
Peripheral tolerance is mediated primarily in the lymph nodes and secondary lymphoid
organs as well as to some extent in the target organ. Within the lymph node, antigen-
presenting cells (APCs) can present self-antigens and provide signals to T cells.
Autoreactive cells (shown in shades of red) that encounter self-antigen in the context of
modulatory signals can be inactivated (c/onal anergy). T cells may not encounter antigen
(ignorance) or be deprived of growth/survival signals (growth regulation) such that they are
not activated to be pathogenic. Finally, autoreactive cells may that escape all these
mechanisms can go on to proliferate and cause autoimmunity in the target organ (illustrated
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in the ovary). Once the immune response to an antigen is initiated, other tissue antigens can
be released and presented to the immune cells. This in turn leads to activation of other
antigen-specific T cells in a process known as epitope spreading.
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Translational Models for Autoimmune Primary Ovarian Insufficiency

Model System  Mechanism of Disease

Autoantibodies and Antigens

Notable Features

Human
SCA-POI Unknown
APS1 AIRE gene defect

Impaired negative selection
Mouse
ZP3-induced Immunization with ZP3
EAO Infection with rCMV-mZP3
NTx Thymectomy induced

Reduction in Tregs vs Teff

Aireknockout  Aijregene defect
Decreased negative selection of
autoreactive T cells

SCAs
17-OH
SCC

SCAs
NALP5 (MATER)

ZP3

Mater/Nalp5
Other oocyte proteins

Oocyte proteins

* Close association with Addison's disease

* Frequent association with other autoimmune
diseases

» CD3* lymphocytic infiltrates

« Affects antral follicles more than primary follicles

* 72% incidence of POI
* 68% of women with POI also positive for NALP5/
MATER antibodies

« Initial oophoritis with resolution of disease and
return to fertility

« Durable disease in recent models (rCMV-mZP3)
« CD4*CD8* lymphocytic infiltrates of ovary

« Autoantibody response required for disease
induction

« Antibodies to multiple oocyte proteins with a
predominant response to Mater/Nalp5; other ovarian
autoantibodies also seen

» Lymphocytic infiltrates seen with antral follicles
affected more than primary follicles; eventual ovarian
atrophy

« Ovarian disease transferable by CD4 + T cells

* 100% incidence of ovarian failure in certain strains
* Lymphocytic infiltrates seen in ovaries

« Autoantibodies to oocyte proteins seen in serum of
affected mice

» Autoimmune disease transferable by CD4 + T cells

SCA-POI, steroidal-cell antibody primary ovarian insufficiency; SCA, steroid cell antibodies; 17-OH, 17a-hydroylase enzyme; SCC, p450 side-
chain cleavage enzyme; APS1, Autoimmune polyglandular syndrome type 1; AIRE, Autoimmune regulator; ZP3, zona pellucida 3; EAO,
experimental autoimmune oophoritis; NALP5, NACHT leucine-rich-repeat protein 5; MATER, maternal antigen that embryos require; NTXx,
neonatal thymectomy; Treg, regulatory T cell; Teff, effector T cell.
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