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Abstract
Autoimmune diseases reflect a breakdown in self-tolerance and are a leading
cause of premature death and disability. These chronic diseases require costly treatment
with non-specific immunosuppressants with adverse side effects and have no cure.
Understanding the pathogenic mechanisms of autoimmunity is key to designing effective
therapeutics. CD4+Foxp3+ regulatory T (Treg) cells are under investigation as a potential
therapy. Treg cells are critical for regulating various types of responses, such as allograft
rejection, allergy, inflammation, infection, and autoimmunity. We employ the DEREG
mouse model, expressing a diphtheria toxin receptor under control of a foxp3 locus to
study the requirement of Treg cells in organ-specific autoimmunity. Treg cell-depleted
C57BL/6 and/or C57BL/6 x A/J FI (B6AF1)-DEREG mice develop autoimmune gastritis
(AIG), autoimmune orchitis (EAO), and autoimmune ovarian disease (AOD).
Our study indicates that transient Treg cell depletion results in long-lasting AIG
associated with H+K+ATPase and intrinsic factor autoantibodies (Ab). Although
functional Treg cells emerge over time during AIG, effector T cells rapidly become
resistant to Treg cell-mediated suppression. Whereas previous studies implicated
dysregulated Th1 cell responses in AIG pathogenesis, eosinophils have been detected in
gastric biopsies from patients with AIG. Indeed, AIG in DEREG mice is associated with
strong Th2 responses, including IgG1 autoAb, elevated serum IgE, increased Th2
cytokine production, and eosinophil expansion in the stomach-draining lymph nodes.
Additionally, the stomachs exhibit severe mucosal and muscular hypertrophy, parietal
cell loss, mucinous epithelial cell metaplasia, and massive eosinophilic inflammation.
Notably, AIG is significantly ameliorated in IL-4- or eosinophil-deficient mice.
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We also investigate Treg cell control of autoimmune responses to meiotic germ
cell antigens (MGCA), which are responsible for post-vasectomy (Vx) autoimmunity and
some cases of infertility. The prevailing view posits that MGCA are completely
sequestered behind the blood-testis barrier. Thus, they are considered highly
immunogenic and non-tolerogenic. We discovered that some murine MGCA are nonsequestered (NS-MGCA), and they egress from normal seminiferous tubules, react with
circulating Ab, and form immune complexes. We identify one mechanism of NS-MGCA
egress from the seminiferous tubules and show that these Ag maintain Treg celldependent physiological tolerance. In contrast, sequestered MGCA (S-MGCA) are nontolerogenic. Significantly, DEREG mice with transient Treg cell depletion develop EAO
and produce autoAb exclusively targeting NS-MGCA, which is distinct from the post-Vx
autoAb targeting S-MGCA. Therefore, the sequestration status and tolerogenicity of
MGCA influence target Ag selection in EAO and possibly influence tumor
immunogenicity, as both sets of Ag are expressed as cancer/testis Ag in human tumors.
Furthermore, we describe two new models of AOD after Treg cell depletion early
or late in life. The immune system of juveniles greatly differs from that of adults, which
can impact their susceptibility to infection, response to vaccines, and development of
immune-mediated disorders. Some patients with premature ovarian failure have serum
ovarian autoAb, ovarian inflammation, and frequent occurrence of other autoimmune
diseases, supporting an autoimmune basis for the disease. In humans, early-onset ovarian
failure is more severe than late-onset disease. Thus, the age at onset of disease may
influence AOD severity. Indeed, Treg cell depletion in adult DEREG mice results in Th2dominant eosinophilic AOD with IgG1 autoAb targeting a unique B cell epitope in the

iv
oocyte zona pellucida 3 protein. In contrast, Treg cell-depleted juvenile mice develop
severe and accelerated Th1-dominant and NK/NKT cell-dependent granulomatous AOD
and ovarian atrophy. Their low incidence and titer autoAb responses target the oocyte
cytoplasm, zona pellucida, and/or interstitial cells. The striking ontogenetic differences in
AOD are not replicated in AIG in the same mice, as AIG in both juvenile and adult Treg
cell-depleted mice are similarly Th2-dominant and autoAb targeting the same gastric Ag.
Collectively, the observed development of spontaneous autoimmunity in these
otherwise lymphoreplete animals indicates that Foxp3+ Treg cells maintain physiological
tolerance to clinically relevant gastric autoAg, NS-MGCA, and ovarian autoAg. In AIG
and AOD, the T cell response was strongly Th2-biased after transient Treg cell depletion,
supporting the significance of a Th2-dominant mechanism in autoimmune disease
pathogenesis. Treg cells control tolerance at all ages, but the resulting pathogenic
autoimmune responses after loss of Treg cell-mediated tolerance are age-dependent and
organ-dependent. Understanding these distinct pathogenic mechanisms will aid in the
identification of therapeutic targets and development of appropriate therapies.
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Chapter 1
Introduction
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Clinical Relevance of Autoimmunity
There are more than 80 medically recognized autoimmune diseases, affecting
approximately 5-8% of the world’s population. The incidence of autoimmunity has
increased in the past 50 years. Autoimmune diseases preferentially occur in adult females
and circulating autoAb is a hallmark of autoimmunity (1). The contributing factors are
multi-faceted. These diseases can result from single gene mutations, but the majority of
diseases are polygenic. Additionally, environment influences can initiate these diseases or
promote their progression. However, the inciting antigens (Ag) in autoimmunity are
frequently undefined. This dissertation focuses on three autoimmune diseases, 1) AIG, 2)
EAO, and 3) AOD. The central themes address how these autoimmune diseases are
normally prevented, how they develop, and the cellular mechanisms involved in their
progression, which can ultimately be targeted by therapeutic intervention.
AIG is a major autoimmune disease that frequently associates with other
autoimmune diseases, including thyroiditis and type 1 diabetes (2). It is characterized by
autoAb targeting intrinsic factor, which supports vitamin B12 absorption, and the gastric
H+K+ATPase, the proton pump expressed by acid-secreting parietal cells in gastric glands
(3–8). Accordingly, AIG patients are predisposed to the development of gastric cancer
(9–11) and pernicious anemia, the most common sequela of vitamin B12 deficiency, with
an estimated prevalence of ~1.9% among the elderly Western population (12, 13). The
histological characterization of human AIG includes inflammation in the corpus and body
regions of the stomach and loss of gastric zymogenic and parietal cells (1).
Autoimmune diseases of the gonads are important causes of idiopathic infertility
affecting approximately 1 of 7 couples desiring children. Clinically, it prevents the
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perpetuation of new life and adversely affects quality of life. Disruption of the immune
regulation may lead to autoimmune orchitis, characterized by aspermatogenesis and
infertility, anti-sperm Ab formation, testicular immune complex deposition, and
granulomatous inflammation. Autoimmune orchitis and epididymitis have been
documented extensively in infertile animals (14), after Vx (15, 16), after physical trauma
(17), and in models of EAO (18–20). Over half a million men are vasectomized in the
United States annually, emphasizing the potential impact of this under-represented area
of research (21). In a recent survey of testis biopsies from men with unexplained
infertility, focal orchitis was found, which resembled murine EAO (22, 23).
AOD causes primary or secondary premature ovarian failure (POF) that can lead
to infertility of pubertal and adult women. Patients with POF have a lack of ovulation,
reduced steroid hormone production, and autoAb to steroid-producing ovarian cells (24).
Despite this, gonadal immunology is an under-represented field of research. Autoimmune
orchitis and AOD among humans are not well studied and true incidence is still
unknown. Therefore, investigating the mechanisms that regulate tolerance to gonadal Ag
and prevent autoimmune disease is of direct human relevance and importance.

Immunological Tolerance
It is essential that the immune system distinguish between foreign and self-Ag,
allowing for protection from invading pathogens but prevention of inappropriate
autoimmune responses. This physiological process of tolerance is mediated both in the
thymus and in the periphery. In the thymus, central tolerance is maintained by deletion of
immature T cells with T cell receptors (TCR) specific for self-Ag through the process of

4
negative selection. CD4+ T cells with TCR that bind to self-MHC class II molecules with
low affinity are positively selected. CD4+ T cells with TCR that bind to self-MHC class
II molecules with high affinity are negatively selected and die by neglect. However, the
deletion of self-reactive T cells is an incomplete process, allowing some autoreactive
cells to escape into the periphery. Peripheral tolerance mechanisms, including deletion,
anergy, and suppression by Treg cells, which represent about 5-10% of the CD4+ T cells
in circulation of naïve mice and healthy humans (25), are important for preventing
autoreactive T cells from inducing autoimmune diseases (26). How these mechanisms
interact to maintain peripheral tolerance is still uncertain. Dysregulation of immune
tolerance can lead to the development of autoimmunity, asthma, allergies, graft-versushost disease, chronic infections, transplanted organ rejection, and tumors. This
dissertation will focus on Treg cell-mediated tolerance, because it is a recurring theme in
the study of the three autoimmune diseases described above.

The Requirement of Ag for Treg Cell-Dependent Tolerance
An unresolved issue is if Ag specificity is required for Treg cell function.
Thornton, et al. showed in vitro that activated Treg cells can suppress in an Agindependent manner (27, 28). However, recent data challenge this idea, suggesting Treg
cells are more efficient suppressors of effector T (Teff) cells with the same specificity
(29). Previous work from our laboratory showed that Ag-specific Treg cells accumulate
in regional LNs draining the organ expressing those Ag and suppress better than Treg
cells from other LNs. This supports the idea of Ag requirement for Treg cell-mediated
suppression in vivo, in an autoimmune disease context (30). Therefore, recognition of
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self-Ag helps to maintain particular specificities of Treg cells and augments their
suppressive capacity during settings of immune activation (31).
TCR signaling affects Treg cell gene expression, metabolism, adhesion, and
migration. It has recently been shown that high-affinity TCR signaling in Treg cells is
critical for their development, maintenance, activation, and suppressor function (32, 33).
Treg cells also expand in response to their cognate Ag (34). A study using an ovalbumin
(OVA)-specific TCR transgenic model showed that engineered OVA expression in the
skin can lead to activation and proliferation of TCR-transgenic Treg cells that mediate
resolution of organ-specific autoimmunity and remain in the target tissue to mediate
subsequent autoimmune responses upon Ag re-exposure (34). This study also suggests
that Ag recognition is important for the function and memory of tissue Treg cells.
However, central and peripheral tolerance is considered to be incompatible with
self-Ag of late ontogeny, such as meiotic germ cell Ag (MGCA) in the testis. The local
immune privileged status of the testis (35) has critical functions for survival, protects the
testes from destructive immune responses, and maintains immune homeostasis, which is
essential for normal spermatogenesis and fertility (36). Different levels of control exist in
the testis (Figure 1.1), including a physical blood-testis barrier (BTB) that, prior to this
dissertation work, was thought to physically separate mitotic and meiotic germ cell Ag
that emerge during development from the immune system to avoid major antigenic
stimulation (37), though the sequestration of germ cell Ag has not been proven
experimentally. The BTB also prevents entrance of immunological molecules and
immune cells into the lumen of seminiferous tubules (38). Furthermore, in vivo
experimental evidence indicates that testis-resident macrophages and soluble mediators in
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Figure 1.1: Mechanisms of testicular immune privilege. Multiple immunosuppressive
factors are thought to be involved in the local maintenance of testicular immune
homeostasis. The testis consists of seminiferous tubules and interstitial space. The
seminiferous tubules are composed of developing germ cells surrounded by Sertoli cells
that extend from the basal lamina to the lumen and support spermatogenesis. A layer of
myoid cells surrounds and provides support to seminiferous tubules. The BTB is formed
by tight junctions composed of occludins, claudins, and junction adhesion molecules,
between neighboring Sertoli cells, and it is thought to sequester Ag from immune cells in
the interstitial space. Sertoli cells and Leydig cells secrete immunosuppressive molecules,
including activinA, TGF-β, PD-L1, growth arrest-specific gene 6 (Gas6), and
testosterone, which can suppress immune cell activation. Testicular macrophages produce
anti-inflammatory

IL-10

and

TGF-β.
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39).
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the testes can possess immunosuppressive properties (40–43). Together, these intratesticular factors are thought to confer Ag-independent mechanisms to reduce
proinflammatory activity locally in the testes. Thus, a role for Ag-dependent mechanisms
of peripheral tolerance, such as Treg cells, has not been explored prior to this dissertation.

A Brief History of ‘Suppressor” T Cells
The existence of “suppressor T cells” was first postulated when Gershon and
colleagues showed that lymphocytes from the thymus are required for “infectious”
tolerance, which is transferrable to naïve recipients (44–46). The identification of CD8+
suppressor cells led to intense research on suppression. Yet, this enthusiasm collapsed
when the gene loci for the “suppressor factor” was found to be devoid of genes. The
difficulty in precisely defining these cells raised doubts of their existence at the time (47).
CD4+ Treg cells also had their origin in 1969. Nishizuka, who discovered the day
3 thymectomy (d3tx) model of autoimmunity, documented that autoimmune disease in
d3tx mice could be suppressed by thymocytes or spleen cells (48). Our laboratory showed
that these cells were CD4+ T cells (49), but it was the groups of Sakaguchi (25), Taguchi
(50), and Shevach (51) who independently documented that they express CD25 (IL-2Rα)
more than 20 yr after they were initially observed. Sakaguchi and colleagues
demonstrated that naïve CD4+CD25+ T cells from wildtype (WT) mice could suppress
the activation of CD4+CD25- T cells (50, 52). IL-2, produced by activated T cells (53,
54), signals though CD25 and supports and maintains Treg cell development and survival
in the periphery (55–57). These discoveries drove many subsequent studies on the
cellular and molecular mechanisms of Treg cells. Firm evidence now supports the notion
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that as a component of the normal immune system, Treg cells are dedicated to
establishing and maintaining immune homeostasis and self-tolerance.

Foxp3, the Master Regulator of Regulatory T cells
The Treg cell lineage can now be defined by high expression of the Forkhead box
transcription factor, Foxp3 (58–60). Foxp3 is the major regulatory gene required for their
development (61). It belongs to the forkhead/winged-helix family of transcriptional
regulators and also contains a leucine zipper and zinc finger domain (62). Foxp3 operates
at many levels to control Treg cell function. It can act as both a transcriptional activator
and a repressor (63), by regulating approximately 700 different genes in Treg cells (64).
Using mice expressing GFP under the control of the Foxp3 locus, Rudensky’s group
identified Foxp3-expressing cells in vivo as being restricted to a subset of αβ TCR+
CD4+ T cells. Foxp3 expression correlated with their suppressive function, regardless of
CD25 expression (65). In mice, Foxp3 expression is restricted to Treg cells, and retroviral
transduction of Foxp3 in CD4+CD25- T cells allows them to express Treg cell-associated
markers such as CD25 and CTLA-4 and acquire suppressive capacity (58, 59). However,
in humans, Foxp3 can be transiently expressed by activated Teff cells, though these cells
do not possess regulatory characteristics upon activation (66).

Mutations in Foxp3 Result in IPEX and Scurfy Syndrome
Many human autoimmune diseases are associated with a lower frequency of
circulating Treg cells or reduced Treg cell suppressive function (Brusko 2008).
Furthermore, several immune genes have been identified as susceptibility alleles for
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autoimmunity. These include, CTLA-4, IL-2, CD25, and PTPN22, which are all involved
in pathways important for Treg cell function (67). Notably, defects in the autoimmune
regulator (Aire) gene, a thymic transcription factor responsible for ectopic expression of
peripheral self-Ag for presentation during the establishment of central tolerance, lead to
autoimmune polyendocrinopathy syndrome type 1 (APS1), which includes autoimmune
orchitis, oophoritis, and gastritis in patients with defective Treg cell function (68).
In humans, mutations in the foxp3 gene itself lead to immunodysregulation
polyendocrinopathy enteropathy X-linked syndrome (IPEX), a severe, X-linked multiorgan autoimmune and inflammatory disorder. IPEX patients have exacerbated Th2
cytokine production and severe autoimmunity coupled with eosinophilic inflammation
and elevated IgE (69). IPEX syndrome results in significant morbidity and shortened
lifespan, with hematopoietic stem cell transplantation as the only effective cure (70). In
mice, a spontaneous two base pair insertion in the foxp3 gene resulted in a truncated,
nonfunctional protein, leading to scurfy syndrome. Scurfy mice have red eyes, ruffled
scaly skin, enlarged lymph nodes (LN), and splenomegaly. They also have uncontrolled
CD4+ T cell activation, disseminated autoinflammation, and elevation of cytokines and
Th2-associated isotypes of Ig, which is lethal by 3 to 4 wk of age. Adoptive transfer of
Foxp3+ Treg cells into neonatal scurfy mice prevents development of the disease (59).

Regulatory T cells; Diverse in Phenotype and Function
There are two pathways for Treg cell development in vivo (Figure 1.2). First, Treg
cells can develop in the thymus. Thymic Treg (tTreg) cells have a TCR repertoire
specific for self-Ag (71). Differentiation and maturation of tTreg cells depends on high-
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Figure 1.2: Generation of CD4+ Treg cells. Treg cells develop both in the thymus and
in the periphery. tTreg cells mature in the thymus and express the cell-surface markers
CD25 and CD4 and the transcription factor Foxp3. They leave the thymus and establish
residence in the periphery where they proliferate in response to self-Ag. In the periphery,
naïve CD4+ T cells encounter Ag and differentiate into Foxp3+ peripheral Treg cells in
the presence of TGF-β and IL-2. Interactions between DC and naïve CD4+ T cells can
also lead to the development of other CD4+Foxp3- regulatory subsets including IL-10producing Tr1 cells and TGF-β-producing Th3 cells depending on the cytokines in the
microenvironment.
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affinity interactions with self-peptide/MHC class II complexes (72, 73). Positive selection
in the thymus depends on the expression of self-Ag by medullary thymic epithelial cells
under control of Aire (74, 75). Subsequently, tTreg cells migrate out of the thymus and
are broadly distributed in the peripheral lymphoid tissues where they function to prevent
the initiation of aberrant immune responses and in local tissues where they dampen
ongoing inflammatory responses (76).
Secondly, Treg cells can develop in the periphery. In contrast to tTreg cells,
peripheral Treg (pTreg) cells are generated from naïve Foxp3- T cell precursors. They
express Foxp3 upon activation with self or foreign Ag in the presence of tolerogenic
cytokines such as TGF-β and in the absence of inflammatory cytokines like IFN-γ, IL-4,
or IL-6 (77). pTreg cells are important for maintaining tolerance to commensal
microorganisms, “foreign” microbial Ag (78), and environmental Ag at mucosal surfaces,
such as the gastrointestinal tract and lung. They also prolong allograft survival, but can
limit immune responses to tumor Ag (79). Retinoic acid, a vitamin A metabolite, primes
tolerogenic dendritic cells (DC) in the intestine and drives pTreg cell development (80,
81). Aside from Helios and Neuropilin-1, which have questionable reliability, no
definitive markers have been identified to distinguish tTreg from pTreg cells (82). Thus,
the distinct functional contributions of each subset to the maintenance of peripheral
tolerance in different inflammatory environments are incompletely defined. Current data
indicate that Foxp3 expression is more stable in tTreg cells than pTreg cells (83).
Specifically, key Treg cell-specific loci, such as the conserved non-coding DNA
sequence 2 region within the Foxp3 locus, are hypomethylated in tTreg cells but not
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pTreg cells, indicating that pTreg cells are potentially more likely to convert into other T
cell lineages (84, 85).
Treg cells are phenotypically and functionally diverse. They can be subdivided
based upon their expression of adhesion and chemoattractant receptors, which target them
to secondary lymphoid organs, nonlymphoid tissues, or sites of inflammation (86). Their
maintenance and localization in different tissues are critical for their capacity to regulate
target cells. Treg cells that express high levels of the LN homing receptor CD62L and
low levels of the activation marker CD44 are considered central Treg cells, which are
quiescent, recirculate throughout secondary lymphoid tissues, and are specialized for
inhibiting T cell priming. Effector Treg cells are CD44hiCD62Lneg/lo, more proliferative,
more prone to apoptosis, widely distributed in nonlymphoid tissues, and are specialized
for suppressing the activity of Teff cells at inflammatory sites (87). Populations of
memory Treg cells develop in response to Ag, but are maintained in nonlymphoid tissues
in the absence of continued Ag recognition (34). They can suppress the collateral
inflammation and tissue damage caused by memory Teff cells (34, 88, 89) and help
prevent rejection of the fetus during successive pregnancies (90).
Treg cells can also be divided into subsets corresponding to their tissue locations
or the Teff cell groups they suppress (91). They express chemokine receptors that recruit
them to similar sites as their Teff cell targets (92, 93). Other subsets of CD4+ Foxp3Treg cells include IL-10-producing Tr1 cells (94) and TGF-β–producing Th3 cells (95).

Treg cell Suppressive Mechanisms
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Treg cells are recruited during adaptive immune responses and are critical for
mediating self-tolerance and immune homeostasis by regulating both the quality and
magnitude of innate and adaptive responses (26, 96). They suppress the proliferation of
naïve T cells, their differentiation into Teff cells, and their production of inflammatory
cytokines such as TNFα and IFN-γ. They can also suppress effector activities of natural
killer (NK) cells, NKT cells, B cells, mast cells, basophils, eosinophils, neutrophils,
proinflammatory macrophages, osteoclasts, and DC (97, 98) (Figure 1.3).
Treg cells mediate their suppressive function through a variety of mechanisms
(Figure 1.4). They home to sites of inflammation and exert different regulatory functions
in response to the variety of stimuli in their environment (99). Although Ag-specific
TCR-mediated activation is required, Treg cell function can work through bystander
suppression and can regulate local inflammatory responses through cell-cell contact, antiinflammatory cytokine production, or a combination of both (100).
Some of the proposed contact-dependent mechanisms of suppression include their
ability to kill responding T cells or APCs via granzyme- or perforin-dependent
mechanisms. It has also been suggested that Treg cells can inhibit T cell proliferation,
activation and effector function, inhibit DC activation and function, and prevent the
priming of autoreactive T cells by competing for IL-2 consumption, delivering negative
signals to responding T cells or DC, preventing stable interactions between naïve T cells
and self-Ag-bearing DC, or competing with T cells for APC costimulation (101–104).
Other
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the
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immunosuppressive cytokines IL-10 and TGF-β that inhibit effector cell cytokine
production, suppress Th cell proliferation, and downregulate MHC class II (98). Treg
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Figure 1.3: Influence of Treg cells on other cell types. Upon activation, naïve T cells
undergo development into specialized helper T cell subsets, including Th1, Th2, and
Th17 cells, with distinct effector functions and cytokine profiles. Treg cells can inhibit
the proliferation and effector functions of these cells. The suppressive actions of Treg
cells can also regulate the maturation, activation, and effector functions other immune
cells,

such

as

B

cells,

basophils,

eosinophils,

mast

cells,

and

APCs.

15

DC

Eﬀector T cell

Immature
DC

CD28
CD80/86
CTLA-4

Eﬀector T cell
A2AR

Mature DC

MHCII
Self Ag
TCR
LAG3

Adenosine

CD73

Foxp3+
Treg

CD39

IL-2
CD25

Eﬀector T cell

X

TGF-β
IL-10

T cell

Granzyme A or B

B cell

Macrophage DC

Apoptosis
T cell

DC

Figure 1.4: Multifactorial Treg cell Mechanisms of Suppression. A variety of
molecular mechanisms operate within Treg cells that contribute to their suppressive
function. These mechanisms can be cell contact-dependent or cell contact-independent.
Cell contact-dependent mechanisms include the modulation of APC maturation and
activation, induction of cytolysis, and delivery of negative signals for T cell activation.
Cell contact-independent mechanisms include the production of inhibitory cytokines,
deprivation of IL-2, and granzyme/perforin-induced apoptosis of effector lymphocytes.
Any one mechanism or a combination of multiple mechanisms can be used by Treg cells
in a defined type of inflammatory setting. LAG3, lymphocyte activation gene 3; A2AR,
adenosine receptor 2A. Figure adapted from (107).
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cells also express CD39/CD73, which generates adenosine that can suppress immune cell
function (105). Treg cells can also suppress T cell-mediated diseases through non-cellautonomous gene silencing mediated by exosomes containing miRNA (106).
Recent studies have shown that Treg cells use different molecular approaches to
suppress different Th cell subsets. For example, the transcription factor IRF4 is required
for Th2 cell differentiation, and loss of IRF4 in Treg cells impairs suppression of Th2
responses (108). Similarly, Treg cells expressing T-bet, the transcription factor required
for the differentiation, function, and activity of Th1 cells, and the chemokine receptor
CXCR3, dependent on T-bet, are specialized for regulating Th1 cells (109). In parallel,
expression of Stat3 (essential for the differentiation of Th17 cells) in Treg cells allows for
optimal Th17 cell suppression (110). From these studies, we have come to understand
that like conventional CD4+ T cells, Treg cells are phenotypically and functionally
diverse. How these qualitative differences in Treg cells impact various disease settings
and can be manipulated for therapeutic potential requires further investigation.

Immune Mechanisms in Autoimmunity; A Role for AutoAb and Self-Reactive T cells in
Tissue Damage
Self-Ag are required to maintain self-tolerance, as mentioned above. However,
when the immune system is dysregulated, the self-Ag also serve as immunogens to
stimulate autoimmune responses and as the tissue Ag targeted by the immune effector
mechanisms. Thus, uncontrolled autoimmune effector responses can lead to tissue
inflammation and organ damage. There are two general classifications of autoimmune
disease, those that are organ-specific such as multiple sclerosis and diabetes, and those
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affecting multiple tissues, such as Systemic Lupus Erythematosus (SLE). Manifestations
of disease pathology depend on the Ag targeted and the mechanisms by which the tissue
is damaged. Typically, the constant presence of self-Ag perpetuates these responses.
Both B and T cells play a role in autoimmunity, though one type of response may
predominate in damaging the tissue in a given disease. There are also key roles for APC
and innate immune responses in the development and progression of autoimmunity (111,
112). CD4+ T cells differentiate into distinct subsets and acquire distinct functions to
target invading pathogens. The cytokine milieu is responsible for determining the
differentiation into each subset, which are characterized by the expression of distinct
transcription factors, cytokines, and chemokine receptors, as well as their function. Upon
activation, T cells differentiate into IFN-γ-producing Th1 cells, IL-4/IL-5-producing Th2
cells, or IL-17-producing Th17 cells. Th1 cell responses, associated with NK cell and
macrophage infiltration, and Th17 cell responses, associated with neutrophil infiltration,
have been shown to have a crucial role in autoimmune tissue injury. Alternatively, Th2
cells have been established as key drivers of allergic inflammatory responses (113). Th2
responses are supported by certain DC subsets and are associated with basophil, M2macrophage, eosinophil, type 2 innate lymphoid cells (ILC2), and mast cell inflammatory
infiltrates. Polarization towards a Th2 response in vivo requires Gata3 and IL-4 signaling
(114), though little is known about the pathogenic drivers of allergic responses or the role
of Th2 responses in an autoimmune disease context.
Despite the knowledge of disease mechanisms and potential therapeutic
approaches that previous research has produced, key questions on how these responses to
self-Ag are induced regarding the B cell response is unresolved. Both T cell-dependent
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and T cell-independent mechanisms of autoAb production can contribute to
autoimmunity (115). Furthermore, cytokines produced by activated B cells can aid in the
activation of damaging Teff cells. Th2, Th1, and T follicular helper T cells (Tfh) can also
participate in pathogenic autoAb production. Th1 cytokines skew class-switch
recombination toward complement-dependent IgG2a or IgG2b responses and Th2
cytokines toward IgE and IgG1 responses (116).
Pathogenic immune complexes form with continuous interaction between Abs
and Ag in vivo. Ab binding to Ag in tissues to form local tissue-specific immune
complexes can cause injury through FcγR-mediated activation of innate cells, production
of cytokines, Ab-dependent cellular cytotoxicity mediated by NK cells, or complement
activation leading to inflammatory cell recruitment (117, 118). Immune complexmediated disorders such as glomerulonephritis, and pemphigus vulgaris can be lethal.

Using Experimental Disease Models to Understand Treg Cell-Mediated Tolerance
Various models of autoimmune disease induction exist in the literature. These
include immunization with Ag in adjuvant or spontaneous induction of disease in
genetically predisposed mice. Although they are useful for deciphering effector immune
mechanisms, these models can create a bias in the immune reponse and they do not
address disease etiology. Other models involve the manipulation of the immune system
such as Aire-/- mice (119), d3tx mice (120), and Treg cell depletion (121, 122). Much of
the current knowledge and views on the role of Treg cells in tolerance stems from the
d3tx model, in which select strains of mice develop organ-specific autoimmune disease
of the ovary, testis, stomach, lacrimal gland, prostate, and thyroid with expansion of

19
autoreactive T and B cells and circulating organ-specific AutoAbs (123). It was thought
that Treg cells exit the thymus after the non-Treg T cells and should be preferentially
depleted by d3tx (25, 52, 124, 125). Therefore, Treg cell depletion was thought to be the
cause of the autoimmunity in the d3tx model. However, more recent studies have yielded
findings inconsistent with this concept: 1) Treg cells with the capacity to suppress
autoimmune disease were detected in the LN and spleen before day 3 (126), 2) d3tx led
to an increase, rather than a reduction, of functional Treg cell fractions (120, 127), 3)
Treg cell depletion by anti-CD25 mAb (clone PC61) in d3tx mice greatly enhanced AIG
immunopathology (30, 120), and 4) d3tx mice developed severe lymphopenia, and the
attendant homeostatic expansion of the autoreactive Teff cell compartment, including
gastritogenic T cell clones, could also contribute to disease (120, 124, 128–130). Thus,
simple Treg cell depletion is not responsible for the d3tx disease. As such, the model is
not suitable for defining the physiological function of Treg cells.

Murine Models of Treg Cell Depletion
Despite numerous studies on Treg cells, their role in autoimmune disease control
was not documented until recently. The most direct approach to investigate Treg cell
action in physiological tolerance is to document the spontaneous emergence of wellcharacterized autoimmune disease in WT mice subjected to Treg cell depletion. Before
the discovery of Foxp3, the strategy to assess the role of Treg cells in tolerance involved
depletion using anti-CD25 mAb. Many studies were performed to analyze the effects of
Treg cell depletion on T cell activation, trafficking, and effector functions using this
method (131–133). Yet, the selectivity of this method is questionable because activated
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CD25+ Teff cells may be affected and because 20-30% of Foxp3+ Treg cells are CD25-.
Foxp3 is the most reliable marker for Treg cells in mice to date. The importance
of Foxp3-expressing Treg cells in the maintenance of immune homeostasis has been
demonstrated by two groups that generated Foxp3-diphtheria toxin receptor (DTR)
transgenic mice (121, 122). Transgene-directed expression of simian DTR is a powerful
tool to eliminate particular cell types of interest and assess their role in biological
processes. Because mice do not naturally express a DTR with high affinity for diphtheria
toxin (DT), in vivo treatment with DT specifically eliminates the transgene-positive cells
through non-inflammatory apoptotic cell death.
Rudensky’s group was the first to develop mice expressing a DTR-encoding
construct into the endogenous Foxp3 locus on the C57BL/6 background. After ~98% of
Treg cell depletion, Foxp3DTR knock-in mice develop lymphoproliferation and activation
of NK cells, T cells, B cells, DC, granulocytes, macrophages, and monocytes. These mice
develop fatal lympho- and myeloproliferative-inflammation within 1 to 2 wk and die by 3
wk after depletion. Eliminating both Foxp3+ Treg cells and CD4+ Teff cells concurrently
prevents disease despite persistent DC activation, indicating that this process is CD4dependent (134). However, because these mice cannot be studied long-term due to
premature death, it is difficult to distinguish the resulting systemic autoinflammation
from true organ-specific autoimmunity. Nonetheless, it has been reported that in germfree mice, Treg cell depletion still results in systemic lympho- and myeloproliferativeautoinflammation and serum pancreatic autoAb comparable to those with normal
microflora, which argues against infection as a cause (135).
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Sparwasser’s group reported strikingly different results in their model of transient
Treg cell depletion. They employed the bacterial artificial chromosome-transgenic
“Depletion of Regulatory T cell” (DEREG) mouse model. These mice, also on the
C57BL/6 background, express a DTR-GFP fusion protein under the foxp3 locus, which
allows for the detection and controlled but transient ablation of ~90-95% of Foxp3+ Treg
cells. In this report, Treg cell-depleted neonatal DEREG mice developed scurfy-like
symptoms, but Treg cell-depleted adult DEREG mice were free of pathology. The rapid
recovery of the Treg cell compartment appeared sufficient to control autoimmunity in
DT-treated adult DEREG mice (122). Of note, Sparwasser’s group did not examine the
testes or ovaries in their studies. This dissertation work focuses on autoimmune disease
development resulting from transient loss of Treg cell-mediated tolerance in the DEREG
mouse model.

Teff cell Resistance to Suppression
Interestingly, little is known regarding the mechanisms by which a short period of
Treg cell-depleteion is sufficient to lead to autoimmunity despite the return of a Treg cell
population. Emerging data suggests that Teff cells are capable of resisting suppression by
Treg cells. This has been observed in animal models of diabetes (136), experimental
autoimmune encephalomyelitis (137), and SLE (138) as well as in human SLE patients
(139, 140), type I diabetes (141), and juvenile idiopathic arthritis (142). Multiple signals
can render Teff cells resistant to Treg cell-mediated suppression. These include
extracellular factors, such as the cytokine milieu and signaling though toll-like receptors,
tumor necrosis factor receptor, GITR, and OX40, for example. Teff cell resistance to
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suppression can also be mediated through intracellular signaling molecules, such as Cblb, TRAF6, and SHP-1 (143). Understanding this phenomenon and how it relates to the
development of autoimmune disease is critical for the design of therapeutic approaches
that utilize Treg cells; thus, this question has been addressed in this dissertation work.

Summary and Thesis Rationale
Due to methodological limitations, the existence of suppression and suppressor T
cells, including Treg cells, remained contentious for many years. Despite the skepticism
that once prevailed in the immunology community, these cells are now widely accepted
as a normal component of the immune system specialized for suppression. Treg cells
have been extensively studied and the identification of CD25 and Foxp3 as reliable
lineage markers have further enabled the characterization of their phenotype and
function. We now recognize that CD4+CD25+Foxp3+ Treg cells are critical in a wide
variety of immune responses, and they are indispensable in establishing and maintaining
immune homeostasis and self-tolerance. Loss of Treg cell function due to Foxp3
mutations leads to fatal systemic autoimmunity in both mice and humans. Defects in their
development, function, or maintenance are also implicated in autoimmune and
inflammatory disease pathogenesis. However, Treg cells can inhibit pathogen clearance,
promote chronic infection, and significantly inhibit effective anti-tumor immunity.
Consequently, understanding Treg cell function during homeostasis is critically important
for developing effective immunotherapies. The manipulation of Treg cells for clinical use
to control physiological and pathological immune responses and treat diseases is now
within sight.
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The purpose of this dissertation is to further characterize the role of Treg cells as a
major tolerance mechanism in the prevention of organ-specific autoimmune disease. By
investigating the transient depletion of Treg cells, and thus, the loss of peripheral
tolerance, we have identified novel pathogenic mechanisms in autoimmunity. The overall
hypothesis of this dissertation work is that Treg cells regulate autoimmunity by
controlling innate and autoreactive adaptive responses to tissue Ag. Chapter 2 will focus
on Th2-dominant responses in AIG upon transient loss of Treg cells. Chapter 3 will
address the consequences of the sequestration status of male MGCA in tolerance
induction and mechanisms of testicular autoimmune disease pathogenesis. Finally,
Chapter 4 will discuss preliminary data related to distinct mechanisms of AOD
pathogenesis between juvenile and adult mice after loss of Treg cell-dependent tolerance.
Furthermore, understanding the pathogenesis of autoimmune diseases, such as AIG,
EAO, and AOD may generate new information and hypotheses regarding the regulation
of immune responses. Specifically, identifying functionally relevant cytokine and cellular
networks may provide promising new therapeutic targets for autoimmune responses due
to loss of tolerance and have been the focus of our investigations.
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Chapter 2

Regulatory T cells Control Th2-Dominant Murine Autoimmune Gastritis

This chapter is adapted from unpublished data and data from the previously published
manuscript: Harakal J, Rival C, Qiao H, and Tung KS. 2016. Loss of Regulatory T cells
Leads to Th2-Dominant Murine Autoimmune Gastritis. Journal of Immunol. 197 (1): 2741. Data in the chapter are supported by contributions from Dr. Claudia Rival, Hui Qiao,
and Dominik Lenart who were acknowledged where appropriate.
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Introduction
Experimental AIG research has focused on addressing whether a defect in
tolerance mechanisms, such as Treg cells, is the underpinning of human autoimmune
diseases and the rationale behind Treg cell-based therapies. For many years, this question
was investigated in the d3tx model (123, 144–146). In support of Treg cell depletion as a
mechanism of disease in d3tx mice, transfer of WT Treg cells soon after d3tx blocked
AIG development (123, 145, 147, 148). However, findings from our laboratory suggest
that functional Treg cells are present in the periphery before 3 d of life (126) (120, 127).
To more directly address Treg cell depletion without the confounding
lymphopenic state, recent studies turned to genetically modified mouse lines expressing
the DTR under the control of a Foxp3 promoter, from which Treg cells can be depleted
by DT treatment. In both neonatal and adult Foxp3DTR knock-in mice, continuous DT
treatment led to dramatic expansion and activation of adaptive and innate cells, a scurfylike phenotype, and death of unknown cause by 3-4 wk (121). Adult BALB/c Foxp3DTR
mice with transient Treg cell depletion also suffered from death within 4-5 wk.
Moreover, despite the re-emergence of Treg cells, the mice exhibited rapidly increased
cytokine production, enhanced Ag-specific T cell activation, development of AIG with
mononuclear cell infiltration, and parietal cell autoAb responses (149). These findings
raise the critical questions of whether transient Treg cell deficiency is sufficient to induce
AIG, and why the restored Treg cell population fails to maintain tolerance (150).
In addition to the Foxp3DTR knock-in mice, recent studies were conducted with
the DEREG mice. While DT-treated newborn C57BL/6-DEREG mice develop scurfylike syndrome, adult C57BL/6 and BALB/c-DEREG mice were reportedly free of disease
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after transient Treg cell depletion (122, 151). This lack of pathological findings was
attributed to the maintenance of tolerance by a minor population of residual DTinsensitive Treg cells. Adult BALB/c-DEREG mice crossed with the Foxp3GFP mice also
failed to induce AIG, but blepharitis and scurfy-like autoinflammation were detected
(151). However, unlike the Foxp3DTR knock-in mice, the adult DEREG mice with
transient Treg cell depletion did not succumb to early fatality (122, 152).
To develop an AIG model more suitable for detailed mechanistic analyses, we
conducted studies using the C57BL/6-DEREG and B6AF1-DEREG mice to
systematically examine autoimmune disease development after transient Treg cell
depletion. We hypothesized that B6AF1-DEREG mice, a more susceptible strain, would
develop autoimmune disease after systemic transient Treg cell depletion. Contrary to
previous findings, our study revealed that adult DT-treated DEREG mice on both genetic
backgrounds developed frequent and severe AIG that persisted for at least 16 wk. After
Treg cell depletion, the non-Treg T cells rapidly became less susceptible to Treg cellmediated suppression. This finding provides a tangible explanation for the failure of the
functional rebounded Treg cell population to control AIG. Moreover, AIG that develops
exhibited a unique Ab response and immunopathological findings indicative of a robust
Th2-dominant autoimmune response dependent on IL-4 and eosinophils.

Results
CD4+ T cell-dependent AIG occurs in DEREG mice following CD4+Foxp3+ Treg
cell depletion.
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To address the role of Treg cells in physiological self-tolerance, we investigated
the emergence of spontaneous autoimmune disease in adult mice with Treg cell
depletion. AIG was observed in adult DEREG mice after about 90% of Treg cells were
ablated by three DT injections (days 0, 2, and 5). A complete autopsy revealed severe
autoimmune immunopathology in the stomach of Treg cell-depleted C57BL/6-DEREG
and B6AF1-DEREG mice; they had comparable disease incidences and severity and
showed no gender bias (Figure 2.1A, B). Mild and focal monocytic inflammatory
infiltrates were observed in the kidney, pancreas, liver, salivary gland, lung, and lacrimal
gland of some Treg cell-depleted mice, whereas the eye, skin, small bowel, and large
bowel were devoid of inflammation (data not shown).
In contrast to previous reports using the DEREG mouse model of Treg cell
depletion, inflammatory cell infiltration appeared in the gastric mucosa of DT-treated
DEREG mice by 1 wk after the first dose of DT treatment. Disease incidence was
significantly elevated by 2 wk (p=0.0303) (Figure 2.2B). By 3-4 wk, there was significant
escalation of the severity gastric inflammation, loss of parietal cells, mucosal epithelial
cell hyperplasia with mucinous metaplasia, and hypertrophy of the mucosa and
muscularis externa (Figure 2.2A, B). Maximal AIG was found in the gastric wall of the
proximal stomach and extended to the squamous epithelium of the adjacent cardia (the
mouse “abdominal” esophagus), but spared the gastric antrum and the thoracic esophagus
(data not shown). Notably, severe AIG persisted for at least 16 wk after Treg cell
depletion (Figure 2.2B). These pathological changes account for the increased stomach
weight (Figure 2.2C), providing a quantitative assessment of the overall AIG pathological
condition that correlates with the severity (Figure 2.2D). We observed no difference in
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Figure 2.1: AIG incidence and severity are comparable between C57BL/6 and
B6AF1 mice and between male and female mice. (A) Gastritis severity and incidence
at 3wk in male (M) and female (F) C57BL/6 and B6AF1-DEREG mice. (B)
Representative stomach histopathology (H&E, x200) at 3wk. (C) Comparison of stomach
weights between control and Treg cell-depleted C57BL/6 and B6AF1-DEREG mice.
Data in (A) display the mean and SEM. Data were pooled from 3-11 independent
experiments per group. Each symbol in (C) represents an individual mouse. p>0.05 for all
comparisons in (A), **p<0.01 and ***p<0.001; Kruskal-Wallis test with Dunns post-test.
Data in subsequent experiments were pooled from both mouse strains and genders.
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the stomach weights between the C57BL/6-DEREG and B6AF1-DEREG mice (Figure
2.1C). The control DEREG mice treated with PBS showed no evidence of AIG (Figure
2.2A-C). Moreover, gastric inflammation was not due to DT toxicity or off-target DTR
transgene expression, because the stomachs of DT-treated WT mice (Figure 2.2A-C) and
DT-treated Rag1-/- DEREG mice were free of pathology (n=7; data not shown).
It has been reported in other AIG models that H+K+ATPase-specific TCR
transgenic mice rapidly and dramatically proliferated in the stomach-draining LN
(SDLN) when transferred into transiently Treg cell-depleted BALB/c mice, but were not
activated in the mice lacking their cognate Ag (149). This suggests that Treg cell
depletion permits Ag-specific T cell activation. We observed that Treg cell-depleted
DEREG mice exhibited an increase in CD4+Foxp3- T cells numbers in the pooled LN
(Figure 2.2E). Their activation status was evident by an increase in the percentages and
numbers of CD69+ CD4+Foxp3- cells at 2 wk after Treg cell depletion (Figure 2.2F),
and by an elevation of the frequency and numbers of CD44hiCD62Llo effector/memory
CD4+Foxp3- T cells at 3 wk, most pronounced in the SDLN (Figure 2.2G). To
investigate the pathogenic role of the activated CD4+Foxp3- T cells in AIG, we depleted
CD4+ cells by injecting an anti-CD4 mAb for 3 wk starting at the time of the first dose of
DT. This resulted in a significant reduction of gastritis at 8 wk (Figure 2.2H). The robust
gastric autoAb response detected in DEREG mice with AIG was also significantly
reduced after CD4+ T cell depletion (Figure 2.2H). Together, our findings indicate that
Treg cell depletion alone results in severe CD4+ T cell-dependent AIG in DEREG mice.
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FIGURE 2.2: Transient Treg cell depletion results in AIG dependent on CD4+ T
cells. (A) Representative stomach histological specimens showing well-organized
mucosa (control mice, left) or hypertrophy, abundant mucin-positive cells, and reduction
in parietal cells (Treg cell-depleted DEREG mice, right) (H&E stain; original
magnification x40 [top]; original magnification x100 [bottom]). (B) Kinetics of gastritis
incidences and severity after Treg cell depletion. (C) Stomach weights at 3 wk. (D)
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Correlation of gastritis score and stomach weight at 3 wk. (E) Kinetics of absolute
numbers of Foxp3- of CD4+ T cells and (F) percentages (top) and absolute numbers
(bottom) of CD69+Foxp3- of CD4+ T cells in pooled LN after Treg cell depletion. (G)
Percentages (top) and absolute numbers (bottom) of CD44hiCD62Llo of CD4+Foxp3cells in the NDLN and SDLN at 3 wk in control and Treg cell-depleted DEREG mice.
(H) Gastritis score and gastric autoAb intensity of mice at 8 wk after Treg cell depletion
with or without anti-CD4-depleting Ab treatment. Data were pooled from 2–11
independent experiments per time point. Each symbol represents an individual mouse.
*p<0.05, **p<0.01, ***p<0.001, Kruskal–Wallis tests with Dunn’s post-tests (B, C, E, F,
and G [top]), Mann–Whitney U test (G [bottom] and H), Spearman correlation test (D).
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DEREG mice with AIG develop serum autoAb to the gastric parietal cell
H+K+ATPase and to intrinsic factor.
Dysregulation of T follicular helper (Tfh) cells is associated with development of
autoimmunity through the promotion of autoAb production (153). In support of the
gastric autoAb response (Figure 2.2F), we observed a significant expansion of
PD1+CXCR5+ Tfh cells in the SDLN at 3 wk (Figure 2.3A). We also observed an
increase in absolute numbers of Tfh cells in the non-draining LN (NDLN) (Figure 2.3A),
likely due to the increased total LN cellularity after Treg cell depletion (data not shown).
Treg cell-depleted DEREG mice developed autoAb to gastric Ag located in the
basal epithelial cells as well as the parietal cells. Of the Ab-positive mice at 3 wk, 31%
reacted with parietal cells only (Figure 2.3B), 28% reacted with basal gland epithelial
cells only (Figure 2C), and 41% reacted with both (Figure 2.3D). At 8 wk, 58% of the
autoAb reacted with both parietal cells and basal gland epithelial cells, while 37% or 5%
reacted with parietal cells or basal gland epithelial cells alone, respectively. Serum
autoAb were detected by 2 wk and persisted through 16 wk (Figure 2.3E). AutoAb
against gastric H+K+ATPase were detected in 82% of the mice by 5-6 wk (Figure 2.3F).
We next investigated the specificity of the autoAb to the basal gland epithelial
cells. Specifically, we addressed whether they targeted intrinsic factor expressed
primarily in murine gastric chief cells (154). AutoAb to intrinsic factor are common in
human AIG (155–157), yet were not detected in some experimental AIG models (158).
To address this, we first co-stained normal stomach sections with sera from Treg celldepleted mice with AIG and goat anti-human intrinsic factor Ab. They reacted with Ag
present in the same cytoplasmic locations within the basal epithelial cells (Figure 2.3G),
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FIGURE 2.3: Tfh cell and autoAb responses in Treg cell-depleted DEREG mice
with AIG. (A) Percentages (left) and absolute numbers (right) of PD1+CXCR5+CD4+ T
cells in the NDLN and SDLN at 3 wk in control and Treg cell-depleted DEREG mice.
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(B–D) IF patterns of serum gastric autoAb from Treg cell-depleted mice: (B) parietal
cells only, (C) basal gland epithelial cells only, or (D) both cell types (green, IgG; blue,
DAPI; original magnification x200; white lines denote base of gastric mucosa). Inset in
(C) shows patchy cytoplasmic distribution. (E) Kinetics of total serum gastric IgG
autoAb incidences and staining intensities after Treg cell depletion detected by IF. (F)
Kinetics of gastric H+K+ATPase autoAb incidence and titer after Treg cell depletion
(ELISA). (G) Colocalization (yellow) of DEREG mouse serum autoAbto basal gland
epithelial cells (green) with anti-human intrinsic factor Ab (red), detected by IF on WT
stomach sections (blue, DAPI; original magnification x200; white line denotes base of
gastric mucosa). Punctate pattern of colocalization is shown as yellow dots in inset
(original magnification x800; Image taken by Glen Hirsh, UVA). (H) ELISA detection of
intrinsic factor autoAb in control and Treg cell-depleted mice at 3 wk. The latter mice
were selected based on the presence of autoAb directed to basal gland epithelial cells
(present in 69% of mice). Data were pooled from 2–11 independent experiments per time
point. Each symbol represents an individual mouse. *p<0.05, **p<0.01, ***p<0.001,
Kruskal–Wallis tests with Dunn’s post-tests (E and F), Mann–Whitney U test (A and H).
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especially in vesicular structures with a punctate distribution (Figure 2.3G inset). We then
developed an ELISA to detect intrinsic factor autoAb and found that about 50% of mice
with AIG and serum basal epithelial cell autoAb targeted intrinsic factor (Figure 2.3H).
To our knowledge, this is the first documentation of intrinsic factor autoAb in
experimental AIG. These findings indicate that Tfh cell responses and autoAb production
to both gastric H+K+ATPase and intrinsic factor are normally controlled by Treg cells in
mice, and autoAb responses to both Ag can occur spontaneously in mice with AIG
following Treg cell depletion. The presence of these autoAb is consistent with the clinical
observations in patients with AIG (13).
After DT-mediated Treg cell depletion, Treg cells rapidly rebound and exhibit
normal tissue distribution and expression of functional molecules.
The important question of why AIG develops despite the return of Treg cells was
also raised by a recent study on AIG (149, 150). After DT injection, LN CD4+Foxp3+
Treg cells rebounded within 14-21 d (Figure 2.4A). Nonetheless, AIG developed and
progressed (Figure 2.2) despite the return of Treg cells to normal frequencies. We found
that this was not due to a major homing defect of the rebounded Treg cells, because a
normal frequency and absolute number of Foxp3+CD4+ cells was detected in the SDLN,
and significantly more Foxp3+CD4+ cells were found in the stomach of DEREG mice
with AIG when compared to control mice at 3 wk (Figure 2.4B, C).
We next investigated the expression levels of cytotoxic T lymphocyte associated
protein-4 (CTLA-4), glucocorticoid-induced tumor necrosis factor receptor (GITR),
CD25, and interferon regulatory factor 4 (IRF4) on the rebounded Treg cells compared to
Treg cells from control mice. CTLA-4, a marker of Treg cell activation, is essential for
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Figure 2.4: The stomach and draining LN distribution and suppressive capacity of
normal and rebounded Treg cells is comparable. (A) Kinetics of changes in the
percent of Foxp3+ Treg cells among total CD4+ T cells in pooled LN after DT treatment
(indicated by arrows). (B) Representative flow cytometry plots depicting the frequency of
Foxp3+ Treg cells in the stomach and SDLN of control or Treg cell-depleted mice at 3
wk (numbers indicate percentages of cells in the gates). (C) Quantitation of B as a
percentage (left) and absolute number (right). (D) Expression levels of Foxp3, CTLA-4,
GITR, CD25, and IRF4 among live CD4+Foxp3+ cells (bottom) are shown. The gray
shaded peaks are isotype controls; dotted and continuous lines are control and Treg celldepleted DEREG mice, respectively. Data were pooled from 6 (B, C) and 3 (A, D)
independent experiments. Each symbol represents an individual mouse. *p<0.05,
**p<0.01; Kruskal-Wallis with Dunns post-test (A); Mann-Whitney U test (C).
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their suppressive function (159–163) and for induction of Th2 cell apoptosis (69). Mice
with CTLA-4-deficient Treg cells develop high titers of serum IgE and autoimmune
disease in several organs, including the stomach (162). GITR and CD25 are critical for
Treg cell costimulation (164) and survival (25, 165), and Treg cells with a low level of
CD25 are more prone to conversion into pathogenic effector cells (166, 167). IRF4
expression promotes Treg cell homeostasis and effector functions, including suppression
of Th2 responses (32, 108). Compared to control Treg cells, the rebounded Treg cells
from the SDLN of DEREG mice expressed equivalent or higher, rather than lower, mean
fluorescent intensities (MFI) of Foxp3, CTLA-4, CD25, GITR, and IRF4 (Figure 2.4D).
Therefore, the rebounded Treg cells appear to retain a normal phenotype.
AIG and autoAb responses in DT-treated DEREG mice are preventable by WT
Treg cell transfer at the time of DT treatment but not at 7 d after DT treatment.
To further investigate AIG development despite normal Treg cell rebound, we
evaluated the effect of WT Treg cell reconstitution. When WT Treg cell transfer was
performed on the same day as the first DT dose, the expansion of Tfh cells (Figure 2.5A)
and activation of Teff cells (Figure 2.5B) were abolished in DEREG recipients studied 3
wk later. Moreover, the stomachs were free of inflammation and loss of parietal cells, and
serum gastric autoAb were no longer detected (Figure 2.5C). However, when the transfer
of WT Treg cells was delayed to 7 d after the first DT dose, gastric pathology and autoAb
responses were no longer prevented (Figure 2.5C; experiment performed with assistance
from C.R.). Therefore, within just 1 wk after the initial DT treatment, the autoimmune
responses were less sensitive to suppression by Treg cells.
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FIGURE 2.5: Teff cells from DEREG mice with transient Treg cell depletion are
less sensitive to suppression by Treg cells in vitro and in vivo. Percentages (left) and
absolute numbers (right) of (A) PD1+CXCR5+ of CD4+ Tfh cells or (B) CD69+ of
CD4+ Foxp3+ activated T cells in the NDLN or SDLN at 3 wk in Treg cell-depleted
DEREG mice with (filled squares) or without (open circles) WT Treg cell reconstitution
at day 0 of DT treatment. (C) Gastritis score (left) and gastric IgG autoAb intensity
(right) at 3 wk in Treg cell-depleted DEREG mice with or without infusion of WT Treg
cells at day 0 or day 7 after the first dose of DT treatment. (D) Suppression of naive
CD4+ CD25+ T cell proliferation by CD4+CD25+ Treg cells from WT mice or from the
SDLN of DEREG mice obtained at 3 wk after DT treatment. (E) Suppression of
proliferation of CD4+CD25+ T cells from WT mice or from the SDLN of DEREG mice
obtained at 3 wk after DT treatment by CD4+CD25+ Treg cells from WT mice.
Proliferation of CD4+CD25+ T cells in (D) and (E) was assessed by uptake of [3H]
thymidine (representative mean and standard deviations of cpm from five wells each in
one experiment, left; average percent suppression of two to three experiments, right). p =
0.0950 in (D), p = 0.0280 in (E) (three-way ANOVA with F test). Data in (A)– (C) were
pooled from three independent experiments, and each symbol represents an individual
mouse. *p<0.05, **p<0.01, ***p<0.001, Kruskal–Wallis test with Dunn’s post-tests (C)
or Mann–Whitney U tests (A and B).
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Although different mechanisms can explain this pheomenon, we considered it
likely that the Teff cells became resistant to suppression within the 1 wk period after Treg
cell ablation. We therefore evaluated both the functional capacity of the rebounded Treg
cells and the susceptibility of DEREG Teff cells to Treg cell-mediated suppression in
vitro. We isolated CD4+CD25+ Treg cells from DEREG mice 3 wk after the first dose of
DT and assessed their capacity to suppress WT CD4+CD25- Teff cell proliferation.
Rebounded Treg cells from DEREG mice were just as potent as WT Treg cells in the in
vitro suppression assay (Figure 2.5D, p=0.0950; experiment performed with assistance
from C.R.). Therefore, the rebounded Treg cells retained a normal suppressive function.
In contrast, the CD25-CD4+ Teff cells isolated from the SDLN of mice with AIG were
significantly less susceptible to suppression when compared to those from AIG-free
control mice (Figure 2.5E, p=0.0280; experiment performed with assistance from C.R.).
Based on these in vitro and in vivo findings, we conclude that while the
rebounded Treg cells retain suppressive potential, the expanded CD4+CD25- T cells
rapidly become less susceptible to Treg cell-mediated suppression. These findings further
support the conclusion that the naturally-occurring Treg cells present in untreated
DEREG mice are responsible for maintaining physiological tolerance to gastric autoAg.
While resistance to suppression has been observed in many murine and human
autoimmune diseases, this phenomenon is often only supported by in vitro data.
Furthermore, to our knowledge, resistance has not been described in a murine model of
AIG. While our results support the resistance of Teff cells to suppression with both in
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vitro and in vivo data, they did not elucidate the mechanism of resistance, which may
simply result from the elevated activation status of the Teff cells or may be influenced by
the Th cell biased pathogenic disease mechanism, which we next investigated.
Treg cell-depleted DEREG mice develop a Th2-dominant autoimmune response and
gastric immunopathology typical of a Th2 immune response.
At 1 wk, when the gastric mucosa retained normal integrity, numerous
eosinophils infiltrated the gastric submucosa and basal mucosa (Figure 2.6A). By 3 wk,
when parietal cell reduction was manifested, SiglecF+ eosinophils further expanded and
infiltrated all layers of the stomach wall (Figure 2.6B). Additionally, small clusters of
plasma cells were detected among the eosinophils in the submucosa and the muscle wall
(data not shown). Furthermore, an increase in mast cells in the gastric mucosa of Treg
cell-depleted mice was observed compared to control mice (Figure 2.6C, D; experiment
performed with assistance from D.L.) and the mast cells appeared degranulated (Figure
2.6C inset). We also observed a major restructuring of the gastric mucosa including a
reduction in parietal cells, metaplasia of mucin-rich epithelial cells identified by the
periodic Acid-Schiff stain, and severe mucosal hyperplasia (Figure 2.6E and Figure
2.2A). Notably, the eosinophilic infiltration and muscular hypertrophy also affected the
keratinized squamous epithelial cell lining of the adjacent gastric cardia (data not shown).
We next determined the serum gastric autoAb isotypes as indicators of Th1 and
Th2 responses (168–170). The intensities of the IgG1 autoAb to parietal cells and basal
epithelial cells were significantly higher than the intensities of the IgG2a autoAb (Figure
2.6F). In addition, the total serum IgE levels in the DEREG mice at 3 wk were 11-fold
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FIGURE 2.6: AIG in Treg cell-depleted DEREG mice is predominantly associated
with Th2 cell responses. (A) Representative IF microscopy images of eosinophils in the
stomach mucosa from control (left) and Treg cell-depleted mice (right) at 1 wk (red,
SiglecF; blue, DAPI; original magnification x200). (B) Colocalization of parietal cells
and eosinophils in representative IF microscopy images of stomach mucosa from control
(left) and Treg cell-depleted DEREG mice with AIG (right) (red, SiglecF; green, mouse
serum Ab to gastric parietal cells; original magnification x200). (C) Mast cells in stomach
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sections from control (left) and Treg cell-depleted mice (right) at 3 wk (Toluidine blue
stain; original magnification x400). (D) Quantification of average number of mast cells
per high power field (HPF) in the stomach of control and Treg cell-depleted mice. (E)
Mucin-positive cells in stomach sections from control (left) and Treg cell-depleted mice
(right) at 3 wk (periodic acid–Schiff stain; original magnification x100). (F) Intensity and
prevalence of serum IgG1 and IgG2a autoAb to parietal cells (left) and basal epithelial
cells (right) from DEREG mice detected by indirect IF. (G) Total serum IgE levels and
prevalence in control and Treg cell-depleted DEREG mice. (H) Representative flow
cytometry dot plots of IL-4 and IL-5 producing CD4+ T cells in the SDLN and NDLN of
Treg cell-depleted DEREG mice at 3 wk (cells were stimulated ex vivo by PMA and
ionomycin before flow cytometry analysis). (I) Quantitation of (H) (left, percentage;
right, absolute number). Data were pooled from three (H and I), four (G), and six (F)
independent experiments. Each symbol represents an individual mouse. *p<0.05,
**p<0.01, ***p<0.001, Kruskal–Wallis tests with Dunn’s post-test (I [left]), Mann–
Whitney U tests (E, F, G, and I [right]).
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greater than those of control mice (Figure 2.6G). The prevalence of the parietal cell and
basal epithelial cell IgG1 versus IgG2a autoAb and total serum IgE levels were also
significantly different (p <0.0001 for all comparisons).
A significant increase in the proportion of IL-4+ or IL-5+ CD4+ T cells was
detected in the SDLN, with a concomitant increase in the absolute numbers of IL-4+ and
IL-5+ CD4+ T cells in both the SDLN and NDLN (Figure 2.6H, I). We detected only
minimal IL-17 production by the LN CD4+ T cells (Figure 2.7A, B). Although IFN-γ
production by LN CD4+ T cells was also detected (Figure 2.7A, B), the severity and
frequency of AIG in the Treg cell-depleted DEREG mice were not affected by anti-IFN-γ
Ab treatment (Figure 2.7C). As a control, the same IFN-γ Ab blocked the development of
neonatal autoimmune ovarian disease (Figure 2.7D), which is IFN-γ-dependent (171).
Furthermore, the severity and frequency of AIG in Treg cell-depleted DEREG mice was
not affected by treatment with an IL-17 Ab (Figure 2.7E). These findings indicate that
AIG in Treg cell-depleted DEREG mice exhibits characteristics of a Th2 response.
IL-4 and Th2 responses are critical for mediating gastric mucosal injury and
eosinophilic inflammation after Treg cell depletion.
IL-4 is a critical cytokine for Th2 responses (172). We therefore predicted that
DEREG mice lacking IL-4 would have diminished AIG after Treg cell depletion. The
total gastric IgG1 autoAb responses and total serum IgE levels were significantly reduced
in the IL-4-/- DEREG mice after Treg cell depletion (Figure 2.8A, B), whereas the
incidence and intensity of total IgG2a Ab responses were unaltered (Figure 2.8A).
Compared to IL-4-sufficient DEREG mice, the overall AIG severity (Figure 2.8C)
and stomach weights (Figure 2.8D) were significantly reduced in IL-4-/- DEREG mice.
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Figure 2.7: Th1 and Th17 responses do not contribute to AIG development in Treg
cell-depleted mice. (A) Representative flow cytometry dot plots of IFN-γ and IL-17producing CD4+ T cells in the NDLN and SDLN of control and Treg cell-depleted
DEREG mice at 3 wk. Cells were stimulated ex vivo with PMA and ionomycin before
flow cytometry analysis (numbers indicate percentages of cells in the gates). (B)
Quantitation of A. (C) Gastritis scores at 3 wk of Treg cell-depleted DEREG mice with
continuous IFN-γ ab or isotype IgG treatment. (D) Neonatal autoimmune ovarian disease
(nAOD) scores at 2 wk after disease induction in mice with continuous IFN-γ Ab or
isotype IgG treatment. (E) Gastritis scores at 3 wk of Treg cell-depleted DEREG mice
with continuous IL-17 Ab or isotype IgG treatment. Data were pooled from 3 (A, B, C,
E) or 4 (D) independent experiments. Each symbol represents an individual mouse.
*p<0.05, **p<0.01; Mann-Whitney U tests (B right, C, D, E); Kruskal-Wallis test with
Dunns post-tests (B left).

46
This was accounted for by a reduction of parietal cell loss and mucinous metaplasia
(Figure 2.8E). Although the extent of inflammation was unchanged (Figure 2.8E), the
eosinophil-rich infiltrate of IL-4-sufficient DEREG mice was reduced and replaced by
lymphomonocytic cells in IL-4-/- DEREG mice (Figure 2.8F, G). We observed a slight
increase in Ly6G+ neutrophils in Treg cell-depleted IL-4-/- DEREG mice (Figure 2.8G).
These results indicate that IL-4 is a major contributor to AIG pathogenesis,
including the destruction of gastric parietal cells. The reduction in mucin-rich cellular
metaplasia is consistent with a role for IL-4 and Th2 responses in mucinous cell
expansion observed in airway remodeling in asthma models (173–175).
Eosinophils expand in the LN, support IgE responses, and exert a pathogenic effect
in AIG of Treg cell-depleted mice.
To identify the cellular and molecular mechanisms contributing to this Th2dominant AIG pathogenesis, we first examined a role for basophils and thymic stromal
lymphopoietin (TSLP), which have both been documented to promote Th2 cell responses
(Jang/Lukacs Plos One 2013, Zhong/Xia Immunology 2014). Our preliminary
experiments suggest that neither basophil depletion nor TSLP receptor blockade reduced
AIG severity in Treg cell-depleted mice at 3 wk (Figure 2.9A, B). Because eosinophilic
infiltration in the stomach was IL-4-dependent, we next investigated the role of
eosinophils in AIG pathogenesis. Eosinophils have a pathogenic role in models of
allergic asthma and helminth infection (176, 177). In addition to their expansion in the
stomach (Figure 2.6A, 2.6B, 2.8G), we also detected an increase in eosinophil
percentages in the pooled LN within 2 wk and in absolute numbers within 1 wk after
Treg cell depletion (Figure 2.9C). Notably, the eosinophils accounted for a larger fraction
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FIGURE 2.8: IL-4 contributes to AIG pathogenesis in Treg cell-depleted DEREG
mice. (A) Serum IgG1 and IgG2a gastric autoAb staining intensities by IF, (B) serum IgE
levels, (C) total gastritis score, (D) stomach weights, (E) score of individual
histopathological findings of AIG, and (F) stomach-infiltrating cells (H&E; original
magnification x400; arrows indicate residual parietal cells) of IL-4–sufficient DEREG
and IL-4-/- DEREG mice at 3 wk. Insets (enlarged from x1000): Note the numerous
granulocytes in stomachs of IL-4-/- DEREG mice (left) and the numerous mononuclear
cells in the IL-4–sufficient DEREG mice (right). (G) Flow cytometric analysis of
SiglecF+CD11b+ eosinophils (top) and Ly6G+CD11b+ neutrophils (bottom) isolated
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from stomachs of control mice and Treg cell-depleted WT and IL-4-/- DEREG mice at 3
wk. Representative plots (left) were gated on live CD45+ cells (numbers indicate
percentages of cells in the gates). Percent (center) and absolute numbers (right) of
eosinophils and neutrophils are quantified. Data were pooled from three (G), four (B–E),
and seven (A) independent experiments. Each symbol represents an individual mouse
(A–E) or a pool from three mice (G). *p<0.05, **p<0.01, ***p<0.001, Kruskal–Wallis
tests with Dunn’s post-tests (A and G), Mann–Whitney U tests (B–E).
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of the total cellularity in the SDLN and NDLN of the Treg cell-depleted DEREG mice at
3 wk (Figure 2.9D). To investigate the contribution of eosinophils to AIG, we studied
PHIL mice that express the DT A catalytic subunit under the eosinophil peroxidase
promoter and are developmentally deficient in eosinophils (178). Indeed, the loss of
eosinophils led to a significant reduction in the serum IgE levels of the DEREG PHIL
mice (Figure 2.9E). In contrast, the incidence and intensity of the total IgG1 or IgG2a
gastric autoAb responses remained unchanged (Figure 2.9F).
At 3 wk, the overall gastritis scores and disease incidence in the DEREG PHIL
mice were significantly reduced compared to the eosinophil-sufficient DEREG mice
(Figure 2.9G). In the absence of eosinophils, there was significant reduction in gastric
inflammation and mucin-rich cellular metaplasia. There was also a trend toward
reduction in parietal cell loss, although the difference did not reach statistical significance
(Figure 2.9H, I). Gastric hypertrophy was also reduced in the mice without eosinophils
(Figure 2.9I), accompanied by a significant reduction in the stomach weight compared to
eosinophil-sufficient DEREG mice (Figure 2.9J). As a control, the WT PHIL mice did
not develop gastric disease or autoAb responses after DT treatment (data not shown).
These results indicate that the eosinophilic inflammation is a significant contributor to
multiple facets of AIG pathogenesis in Treg cell-depleted mice.
Eosinophils infiltrate the SDLN B cell follicles and germinal centers.
Because of the observed increase of eosinophils in the SDLN of the DEREG mice
and the reduced IgE responses in the DEREG PHIL mice, we considered the possibility
that eosinophils may participate in promoting B cell responses in Treg cell-depleted mice.
In control mice, occasional eosinophils were scattered in the T cell zones, mainly away
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FIGURE 2.9: Eosinophils contribute to AIG pathogenesis in Treg cell-depleted
DEREG mice. (A) Gastritis severity at 3 wk in Treg cell-depleted mice treated with
isotype IgG or basophil-depleting Ba103 Ab. (B) Gastritis severity at 3 wk in Treg celldepleted mice treated with isotype IgG or TSLP receptor blocking Ab. (C) Kinetics of
SiglecF+CD11b+ eosinophil expansion in pooled LN as percentage (left) and absolute
number (right). (D) Percentage (left) and absolute number (right) of eosinophils in the
NDLN and SDLN of control and Treg cell-depleted DEREG mice at 3 wk. (E) Serum
IgE levels, (F) serum IgG1 and IgG2a gastric autoAb staining intensities, (G) gastritis
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severity and prevalence, (H) score of individual histopathological findings of AIG in
stomach, (I) representative stomach histopathological characteristics (H&E, original
magnification x100), and (J) stomach weights in DEREG mice (open symbols) and
eosinophil-deficient DEREG PHIL mice (filled symbols) at 3 wk. Data were pooled from
five (C) or seven (D–J) independent experiments. Each symbol represents an individual
mouse. *p , 0.05, **p , 0.01, ***p , 0.001, Mann– Whitney U tests (A, B, D [right], E, G,
H, and J), Kruskal–Wallis tests with Dunn’s post-test (C, D [left], and F).
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from the B cell zones (Figure 2.10A; n = 3). In the SDLN of all seven Treg cell-depleted
DEREG mice examined, numerous eosinophils infiltrated both the outer T cell zones and
the B220+ B cell zones (Figure 2.10A; experiment performed with assistance from H.Q.).
Within the B cell zones of DEREG mice, most eosinophils were found outside the peanut
agglutinin (PNA)+ germinal centers; however, in the SDLN of two mice studied,
eosinophils were present inside the occasional germinal centers, admixed with PNA+
follicular B cells (Figure 2.10B). While these findings are preliminary, they suggest that
eosinophils may participate in the induction of the Th2 and Ab responses.
Intestinal microbiome alteration by oral antibiotic treatment did not affect the
development of Th2-dominant AIG in Treg cell-depleted DEREG mice.
A challenging question is why the DEREG mice with transient Treg cell
deficiency developed a dominant pathogenic Th2 response. Environmental factors, such
as the microbiome, may contribute to disease susceptibility and the Th2-bias. Alterations
in commensal microbial communities have been found to influence Th2 responsiveness
(179–181). We addressed whether the microbiome of the DEREG mice in our colony
impacted disease susceptibility and Th2 bias by using an established protocol of oral
antibiotic gavage to manipulate the intestinal microbiota (182). The mice developed
enlarged cecums and soft stool, as expected. Antibiotic-treated DEREG mice developed
severe eosinophilic AIG (Figure 2.11A) with increased stomach weights (Figure 2.11B)
at 3 wk after DT-treatment, comparable to those of water-treated DEREG mice after Treg
cell depletion (Figure 2.11A, B). Additionally, the IgG1-dominant gastric autoAb
production (Figure 2.11C) and the IL-4 and IL-5 cytokine production by SDLN CD4+ T
cells after restimulation (Figure 2.11D) were similar in the water-treated and the
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Figure 2.10: Eosinophils infiltrate the B cell follicles in the SDLN of Treg celldepleted DEREG mice. (A) Distributions of eosinophils (red) and B220+ B cells (green)
in the SDLN of control mice (left) and DEREG mice (right) at 3 wk (x100; DAPI, blue).
(B) SiglecF+ eosinophils (red) are distributed either outside (left) or inside (right) the
PNA+ germinal center (PNA, green; DAPI, blue), in the SDLN of two individual
DEREG mice at 3 wk (x400).
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antibiotic-treated DEREG mice after Treg cell depletion. This indicates that the intestinal
microbiome does not promote Th2-dominant AIG development in our DEREG colony.
DEREG mice with Th2-associated AIG have expanded IRF4+PD-L2+ DC and
ILT3+ Treg cells.
We further addressed why AIG in Treg cell-depleted mice has a Th2 bias by
testing the hypothesis that the expanded DC and the rebounded Treg cells may express
molecules that have recently been shown to promote Th2 responses.
A specialized subset of DC that express PD-L2 on their cell surface and the
transcription factor IRF4 have been found to regulate Th2 differentiation in vivo (183,
184). We observed a significant increase in total CD11c+ DC in pooled LN from DEREG
mice by 1 wk after Treg cell-depletion (Figure 2.12A). Indeed, among the expanded
CD11c+MHCII+ DC, we readily detected higher frequencies and absolute numbers coexpressing IRF4 and PD-L2 in pooled SDLN and NDLN of Treg cell-depleted mice
compared to control mice (Figure 2.12B, C).
In another recent study, a newly discovered population of ILT3+ Treg cells
promoted IRF4+PD-L2+ DC maturation and participated in controlling Th2 cell response
development in vitro and in vivo (185). Indeed, when we assessed the rebounded Treg
cell population at 3 wk, a significantly elevated percentage and absolute number of
ILT3+ Treg cells were detected compared to control mice (Figure 2.12D, E). Notably, an
increase in the frequency of ILT3+ Treg cells was observed in the SDLN but not the
NDLN of DEREG mice. Together, our findings suggest that an early expansion of
IRF4+PD-L2+ DC and a disequilibrium between ILT3+ and ILT3- Treg cell subsets may
contribute to the Th2-dominant immune responses of Treg cell-depleted DEREG mice.
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Figure 2.11: The development of Th2-dominant AIG in Treg cell-depleted DEREG
mice is not due to environmental effects of the microbiome. (A) Gastritis severity and
prevalence, (B) stomach weights, and (C) serum IgG1 and IgG2a gastric autoAb
intensities by IF staining at 3 wk in DT-treated control and DEREG mice treated with
water or antibiotics (ABx). (D) Quantification of flow cytometer analysis of IL-4 (top)
and IL-5 (bottom) producing CD4+ T cells in the SDLN of control and Treg cell-depleted
DEREG mice treated with water or ABx (cells were stimulated ex vivo by PMA and
ionomycin before flow cytometry analysis; left: percentage; right: absolute number). Data
were pooled from 2 independent experiments. Each symbol represents an individual
mouse. *p<0.05, **p<0.01, ***p<0.001; Kruskal-Wallis tests with Dunns post-tests.
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FIGURE 2.12: Increase in Th2-promoting PD-L2+ IRF4+ DC subsets as well as
ILT3+ Treg cell subsets in transiently Treg cell-depleted DEREG mice. (A) Kinetics
of the percentage (top) and absolute number (bottom) of live, CD11c+ DC in pooled LN.
(B) Representative flow cytometry dot plots (numbers indicate percentages of cells in the
gates) and (C) quantitation as percentage (left) and absolute number (right) of
IRF4+PDL2+ DC among live, CD4+, CD11c+, MHCII+ cells in pooled SDLN and
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NDLN of control and Treg cell-depleted DEREG mice at 1 wk. (D) Representative flow
cytometry dot plots (numbers indicate percentages of cells in the gates) and (E)
quantitation as percentage (top) and absolute number (bottom) of ILT3+ Treg cells
among live, CD4+, Foxp3+ cells in the SDLN or NDLN of control and Treg celldepleted DEREG mice at 3 wk. Data were pooled from two (B), three (C), or five
(A) independent experiments. Each symbol represents an individual mouse. *p<0.05,
**p<0.01, ***p<0.001, Mann–Whitney U tests (C and E [bottom]), Kruskal–Wallis tests
with Dunn’s post-test (A and E [top]).
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Discussion
We have shown that severe AIG occurs in C57BL/6 and B6AF1-DEREG mice
after transient Treg cell depletion (findings are summarized in Figure 2.13). AIG in these
mice is characterized by dominant eosinophilic inflammation, together with parietal cell
loss, mucinous metaplasia of mucosal epithelial cells, production of Th2-biased gastric
autoAb that target both H+K+ATPase and intrinsic factor, and T cell activation and Th2
cytokine production in the regional LN. Our data indicate that these changes are the
product of the rapid loss of Teff cell susceptibility to suppression by Treg cells.
Our study, along with others (108, 149) provides conclusive evidence that Treg
cells are critical in maintaining physiological tolerance to murine gastric autoAg.
However, our findings differ from previous AIG studies in several important aspects.
First, AIG was not observed in adult C57BL/6 or BALB/c-DEREG mice after Treg cell
depletion (122, 152). The different outcomes could be explained by diverse
environmental factors as well as differences in the microbiomes, known to influence
autoimmune diseases. In this regard, our mice tested negative for pinworm and fur mite
infestations known to skew toward Th2 responses (186, 187), and the AIG severity and
Th2 phenotype were not altered by a standard regime of oral antibiotic treatment. Thus,
the intestinal microbiota do not appear to promote the gastric-specific autoimmune
responses and Th2-biased disease in our DEREG colony. However, a role for the
microbiome in suppression of AIG development in other mouse colonies is a possibility
that has not been investigated. Second, our study indicates that the DEREG and Foxp3DTR
knock-in mice (121) exhibit different responses and clinical outcomes after Treg cell
depletion, though the nature of these differences is not fully understood. Third, similar to
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Figure 2.13: Model for Treg cell protection from AIG in WT mice and for AIG
development in transiently Treg cell-depleted mice. (A) Treg cells are fundamental in
protecting against AIG by suppressing DC, Tfh cells, eosinophils, autoAb production,
and T cell activation and differentiation. (B) After transient Treg cell depletion,
CD11c+PD-L2+IRF4+ DC expand and promote Th2 cell differentiation, activation, and
proliferation in the SDLN. Th2 cells produce IL-4 and IL-5 and resist Treg cell-mediated
suppression. Tfh cells expand and IL-4 promotes B cell class switching to IgE and gastric
autoAg-specific IgG1. SDLN eosinophil expansion may support Th2 cell differentiation
and IgE production. IL-4 contributes to parietal cell loss, increased mucin cells, and mast
cell and eosinophil gastric infiltration, which further support pathological changes. Gray
and black arrows indicate events suggested and supported by our findings, respectively.

60
other AIG models induced by immunization (188) or d3tx (120), the rebounded Treg
cells in our model are functional. However, no immunization boost or lymphopenia is
required in Treg cell-depleted DEREG mice for the Teff cells to resist suppression.
The current paradigm posits that autoimmune diseases are dependent on Th1 or
Th17 responses and less reliant on Th2 responses, and this applies to studies on AIG
(148, 189–191). Th2 cells are generally regarded as counter-inflammatory to Th1dominant autoimmunity with therapeutic potential (192–195). However, pathogenic Th2
responses in autoimmunity have also been suggested by previous studies. For example,
studies on AIG have documented activated Th1 and Th2 autoAg-specific T cells in the
regional LN of d3tx mice. Both the H+K+ATPase-specific Th1 and Th2 cell clones can
transfer severe AIG (126) and TCR transgenic mice generated from these T cell clones
spontaneously develop AIG (196, 197). In additional, naïve transgenic T cells were able
to transfer disease to immunodeficient recipients after in vitro differentiation to Th1, Th2,
and Th17 cells (190). Disease transfer by Th2 cells has also been documented in several
other autoimmune diseases (198–201). In this study, we provided evidence for the
spontaneous occurrence of a pathogenic Th2 response after Treg cell depletion alone,
without the requirement for adjuvant, lymphopenia, or use of a transgenic TCR. Our
findings will likely have clinical relevance because, despite limited data on human AIG,
recent studies support a possible role for Th2 responses. Bettington and Brown reported
an increased eosinophil count in biopsies of patients with AIG (202), and Bedeir, et al.
detected numerous IgG4-positive plasma B cells in biopsies of AIG patients with
pernicious anemia (203). The latter is notable because human IgG4 production is
associated with Th2 responses (204–206). While it is possible that different individual
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AIG patients may exhibit different combinations of helper T cell responses, our model
seems appropriate for delineating a component of AIG in some patients.
Although autoAb to gastric H+K+ATPase are well-defined (6), this study provides
the first documentation of autoAb responses to the gastric intrinsic factor in experimental
AIG. AutoAb to intrinsic factor and H+K+ATPase are involved in the complications of
chronic atrophic gastritis and are useful diagnostic markers of AIG (1). For example,
immune-mediated depletion of parietal cells can lead to hypochlorhydria, and autoAb to
intrinsic factor, by impairing the absorption of vitamin B12, can lead to pernicious
anemia (207). Patients with AIG and pernicious anemia have an increased risk of
developing gastric cancer (9–11). Investigation of these important sequelae of AIG is not
possible with the current models of AIG due to Treg cell depletion. In this regard, the
longevity of AIG in DEREG mice and their survival after Treg cell depletion may
provide an opportunity for investigation of these sequelae. More studies will be needed in
the future to determine the clinical relevance of the intrinsic factor Ab in this model.
The evidence for a Th2 immune response in AIG pathogenesis is supported by the
1) autoAb subclass, 2) inflammatory cell infiltrate and epithelial cell response, and 3)
cytokine production. The pathogenicity of the Th2 response is supported by a significant
reduction in AIG and immune responses in IL-4-/- mice and eosinophil deficient mice.
Strikingly, the phenotypes of these mice are not identical. The decreased pathology in
Treg cell-depleted IL-4-/- mice was mainly attributed to reduced parietal cell loss and
mucin cell hyperplasia. These changes correlated with reduced eosinophils in the
inflamed stomach. However, the degree of inflammation was comparable to that in IL-4sufficient DEREG mice, suggesting additional mechanisms are responsible for the
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residual AIG in the absence of IL-4. Although a predominant mononuclear cell infiltrate,
characteristic of Th1 responses, was observed in Treg cell-depleted IL-4-/- mice, IFN-γ
Ab treatment did not prevent AIG (data not shown). Also, neutrophil infiltration was
scarce in Treg cell-depleted mice and treatment with IL-17 Ab did not inhibit AIG,
arguing against a predominant role for Th17 responses. Thus, IL-4-dependent
mechanisms appear to be major contributors to AIG in Treg cell-depleted DEREG mice.
A more dramatic reduction of gastric inflammation was observed in Treg celldepleted eosinophil deficient PHIL mice. There was also a significant reduction in
mucinous metaplasia. The major loss of parietal cells in mice with eosinophils raises the
possibility that eosinophils could have a cytotoxic role in AIG in DEREG mice. Upon
activation, eosinophils can release proteases and granule mediators that exhibit strong
cytotoxic effects (208). They also secrete proinflammatory cytokines and chemokines
that attract other pathogenic immune cells to the site of tissues injury (208, 209).
In addition to their potential roles in the efferent phase of the autoimmune
response, eosinophils may also support the induction of Ag-specific Th2 cell-dependent
Ab responses in the LN. In allergy models, eosinophils infiltrate the T cell zones, where
they can directly present Ag to T cells and/or release cytokines that influence Th2
differentiation and Ig class switching, directly or through DC (210, 211). In DEREG
mice, Treg cell depletion also led to a rapid expansion of LN eosinophils. In addition to
the outer T cell zones, the eosinophils were particularly concentrated within the outer B
cell zones, where T and B cell interactions occur (212). In some B cell follicles, we also
detected a network of SiglecF+ eosinophils with cytoplasmic processes in close
proximity to PNA+ B cells in the germinal centers, where Ig class switching occurs (213,
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214). Because DEREG PHIL mice had a significantly reduced serum IgE after Treg cell
depletion, the location of the LN eosinophils suggests they may be involved in
autoimmune B cell responses. However, the precise meaning of this finding and the
precise role for eosinophils in promoting AIG pathogenesis will require additional
studies. Additionally, while our preliminary data suggest that neither basophils nor TSLP
signaling contribute to AIG in this model, more studies are required to address the
contribution of mast cells to AIG pathogenesis. Identifying the chemokines responsible
for the recruitment of the mast cells cells to the inflamed stomachs as well as their role in
the destruction of parietal cells would be of particular interest.
Why does Treg cell depletion in DEREG mice lead to a dominant Th2 response?
This could be explained by a higher Th2 cell-susceptibility to apoptosis in the presence of
Treg cells, and thus, a tighter Treg cell control of Th2 cells compared to Th1 cells (69).
Notably, scurfy mice and IPEX patients both develop hyper-IgE syndrome and
eosinophilia. A dominant Th2 response was also observed in Foxp3-deficient mice (108)
and in mice with Treg cell-specific deletion of CTLA-4 (162), ITCH (215), IRF4 (108),
CK2 (185), or Nr4a (216), suggesting the expression of these molecules on Treg cells is
involved in the control of Th2 responses. However, the mechanisms that link the loss of
Treg cell function to Th2-type responses are not fully understood (217–221). It is
possible that factors and cytokines operating locally in the stomach also influence the
Th2-dominant tissue response. For example, Buzzelli et al. showed that IL-33 promoted a
type 2 gastric inflammatory response, resembling AIG, in WT mice (222).
To determine why DEREG mice with transient Treg cell depletion develop a
dominant pathogenic Th2 response, we investigated the altered expression of certain key
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molecules on Treg cells and DC that can influence the preferential induction of Th2
responses. Despite the development of uncontrolled Th2 responses in Treg cell-depleted
DEREG mice, the rebounded Treg cells did not show altered expression of Foxp3, GITR,
CD25, CTLA-4 or IRF4. Two reports demonstrated that the initiation of Th2 cell-driven
immune responses depends on IRF4 expression in DC, which controls the maturation of a
PD-L2+ DC subset (183, 184). IRF4 promotes IL-33 and IL-10 expression by DC that
induces the differentiation of Th2 cells in vivo. Consistent with previous reports (121),
we also observed a rapid expansion of DC after Treg cell depletion. Furthermore, we
detected a significant increase in the proportion and numbers of IRF4+PD-L2+ DC as
early as 1 wk after Treg cell depletion. This finding supports the hypothesis that the early
expansion of a unique DC population may preferentially drive the development and
activation of Th2 cells in AIG. In addition, we found that a greater proportion and
number of the rebounded Treg cells express ILT3. This is intriguing because a recent
study reported that ILT3 expression on Treg cells, controlled by casein kinase 2, could
promote IRF4+PD-L2+ DC expansion (185). It is tempting to speculate that the Th2dominant immune responses in the Treg cell-depleted DEREG mice may result from the
cooperation of the IRF4+PD-L2+ DC and the ILT3+ rebounded Treg cell subsets.
It is striking that a very short period of Treg cell deficiency was sufficient to
allow for AIG development. Our analysis indicates that the suppressive function of the
rebounded Treg cells does not appear to be compromised. Thus, the rebounded Treg cells
suppress as efficiently as control Treg cells in vitro. In contrast, we observed that the Teff
cells were less sensitive than naïve cells to Treg cell-mediated suppression within 1 wk of
the first dose of DT treatment. Although this state of resistance to suppression by Treg
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cells may be due to potential changes in the innate or adaptive immune compartments,
findings from our in vitro studies suggest the alteration is also intrinsic to the Teff cells.
Teff cells can resist Treg cell-mediated suppression through multiple ways. For
example, the cytokine and growth factor composition in the environment, alterations in
TCR signaling, the anatomical location, and the number and activation status of the Teff
cells can all impact the mechanism and degree of suppression (104, 223). Resistance to
suppression has been reported in other animal models of autoimmunity and in human
autoimmunity (136–142, 224, 225). While numerous signaling pathways can account for
the resistance phenotype (223), one relevant to Th2 cell resistance might involve IL-4
signaling and STAT6 activation, as previously documented in vitro (226) and in vivo
(227). Whether this lack of susceptibility to Treg cell-mediated suppression is also
associated with the preferential reduction of other Treg cell subsets that regulate Th2
cells (185, 215, 216), the absence of gastric Ag-specific Treg cells among the rebounded
Treg cells (120, 228), or additional possibilities (91) remains to be elucidated.
In summary, our study has shown that Th2 responses are involved in AIG,
indicating that Th2 responses can participate in the pathogenesis of organ-specific
autoimmune diseases in mice with transient Treg cell depletion. We also found that the
Teff cells are less sensitive to Treg cell-mediated suppression after a short period of Treg
cell deficiency. Our findings suggest Treg cell therapy or blockade of certain effector
targets might not be as effective in treating AIG and highlight the need for a better
understanding of the crosstalk between the effector and regulatory mechanisms of T cell
responses. Successful therapy may require dampening of the effector autoimmune
response while strengthening the regulatory components.
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Materials and Methods
Mice and Foxp3+ Treg cell depletion. C57BL/6-DEREG mice were provided by Drs.
Lahl and Sparwasser (Twin Core). A/J mice, C57BL/6 Rag1-/- mice, and C57BL/6 IL-4-/mice were purchased from Jackson Laboratory. C57BL/6 PHIL mice were provided by
James Lee (Mayo Clinic). Rag1-/- DEREG mice were generated by crossing Rag1-/- mice
with DEREG mice. IL-4-/- DEREG and DEREG PHIL mice were generated by crossing
DEREG mice with IL-4-/- or PHIL mice, respectively. To obtain B6AF1-DEREG mice,
C57BL/6-DEREG mice were crossed with A/J mice. To deplete Treg cells, 40µg/kg body
weight of diphtheria toxin (DT) (Lot 322326, Calbiochem) was injected i.p. into 6- to 12wk-old DEREG mice on days 0, 2, and 5. All experimental days were counted from day
0. As a control, we studied WT mice injected with DT and DEREG mice injected with
PBS. All mice were bred in house in a specific pathogen-free facility and tested negative
for fur mites, pinworm infection, and Helicobacter spp. infections. Experiments were
conducted following the guidelines of the Animal Care and Use Committee of the UVA.
Histopathology and AIG severity grading. Mice were euthanized from 1-16 wk after Treg
cell depletion. Stomachs were weighed after removal of gastric contents, fixed in Bouin’s
solution, embedded in paraffin wax, and cut into 5-µm-thick sections. The presence of
inflammation and parietal cells were examined by H&E stain, mucin-positive cells were
identified by periodic acid-Schiff/hematoxylin stain, and mast cells were identified by
Toluidine blue stain. AIG was graded as unknown samples by K.S.T. AIG severity was
determined by the summation of inflammation, parietal cell loss, and mucinous cell
hyperplasia scores. Each was assigned a grade of 0 (none), 1 (mild), 2 (moderate), 3
(moderate and diffuse or severe but focal), or 4 (severe and diffuse). Because parietal cell
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loss and mucinous cell hyperplasia are structural changes likely associated with loss of
gastric function, we multiplied their scores by a 1.5. Total AIG scores ranged from 0-16.
Immunofluorescence (IF) microscopy. Serum gastric autoAb were detected and semiquantified by indirect IF staining of 6-µm-thick frozen sections of WT mouse stomach
pre-fixed in 1% periodate-lysine-paraformaldehyde. After the sections were blocked with
normal goat serum in 3% BSA-PBS, they were incubated with serum from control or
Treg cell-depleted mice, followed by incubation with FITC-conjugated goat anti-mouse
IgG (Jackson Immunoresearch Laboratories), anti-mouse IgG1 (Southern Biotech), or
anti-mouse IgG2a (Southern Biotech). Staining intensity was scored as 0 (negative) to 3
(most positive). To study intrinsic factor autoAb, sera were costained with intrinsic factor
Ab, a gift from David Alpers (Washington University, St Louis), on WT mouse stomach
sections. Mouse sera staining (described above) was detected with AlexaFluor488conjugated rabbit anti-mouse IgG (Jackson ImmunoResearch Laboratories) followed by
blockade with a biotin-avidin blocking kit (Vector Laboratories) and costained with goat
anti-human intrinsic factor Ab followed by biotinylated horse anti-goat IgG (Vector
Laboratories) and neutralite avidin-Texas Red (Southern Biotech). To detect eosinophils,
6-µm frozen stomach sections were fixed in cold 1:1 acetone:ethanol and blocked with
Tris-NaCl blocking buffer (PerkinElmer), 3% H2O2 (EMD Chemicals), 0.1% NaN3 (ICN
Biomedicals, Inc), followed by a biotin-avidin blocking kit. The sections were then
stained with rat anti-mouse SiglecF Ab (BD Pharmingen) and biotinylated goat anti-rat
IgG (Southern Biotech). Then, staining was enhanced by the biotin tyramide kit
according to the manufacturer’s instructions (PerkinElmer), followed by neutralite
avidin-Texas Red. To detect parietal cells on the same sections, the slides were then co-
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stained with DEREG mouse serum Ag to parietal cell Ag as described above and
mounted with Vectashield containing DAPI (Vector Laboratories). To costain eosinophils
with peanut agglutinin (PNA) or B220, SDLN sections were fixed, blocked, and stained
for SiglecF as described above. The slides were then blocked with 50 µg/mL rat IgG
(Thermo Scientific), stained with FITC-conjugated PNA (Sigma) or rat anti-mouse B220
(BD Pharmingen) overnight at 4°C, enhanced with goat anti-FITC (Vector Laboratories)
and alexaFluor488-conjugated horse anti-goat IgG (Vector Laboratories), and mounted
with Vectashield containing DAPI (Vector Laboratories). Unless noted otherwise, all
stains were performed at room temperature and the slides were examined and
photographed with a Nikon Microphot-FXA fluorescent microscope and Nikon HB10101AF Mercury Lamp and Olympus Q color 5 camera. Alternatively, they were
examined with a Zeiss LSM 700 confocal microscope (with help from the Advanced
Microscopy Facility, UVA) or a Zeiss Axio Observer microscope with Qioptiq OptiGrid.
ELISA detection of gastric H+K+ATPase Ab and intrinsic factor Ab. To detect
H+K+ATPase Ab, 96-well plates were incubated with 0.5µg/mL H+K+ATPase (Arotec
Diagnostics) in 10mM Tris-HCL (pH 8)/0.15 M NaCl/0.1% sodium desoxycholate for 16
h at 4°C. The wells were blocked with 1% BSA-PBS for 1 h at 37°C. Experimental and
control mouse sera were added to the wells at 1:50 and 1:100 dilutions in duplicate and
incubated for 1 h at room temperature. The wells were then incubated with horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (Southern Biotech) diluted 1:2000 for
1 h at room temperature. After rigorous washing, each well was reacted with OPD
substrate solution (Sigma). The reaction was terminated with 2.5N H2SO4, and
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absorbance at 490nm was determined with a microplate reader. H+K+ATPase
concentrations were expressed as arbitrary units relative to a standard curve.
To detect intrinsic factor Ab, 96-well plates were coated with 5 µg/mL
recombinant rat intrinsic factor (Cloud-Clone Corp.) in 0.5M Na2HCO3 for 4 h at room
temperature and blocked with PBS containing 0.05% Tween20 overnight. Experimental
and control mouse sera were added to the wells at 1:50 dilutions for 1 h. The wells were
then incubated with HRP-conjugated goat anti-mouse IgG (Southern Biotech) diluted
1:2000 for 1 h. As a positive control, a goat anti-human intrinsic factor Ab (provided by
David Alpers, Washington University, St Louis) was added for 1 h, followed by
biotinylated horse anti-goat IgG (Vector Laboratories) diluted 1:200 for 1 h, and
streptavidin-conjugated HRP (Perkin Elmer Life Sciences) diluted 1:1000 for 1 h. All
incubations were performed at room temperature. After rigorous washing, each well was
reacted with OPD substrate solution. The reaction was terminated with 2.5N H2SO4, and
absorbance at 490nm was determined with a microplate reader.
Serum IgE determination by ELISA. 96-well plates were coated overnight with 5 µg/mL
unlabeled goat anti-mouse IgE (Southern Biotech) in PBS. After blocking and 2 h
incubation with sera samples at 1:200 and 1:400 dilutions in duplicate, wells were
incubated with HRP-conjugated goat anti-mouse IgE (Southern Biotech) at room
temperature. After rigorous washing, each well was reacted with OPD substrate solution,
terminated with 2.5N H2SO4, and absorbance at 490nm was determined with a microplate
reader. IgE concentration (µg/mL) was determined from a standard curve of known IgE.
In vivo CD4 T cell depletion, IFN-γ neutralization, IL-17 neutralization, TSLPR
blockade, and basophil depletion. For CD4 T cell depletion, mice were injected with 100
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µg of anti-CD4 mAb (clone GK1.5, generated at the Lymphocyte Culture Center of
UVA) in PBS starting at the same time as the first DT injection, then every 3-4 d until 3
wk. Mice were euthanized at 8 wk. For IFN-γ neutralization, mice were injected with 500
µg of anti-IFN-γ Ab (Clone XMG1.2, BioXCell) in PBS starting at the same time as the
first DT injection, then every 3 to 4 days until they were euthanized at 3 wk. Control
mice were injected with corresponding doses of polyclonal IgG from normal rat sera
(Thermo Scientific). As a positive control, we used the same IFN-γ Ab to block the
development of neonatal autoimmune ovarian disease (nAOD). nAOD was induced by
i.p. injection of 100 µg of a mAb (1G2 clone) to ZP3 peptide 336-342 on days 3 and 5
after birth (229), and anti-IFN-γ Ab was injected i.p. every 3-4 days starting from
postnatal day 3. Ovarian pathology was scored at 2 wk of age as previously described
(171). For IL-17 neutralization, mice were injected with 250 µg of anti-IL-17A Ab (clone
17F3, BioXCell) in PBS starting at the same time as the first DT injection, then every 2-3
days until they were euthanized at 3 wk. This dosing regime was based on previous
publications (230). Control mice were injected with corresponding doses of polyclonal
normal rat IgG (Thermo Scientific). For TLSP receptor blockade, mice were injected
with 100 µg of anti-TSLPR Ab (provided by Roche Pharma) in PBS starting at the time
of the first DT injection, then every 3-4 d until 3 wk. Mice were euthanized at 3 wk. For
basophil depletion, mice were injected with 50 µg of Ba103 Ab (kindly provided by Dr.
Hajime Karasuyama, Jikei University School of Medicine) in PBS on day -4, +6, and +16
of DT treatment (Obata Immunobiology 2007). Mice were euthanized at 3 wk.
Antibiotic treatment. Mice were treated with water or antibiotics beginning 7 d prior to
the first DT dose and lasting for 2.5 wk. Mice were subjected to daily oral gavage with
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200 µL of autoclaved water or autoclaved water supplemented with neomycin (1 mg/mL,
Sigma), vancomycin (0.5 mg/mL, Sigma), metronidazole (1 mg/mL, Sigma), gentamicin
(1 mg/mL, Sigma), ampicillin (1 mg/mL, Sigma) and filtered through a 0.2-µm syringe
filter, as described (182). WT mice treated with DT and antibiotics were used as controls.
Mice were harvested 3 wk after the first DT dose. This experiment was performed with
the guidance and experitise of Drs. Melanie Rutkowski and David Bolick.
Cell isolation from LN, spleen, and gastric mucosa. At euthanization, the spleen, SDLN,
NDLN, and/or pooled (paragastric, renal, cervical) LN were removed and prepared into
single cell suspensions in RPMI Medium 1640 (Life Technologies) by mechanical
disruption and filtration through a 70 µm cell strainer. Splenic erythrocytes were lysed
using NH4Cl buffer. Stomach infiltrating cells were isolated as described (231). After the
stomach contents were removed by several washes in cold PBS, the mucosa was injected
with 20 mL of cold PBS containing 5% FBS using a 5-mL syringe and 26-guage needle.
The stomach was gently massaged to release infiltrating cells. Cells were filtered,
centrifuged at 400 x g for 5 min, counted, and stained for flow cytometry.
Flow cytometric analysis. Single-cell suspensions were stained with Ab to CD4 (RM4-5),
CD45 (30-F11), PD1 (RMP1-30), glucocorticoid-induced TNF receptor [GITR (DTA1)], CD11b (M1/70), programmed death ligand 2 [(PD-L2) (CD273, 122)], and ILT3
(gp49 receptor, H1.1) purchased from eBioscience and CD25 (PC61), CD69 (H1.2F3),
CXCR5 (2G8), SiglecF (E50-2440), Ly6G (1A8), CD44 (IM7), CD62L (MEL-14),
CD11c (HL3), and MHCII (25-9-17 and 10-3.6) purchased from BD Pharmingen. For
cell surface staining, FcγRII/III were blocked with 2.4G2 Ab and cells were stained for
20 min at 4°C with Ab to surface markers. Dead cells were excluded by Live/Dead red
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dead cell stain kit (Life Technologies) and samples were fixed with 2%
paraformaldehyde. For intracellular staining, cells were fixed and permeabilized with the
Cytofix/Cytoperm kit (BD Biosciences) or the Foxp3 Staining Kit (eBioscience) and
stained with Ab to IRF4 (3E4, eBioscience), Foxp3 (FJK-16s, eBioscience), or CTLA-4
(UC10-4F10-11, BD Pharmingen). For intracellular cytokine staining, isolated LN cells
were restimulated in vitro with 50 ng/mL PMA (Sigma) and 2 µg/mL ionomycin (Sigma)
at 1x106 cells/mL in RPMI medium 1640 supplemented with 10% (v/v) heat-inactivated
FCS, (HyClone), penicillin and streptomycin (Gibco), L-glutamine (Gibco), non-essential
amino acids (Gibco), sodium pyruvate (Gibco), HEPES (Gibco), and 2-ME (Sigma).
After 2 h, 10 µg/mL of brefeldin A (BD Biosciences) was added and 4 h later, the cells
were stained with anti-CD4 Ab. The cells were then fixed and permeabilized using the
Cytofix/Cytoperm kit (BD Biosciences) and stained for intracellular IL-4 (11B11;
eBioscience), IL-5 (TRFK5; BD Pharmingen), IFN-γ (XMG1.2; BD Pharmingen), or IL17 (ebioTC11-18H10.1; eBioscience). Flow cytometry data were acquired on a five-color
FACSscan or six-color FACSCanto I flow cytometer (BD Biosciences) using BD FACS
Diva Software (Version 6.0) and analyzed with FlowJo software (Tree Star).
In vitro CD4+CD25+ Treg cell suppression assay. 4x105/mL CD4+CD25- naïve T cells
were purified from the LN of untreated WT mice using CD4+CD25+ MicroBeads
(Miltenyi Biotec) and AutoMACS (Miltenyi Biotec) according to the manufacturer’s
instructions. They were cultured with graded numbers of CD4+CD25+ Treg cells isolated
from the LN of naïve or Treg cell-depleted DEREG mice. Alternatively, 4x105/mL
CD4+CD25- T cells were purified from the LN of WT mice or Treg cell-depleted
DEREG mice and were cultured with graded numbers of CD4+CD25+ Treg cells isolated
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from the pooled LN of untreated WT mice. The purity of the isolated CD4+CD25+ cells
was 91.4±5.1%. In each experiment, cell mixtures were cultured in the presence of
4x106/mL irradiated splenocytes as APC and anti-CD3 mAb diluted 1:1000 (Cedarlane)
in a 96-well round-bottom plate for 80 h. Cell proliferation was assessed by
[3H]thymidine incorporation during the final 8 h of culture. Percentage of suppression
was calculated as described previously (232).
In vivo Treg cell reconstitution. CD4+CD25+ Treg cells were isolated from pooled LN
and spleens of WT donors. Erythrocyte lysed spleen cells were enriched for the T cell
fraction on a mouse T cell enrichment column (R&D Systems). CD4+CD25- T cells were
isolated using CD4+CD25+ Microbeads (Miltenyi Biotec) and AutoMACS (Miltenyi
Biotec). Treg cell-depleted B6AF1-DEREG mice were injected i.v. with 2×106 viable
Treg cells, either at the time of the first dose of DT treatment or 7 d later. The purity of
the isolated CD4+CD25+ cells was 97.5±2.2%.
Statistical analyses. Statistical differences were determined by the nonparametric MannWhitney U test, Kruskel-Wallis test with Dunns post-tests, or Spearman correlation test
using GraphPad Prism Version 5.0. The one-tailed fisher exact test was used to assess
differences in disease incidences. Analyses of in vitro suppression assays were performed
after transforming the percent suppression data to the log10 scale (with help dfrom Dr.
Mark Conway, UVA). Three-way analysis of variance (ANOVA) was used, with the
experiment factor taken as a random effect. F-tests were used to compare differences
between groups. A p value of <0.05 was considered statistically significant.
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Chapter 3

Tolerogenic Male Meiotic Germ Cell Autoantigens Egress from Seminiferous
Tubules and Influence Autoimmune Disease Mechanism
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Introduction
In peripheral lymphoid organs, continuous T cell recognition of accessible tissue
autoAg maintains peripheral tolerance (233–235). Thus, tissue autoAg anatomically
sequestered in organs such as the testes would not maintain peripheral tolerance (236).
Instead, local Ag non-specific mechanisms are deemed necessary and sufficient to control
excessive testis inflammation in autoimmunity, trauma, or infection (35, 43, 237–242).
The MGCA, as orchitogenic Ag in testis autoimmune disease and as cancer/testis
Ag (CTA) in tumor immunity, are expressed in postmeiotic germ cells located in the
seminiferous tubules (Figure 3.1A) behind the BTB (Figure 3.1B, C) (239, 243, 244).
Rodent MGCA appear 2 wk after birth (Figure 3.1B, C) (245); thereafter, numerous
testis-specific Ag are synthesized and expressed in meiotic germ cells (241, 246). After
their maturation, sperm are released, enter the rete testis, and reach the vas deferens
(Figure 3.1A) (241). Because the BTB effectively blocks Ab and lymphoid cells from
entering the seminiferous tubules (247, 248), the BTB is also presumed to prevent the
MGCA from entering the interstitial space, thereby completely sequestering the MGCA
from the immune system (43, 239, 241, 242, 249–251). However, the validity of the
complete Ag sequestration paradigm, has not been supported by experimental evidence.
A full knowledge of the status and mechanism of MGCA sequestration and
tolerance is crucial for understanding the mechanisms of testicular autoimmune diseases,
the nature of testis immune privilege, and the immunogenicity of MGCA as CTA in
tumor immunity. Autoimmune responses to testis and sperm Ag are detected in 3-12% of
men with spontaneous infertility (252, 253). Consistent with other autoimmune diseases,
the cause is likely rooted in immune dysregulation or defective tolerance and influenced
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Figure 3.1: Normal testis anatomy and the current concepts of MGCA
sequestration. (A) Diagram of a normal testis, epididymis, and vas deferens. Sperm is
produced in the seminiferous tubules (1a) and (1b) in cycles arranged longitudinally
along the length of seminiferous tubule as depicted by colored zones in (1b). Mature
sperm released into the seminiferous tubule lumen are transported to the vas deferens (5)
via the rete testis (2), the ductus efferentes (3) and a single epididymal duct (4). (B)
Structure of seminiferous tubules, depicted by IF microscopy on a paraffin-embedded
section of a mouse testis with GFP+ Sertoli cells (green) and LDH3+ meiotic germ cells
(red, x500). White arrows point to LDH3-negative basal spermatogonia and yellow
arrows point to LDH3+ spermatocytes. Insert: These cells are separated by the basal BTB
stained with occludin (red) between the GFP+ Sertoli cells (green, x800). I/T =
interstitium; SFT = seminiferous tubule. (C) A diagram to depict the cellular events that

77
support the current paradigm of complete MGCA sequestration. They include the
processes of spermatogenesis (steps 1-4) and spermiation (steps 5-9) supported by the
Sertoli cells in green. During spermatogenesis, spermatogonia (1) traverse the BTB to
become MGCA+ meiotic germ cells, first as spermatocytes (2), then as haploid round (3)
and elongated (4) spermatids. During spermiation (steps 5-9), the redundant cytoplasm
(yellow) and plasma membrane (black) of the elongated spermatids (5), is partially
detached to become a residual body (6) destined for degradation by Sertoli cell (7), and
also partially retained as a cytoplasmic droplet (8) on the mature sperm (9) transported to
the epididymis. The basal Sertoli cell surface faces the interstitial microenvironment,
which contains: the spermatogonia, basal lamina, peritubular cells, Leydig cells,
macrophages and afferent lymphatic vessels that connect the testis interstitial space to the
regional LN. Note: the Sertoli cells and their basal BTB (SCB, purple) sequester all
meiotic germ cells MGCA in the seminiferous tubule and from the interstitial space.
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by genetic and environmental components. Autoimmune orchitis occurs in APS1 patients
(254–258), possibly associated with impaired autoreactive T cell deletion and deficient
Treg cell function (259, 260). Therefore, autoimmune orchitis may be controlled by
systemic tolerance requiring exposure of MGCA to the immune system.
Vasectomy (Vx), a popular contraceptive approach (21), does cause leakage of
sperm in the epididymis (261). Although these sequestered “foreign” MGCA should elicit
a strong autoimmune response, the observed responses after Vx are more complex (16).
First, an unexplained latent period of several months exists before MGCA autoAb are
detected (262–265). During this period, vasectomized mice become tolerant to MGCA
due to emergence of MGCA-specific Treg cells (265). Post-Vx autoimmunity occurred
only when accompanied by partial Treg cell depletion with anti-CD25 mAb. Second,
instead of the expected diversified MGCA Ab response against the numerous S-MGCA,
over 85% of vasectomized mice with anti-CD25 mAb treatment produced a dominant
autoAb response against zonadhesin (Zan) (16), an MGCA located in the outer acrosomal
membrane of spermatids and the periphery of the acrosomal matrix in spermatozoa (266–
269). This suggests that post-Vx autoimmunity to sperm is not simply a response to loss
of MGCA sequestration but involves a concomitant Treg cell response to MGCA.
More than 100 Ag expressed in testicular germ cells are CTA detected in human
malignant neoplasms (270–272). CTA are considered highly immunogenic due to their
location in the immune privileged site and, thus, suitable cancer vaccine candidates (271,
272). Because many CTA are localized to MGCA behind the BTB (270), the question of
MGCA sequestration and tolerance status is most pertinent because the answer could
determine their immunogenicity in male patients or as cancer vaccine candidates. Indeed,
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a recent study on the CTA lactate dehydrogenase (LDH) 3 (the mouse homolog of human
LDHC, (273), an MGCA located behind the BTB, also argues against complete MGCA
sequestration (274). After injection, liposomes bearing LDH3 Ab were enriched in the
testes of WT mice, suggesting LDH3 may be accessible to circulating Ab in vivo (275).
In this study, we address whether all MGCA are sequestered and whether they are
protected by systemic tolerance. We focus on LDH3 and Zan in WT mice and two
transgenic mouse lines expressing OVA in elongated spermatids, allowing us to
investigate tolerance and identify the route of MGCA egress. We also developed a new
model of spontaneous EAO to explore defective tolerance as a mechanism of EAO and
autoimmune infertility. Our results showed that some MGCA are not sequestered. They
exit the seminiferous tubules via a previously unappreciated physiological pathway that is
important for testis function, and they maintain Treg cell-dependent systemic tolerance.
This contrasts with other MGCA that are sequestered and not tolerogenic. Significantly,
the status of MGCA sequestration and tolerance strongly influences the selection of
autoantigenic MGCA targeted by polyclonal autoimmune responses in different types of
testis autoimmune disease. In addition, both sequestered MGCA (S-MGCA) and nonsequestered MGCA (NS-MGCA) are detectable as CTA in malignant human tumors.
Results
Tolerogenic MGCA continuously egress from the seminiferous tubules of normal
mouse testes.
To investigate the sequestration status of LDH3 and Zan, we localized their
cognate Ab after i.p. injection into WT mice. Unlike the blood-brain barrier, the BTB is
not an endothelial barrier, and circulating Ab readily enter the testicular interstitial space
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(241). When excluded from the seminiferous tubules by the BTB, the Ab would react
with NS-MGCA but not S-MGCA to form immune complexes outside the BTB.
Patches of granular rabbit anti-LDH3 IgG were observed at the boundaries of the
seminiferous tubules 19 h after i.p. Ab injection (Figure 3.2A; experiments performed by
H.Q.). The extra-tubular location of the immune complexes was confirmed by co-staining
with occludin, a BTB component. This pattern was reproduced in 83% of 35 mice of
different strains, including C57BL/6 (n=10), BALB/c (n=10), SJL (n=4) and B6AF1
(n=11) (data not shown). Immune complexes were not detected in the testes of Ldh3 null
C57BL/6 mice (276) (Figure 3.2B, n=7; experiments performed by H.Q.) but were
detected in Ldh3+/- mice (n=5). They were also not detected in mice injected with rabbit
IgG or rabbit anti-OVA Ab (n=13, data not shown). Because immune complexes were
only detected in ~18% of seminiferous tubule cross-sections (Figure 3.2C, n=6;
experiments performed by H.Q.), we speculated the observed LDH3 egress may occur
only at some stages of spermatogenesis (277) and investigated this possibility later. In
contrast to LDH3, we did not detect testicular immune complexes in mice injected with
Zan Ab at several serum dilutions (Figure 3.2D and data not shown; experiments
performed by H.Q.). Therefore, although both MGCAs are located behind the BTB,
LDH3 selectively egressed from the seminiferous tubules, whereas Zan is sequestered.
To determine tolerance to LDH3 and Zan, we took advantage of the male specific
expression of MGCA and compared the LDH3 and Zan-specific responses of male and
female mice after immunization with testis homogenate in adjuvant. We detected a
stronger Ab response to LDH3 in female mice compared to male mice (Figure 3.2E).
Importantly, the response of Ldh3 null male mice with normal spermatogenesis greatly
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Figure 3.2: Tolerogenic MGCA egress from the seminiferous tubules of normal
mouse testes. (A) 19 h after injection with rabbit Ab to LDH3, immune complexes were
detected as rabbit IgG puncta (green) outside the occludin+ BTB (red), in the testes of
adult WT mice (n=10, x800), but not (B) adult Ldh3 null mice (n=5, x800). (C) Immune
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complexes (arrows) were detected in ~18% of the seminiferous tubules in WT mice (n=7,
x100). (D) Immune complexes are not detected in the testes of normal adult mice 19h
after injection with rabbit Ab to Zan (n=8, x800). Tolerance to LDH3 and Zan were
determined by serum IgG Ab responses to (E and F) rLDH3 or (G) Zan D3p18 at 3 wk
after immunization with testis homogenate in CFA and pertussis extract. Comparison of
(E) rLDH3 responses between WT male mice (n=5) and WT female mice (n=5), and of
(F) Ldh3 null male mice (n=6) and Ldh3 intact male mice (n=6) are shown. (G)
Comparison of Zan D3p18 responses between WT male mice (n=5) and WT female mice
(n=3) is shown. Data are from 3 independent experiments. n.s.=not significant, *p<0.05,
**p<0.01; Mann-Whitney U tests. (SFT, seminiferous tubule; I/T, interstitial space.)
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surpassed that of WT male mice (Figure 3.2F). In contrast to LDH3, Ab responses to Zan
were comparable between the immunized male and female mice (Figure 3.2G;
experiments performed by H.Q.). Our results suggest that LDH3 is a tolerogenic NSMGCA, whereas Zan is a non-tolerogenic S-MGCA.
The sequestration status of transgenic OVA expressed as a surrogate MGCA in
elongated spermatids depends on its expression level.
To further define the sequestration and tolerance statuses of MGCA, we generated
two BALB/cByJ OVA transgenic mouse lines expressing OVA as a surrogate MGCA.
Mouse protamine promoter (Prm1 gene promoter) ensured testis-specific OVA
expression (278, 279) (Figure 3.3A; experiments in this figure were performed by J.L and
C.G.). OVA-Hi mice expressed OVA at 2200±45 ng/g of testis, and OVA-Lo mice
expressed 41-fold less OVA, at 54±15 ng/g of testis. In both OVA-Hi and OVA-Lo mice
OVA expression was confined to the elongated spermatid cytoplasm (Figure 3.3B). They
had normal fertility (data not shown; experiments performed by P.P.) and normal testis
and epididymis histology (Figure 3.3B and data not shown). Consistent with elongated
spermatid development (277), OVA mRNA levels and extractable OVA protein from
OVA-Hi mouse testes were first detected at postnatal day 25 and approached adult levels
by postnatal day 35 (Figure 3.3C and data not shown). Moreover, the BTB was intact as
determined by electron microscopy (Figure 3.3D) and excluded FITC from the
seminiferous tubule lumen after FITC injection in the interstitial space (Figure 3.3E).
OVA egressed from the seminiferous tubules of OVA-Hi mice in a manner
similar to LDH3 in WT mice. Deposition of granular rabbit anti-OVA IgG immune
complexes was readily detected in ~18% of 214 seminiferous tubules in all OVA-Hi mice

84

85
Figure 3.3: Tolerance to NS-MGCA is influenced by the expression levels of MGCA
located behind the BTB in the seminiferous tubules in mice expressing testis-specific
transgenic OVA as a surrogate MGCA. (A-E) Comparison between OVA-Hi and
OVA-Lo mice for (A) adult tissue-specific OVA expression by RT-PCR, (B) OVA
staining intensity and localization in testicular elongated spermatids by IP staining,
counterstained with Periodic acid-Schiff stain (top) and hematoxylin (bottom, x400), and
(C) ontogeny of testis OVA expression in the testes of 20 d old, 25 d old, 35 d old and
adult mice by RT-PCR. (D) Representative electron microscopy image of the tight
junctions of the basal BTB (arrows) in an OVA-Hi mouse testis (x10,000). (E) BTB
integrity determined by FITC (green) exclusion from the seminiferous tubules (SFT) of
an OVA-Hi mouse testis (left; occludin, red) compared to a positive control testis of a
mouse with EAO (right). (F) After i.p. injection with rabbit Ab to OVA, immune
complex deposition was detected as rabbit IgG puncta (green) outside the BTB (occludin,
red) in the testes of OVA-Hi mice (x400). (G) The rabbit IgG immune complexes (red)
are co-localized with MHC class II+ macrophages (green, arrow) in the testicular
interstitial space (I/T) (x400). (H) Activation and (I) proliferation of CFSE-labeled
pOVA-specific DO11.10 cells in the TDLN but not the NDLN of mice injected with
rabbit anti-OVA Ab. (J-M) Comparison of the responses of OVA-Hi, OVA-Lo and
BALB/c mice after immunization with OVA in CFA and pertussis toxin: (J) serum Ab to
OVA, (K) OVA-specific T cell proliferation, and (L) IFN-γ production by T cells. (M)
EAO histology in the immunized OVA-Hi mice (left) and OVA-Lo mice (right) (H&E,
x400). Data are representative of 2-3 independent experiments. n.s.=not significant,
*p<0.05, **p<0.01, ***p<0.001; Kruskal-Wallis tests with Dunns post-tests.
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after i.p. injection of rabbit anti-OVA Ab (n=13, Figure 3.3F) but not control rabbit IgG
(n=7, data not shown). These immune complexes were also located outside the BTB. In
contrast, we detected only trace immune complexes in <5% of seminiferous tubules 4 of
5 in OVA-Lo mice injected with rabbit anti-OVA Ab (data not shown).
In the OVA-Hi mice, immune complexes were also identified inside the testis
interstitial MHC class II+ and F4/80+ macrophages (Figure 3.3G and data not shown;
experiments performed by H.Q.). To detect OVA Ag in these immune complexes, we
investigated whether processed OVA peptides are presented to the regional LN T cells.
OVA-Hi male mice were infused with CFSE-labeled CD4+ T cells from male DO11.10
donors. After 3 d, the mice were injected with rabbit Ab to OVA and LN were analyzed
for evidence of OVA-specific CD4+ T cell responses ay 7 d. In OVA-Hi mice, we
detected proliferation and activation exclusively in KJ126+ OVA-specific T cells in the
testis-draining LN (TDLN) (Figure 3.3H, I). In contrast, we did not detect OVA-specific
T cell responses in the OVA-Lo mice (Figure 3.3 H, I). Thus, OVA Ag is present in the
testicular immune complexes of OVA-Hi mice injected with OVA Ab.
OVA expression levels also determine tolerance induction in OVA transgenic mice.
We investigated whether the egress of OVA can induce tolerance by comparing
the responses of OVA-Hi, OVA-Lo, and BALB/c mice after immunization with OVA in
adjuvant. The OVA-Hi mice did not mount detectable OVA-specific Ab or T cell
responses (Figure3.3J-L), and their testes retained normal histology (Figure 3.3M, Left;
experiments performed by A.P. and P.P). The OVA-Lo mice developed OVA-specific
Ab at levels comparable to WT BALB/c mice (Figure 3.3J), strong Th1 responses to
OVA (Figure 3.3K, L; experiments performed by A.P. and P.P), and severe EAO (Figure

87
3.3M, Right). Notably, they responded equally to the protein derivative of
Mycobacterium tuberculosis present in the CFA (data not shown). When immunized with
WT testis homogenate in adjuvant, both OVA-Hi and OVA-Lo mice developed EAO
with severity comparable to BALB/c mice (data not shown). Therefore, the tolerance
state of OVA-Hi mice is OVA-specific and capable of preventing T cell responses and
EAO. In contrast, OVA-Lo mice are not tolerant to OVA. However, because they
developed severe EAO, we expect that sufficient OVA egresses from their seminiferous
tubules to re-stimulate OVA-specific Teff cells during EAO induction. Therefore, the
expression levels of OVA behind the BTB can differentially influence systemic tolerance.
CD4+CD25+ Foxp3+ Treg cells control peripheral tolerance to NS-MGCA.
Significant Teff cell deletion and Treg cell expansion in the thymus have been
reported in autoimmune disease models with transgenic foreign proteins as surrogate
tissue-specific Ag (280–282). In contrast, these were not observed in OVA-Hi x DO11.10
F1 mice that co-express OVA in elongated spermatids and transgenic pOVA-specific
TCR. Their frequencies and numbers of KJ126+ CD4+ T cells and KJ126+ CD4+
Foxp3+ Treg cells in the thymi, spleens and LN were comparable to DO11.10 mice
(Table 3.1 B; experiment performed by C.R.) Thus, tolerance to OVA in OVA-Hi mice
was not due to OVA-specific T cell deletion or abnormal tTreg cell production.
To investigate Treg cells as a mechanism of peripheral tolerance to LDH3, we
treated male WT BALB/c mice immunized with testis homogenate with anti-CD25 mAb.
It significantly enhanced LDH3 Ab responses compared to untreated male mice (Figure
3.4A), but did not affect Zan Ab responses (Figure 3.4B). In OVA-Hi mice immunized
with OVA, anti-CD25 mAb treatment also resulted in robust OVA Ab responses (Figure
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Table 3.1: Percentages and Numbers of OVA-specific thymocyte and peripheral T
cell subsets between (OVA-Hi x DO11.10) F1 mice (n=5) and DO11.10 mice (n=7).
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3.4C). Moreover, 70% of the mice developed mild to moderate EAO (Figure 3.4D, E). In
contrast, anti-CD25 mAb treatment in OVA-Lo mice immunized with OVA did not alter
the severity or incidence of EAO (Figure 3.4D; experiments performed by H.Q.) or OVA
Ab responses (data not shown). Therefore, Treg cells are critical for controlling the
hyporesponsive states of WT mice to LDH3 and of OVA-Hi mice to OVA.
Transient Treg cell depletion causes spontaneous autoimmune orchitis and Foxp3+
Treg cells control physiological tolerance to NS-MGCA.
To accrue additional evidence for Treg cell involvement in physiological
tolerance to MGCA, we conducted experiments independent of testis Ag immunization in
B6AF1-DEREG mice, which resulted in the production of serum autoAb against
testicular cell Ag beginning at 3 wk (Figure 3.5A) and present in 72% of the mice at 8 wk
(Figure 5B). Significantly, the autoAb reacted only with the tolerogenic non-sequestered
LDH3 (Figure 3.5C) but not with the sequestered Zan (Figure 3.5D). This contrasts with
the findings in vasectomized mice with anti-CD25 mAb treatment. We did not detect
LDH3 autoAb (Figure 3.5E; experiment performed with assistance from K.W. and H.Q.)
in the sera that previously tested positively for Zan autoAb (16). DT treatment of
C57BL/6-DEREG did not lead to testicular cell autoAb production (data not shown).
In addition to autoAb responses, severe EAO was detected in 40% of the Treg
cell-depleted DEREG mice at 8 wk (Figure 3.5F). EAO was characterized by disruption
of spermatogenesis (Figure 3.5F, G), reduction in epididymal sperm (Figure 3.5F, G),
focal inflammation (Figure 3.5G), significant reduction in testicular weight (Figure
3.6A), and tubular atrophy with macrophage infiltration outside and occasionally inside
seminiferous tubules (Figures 3.5G and 3.6B). A greater fraction and number of the
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Figure 3.5: Treg cell-depleted B6AF1-DEREG mice with spontaneous autoimmune
orchitis produce Ab to LDH3 but not Zan. (A) Kinetics of testicular cell autoAb

92
responses (n=3 to n=43 per timepoint) and (B) incidences and levels of testicular cell
autoAb at 8 wk between Treg cell-depleted DEREG mice (n=106) and control mice
(n=22) with diphtheria toxin (DT) treatment. Serum Ab to (C) rLDH3 (n=5 to n=10 per
group) and (D) Zan D3p18 (n=5 to n=10 per group) in control and Treg cell-depleted
DEREG mice at 8 wk. (E) Ab to rLDH3 in unilaterally vasectomized (UniVx) mice
treated with control rIgG (n=4) or anti-CD25 mAb (PC61, n=8) at 8 wk. Incidences and
severity of (F) seminiferous tubules with abnormal spermatogenesis and epididymi with
sperm loss, and (G) histopathology of testis (x400) and epididymis (x200), between
control mice and Treg cell-depleted DEREG mice at 8 wk (H&E). Data are pooled from
6-12 independent experiments. n.s.= not significant, *p<0.05, **p<0.01, ***p<0.001;
Kruskal-Wallis tests with Dunns post-tests (C, D); Mann-Whitney U tests (A, B, E).
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macrophages isolated from the testes exhibited a proinflammatory EAO-associated M1like phenotype as distinct from the M2-like phenotype of normal testis-resident
macrophages (43, 283–286) (Figure 3.6C; experiment performed with assistance from
C.R.). The mice with epididymi devoid of sperm are expected to be infertile.
Although only 40% of the Treg cell-depleted DEREG mice exhibited testis
histolopathology, 72% developed massive immune complex deposition and loss of BTB
integrity (n=44). Diffusely distributed immune complexes were detected at the
seminiferous tubules boundaries (Figure 3.6D). Most immune complexes contained IgG1
without IgG2 or C3, and were located both external and internal to the defective BTB
(Figure 3.6D and data not shown; experiments performed with assistance from R.S). The
loss of BTB integrity was documented by the detection of subcapsularly-injected biotin
inside the seminiferous tubule lumen (Figure 3.6E) and by the global increase in BTB
protein expression (Figure 3.6F), indicative of the Sertoli cells’ attempt to restore tight
junction integrity (287). Nectin-3 that anchors elongated spermatids to the Sertoli cells
was reduced (Figure 3.6F), consistent with the loss of elongated spermatids. Moreover,
i.v. injected rabbit LDH3 Ab formed rabbit IgG-positive immune complexes that comingled with the endogenous mouse IgG1-positive immune complexes inside the
seminiferous tubules (Figure 3.6G arrow; experiment performed with assistance from
R.S.). The results indicate that Treg cells maintain physiological tolerance to the NSMGCA that egress from the seminiferous tubules but not to the S-MGCA.
Residual bodies export NS-MGCA but not S-MGCA.
We next investigated how NS-MGCA egress from normal seminiferous tubules
and whether it occurs at unique stages of the spermatogenic cycle. The 12 stages of
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Figure 3.6: Treg cell-depleted DEREG mice with EAO exhibit testicular infiltration
with M1-like macrophages, immune complex deposition, and loss of BTB integrity.
(A) Testis weight in control and DEREG mice at 8 wk after DT treatment. (B) An
increase in interstitial F4/80+ macrophages (red) associated with smaller seminiferous
tubule diameter with reduction in seminiferous tubular diameter and acrosome-bearing
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spermatids (Zan, green) was detected in DEREG mice with EAO at 8 wk (right, x150,
arrow indicates macrophages inside seminiferous tubule) compared to control mice (left,
x150). (C, left) Representative flow cytometry contour plots for M1-like (top) and M2like (bottom) macrophages in control (left) and Treg-depleted DEREG mice (right). (C,
right). Quantification of the ratio of the absolute numbers of M1:M2-like macrophages in
the testes of control and Treg cell-depleted DEREG mice (each symbol represents a pool
of two testes from one mouse). (D) Mouse IgG Immune complexes (green) costained
with occludin (red), are located outside and inside the seminiferous tubules in the
DEREG mouse testes with EAO at 8 wk (x300). (E) Biotin (red) exclusion assay in the
testes of control mice (top) and Treg cell-depleted DEREG mice (bottom). (F) Western
blot analysis of extractable tight junction proteins of the BTB from the testes of control
and Treg cell-depleted DEREG mice (representative of n=4 per group). (G) IF staining of
murine IgG (green) and rabbit IgG (red) in the testis of a DEREG mouse with EAO, 19 h
after i.p. injection with rabbit Ab to LDH3. Arrow indicates rabbit IgG immune
complexes (red) admixed with mouse immune complexes (green) inside the seminiferous
tubule (x800, dotted line = seminiferous tubule boundary). Data are from 2-12
independent experiments. *p<0.05, ***p<0.001; Mann-Whitney U test (A, C).
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murine spermatogenesis are defined by unique cellular compositions and developmental
events (Figure 3.1A) (277). Thus, by defining the age of onset of immune complex
deposition, we could identify the stage when MGCA egress occurs. LDH3 Ab injection at
5, but not at 3, 4, or 4.5 wk after birth, resulted in immune complex deposition (Figure
3.2B and data not shown; n=4 per group). This is discordant with LDH3 expression that
initiates at 12 d postnatal (245), but it is consistent with the timing of spermiation (288).
Prior to sperm release, the redundant cytoplasm and plasma membrane of
elongated spermatids are packaged into a large cytoplast retained in the seminiferous
tubule epithelium, called the residual body, and a small cytoplast attached to sperm,
called the cytoplasmic droplet (Figure 3.1C). Although most residual bodies are likely
engulfed and degraded by Sertoli cells (289–295), a few putative residual bodies of
unknown fate and unknown MGCA content are detected at Stage IX (296). To determine
whether these stage IX residual bodies participated in NS-MGCA egress, we investigated
whether they contained antigenic MGCA and could evade degradation by Sertoli cells.
By immunoperoxidase (IP) and IF microscopy, we readily detected OVA in the
residual bodies in 20% of seminiferous tubule cross sections (39 of 194 seminiferous
tubules in 3 experiments) of untreated adult OVA-Hi mouse testes. These were round and
irregular structures of <1 to 3 microns in diameter (Figure 3.7A, D-F). By staging
spermatogenesis based on the location and rhomboid shape of the round spermatid nuclei,
OVA+ residual bodies were preferentially detected at stage IX (n=35, Figure 73.B). In
several longitudinal sections of seminiferous tubules that span both stage VIII and IX
(Figure 3.7A), OVA+ residual bodies were attached to the apical sperm at stage VIII.
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After sperm release, numerous OVA+ residual bodies of variable sizes were randomly
distributed throughout the seminiferous tubules at stage IX (Figure 3.7A, arrows).
The identity of the OVA+ structures as residual bodies was confirmed by their colocalization with the testicular isoform of angiotensin converting enzyme (tACE), a
membrane molecule expressed in the elongated spermatids (297). tACE formed a ring
around OVA in the residual bodies (Figure 3.7C), indicating that the MGCA in residual
bodies at stage IX are derived from both the cell membrane and the cytoplasm of
elongated spermatids. In contrast, the residual bodies of OVA-Lo mice stained positively
for tACE without detectable OVA (data not shown). To investigate how residual bodies
avoid degradation by Sertoli cells, we studied OVA-Hi x GFP-Scx F1 mice that express
GFP in the Sertoli cell cytoplasm (298). At stage IX, residual body internalization into
the Sertoli cells as yellow plexiform areas where the red OVA staining is co-localized
with Sertoli cell cytoplasmic GFP (Figure 3.7D, white square). In contrast, numerous
discrete round OVA+ residual bodies did not co-localize with GFP and were readily
detected throughout the seminiferous tubules (Figure 3.7D). Therefore, many residual
bodies at stage IX are excluded from the Sertoli cell cytoplasm as they migrate from the
apex toward the base of the seminiferous tubules (Figure 3.7A, D yellow rectangle).
We also detected diffuse OVA staining confined to the basal cytoplasm of Sertoli
cells in 12% of the seminiferous tubules at stage IX (n=286 among 3 experiments), often
surrounding the cell nuclei (Figure 3.7E, arrow) but occasionally appearing as speckles
inside the GFP+ Sertoli cell cytoplasm (Figure 3.7F, arrows). Moreover, in the interstitial
spaces adjacent to Sertoli cells, we occasionally detected speckles of immunoreactive
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Figure 3.7: Localization of stage-specific OVA in the residual bodies of OVA-Hi
mice. (A) IP staining of OVA in a longitudinal seminiferous tubule of an OVA-Hi mouse
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testis. Note OVA+ residual bodies are associated with testis sperm at stage VIII (arrow)
and are randomly distributed from the apical to the basal seminiferous tubules at stage IX
(arrows, x100). (B) The percent of seminiferous tubules with OVA+ residual bodies, and
the relative amount of OVA+ residual bodies were determined at different stages of
spermatogenesis and showed significant increases in stage IX over all other stages (* to
***). (C) Confocal IF microscopy image of stage IX seminiferous tubules in an OVA-Hi
mouse testis section depicts tACE (red) on the residual body membrane containing OVA
(green, x400). (D) In (OVA-Hi x GFP-Scx) F1 mice, many OVA+ residual bodies (red)
in seminiferous tubules are detected outside the Sertoli cell cytoplasm (green, GFP),
including some very small residual bodies at the base of the seminiferous tubules (yellow
rectangle). In addition, OVA is co-localized with the Sertoli cell cytoplasm (yellow
staining) with a plexiform distribution (white square, x400). (E) IP studies on OVA-Hi
mouse testes at stage IX depicts diffuse OVA staining in the basal cytoplasm of the
Sertoli cells (arrow, x400). (F) Confocal immunofluroescence of (OVA-Hi x GFP-Scx)
F1 testis at stage IX, showing yellow punctate granules (arrows) of OVA (red) that colocalize with the basal Sertoli cell cytoplasm (green) (x400). (G) IP detection of OVA+
speckles (arrows) outside the seminiferous tubules, in the adjacent testis interstitial space
(arrows) at stage VIII (left) and stage IX (right, x800). All images are representative of 34 experiments. Dotted white lines denote the boundary of seminiferous tubules. *p<0.05,
**p<0.01, ***p<0.001; Mann-Whitney U test (B).
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OVA (Figure 3.7G, arrows). Therefore, OVA in residual bodies appeared to enter the
basal Sertoli cell cytoplasm before exiting the seminiferous tubules.
Detection of NS-MGCA in residual bodies is not unique to transgenic OVA, as
residual bodies contained LDH3 but not Zan in WT testes (Figure 3.8A). We confirmed
this by IF (Figure 3.8B-E). In OVA-Hi mouse testes, OVA+ residual bodies at stage IX
also contained LDH3 (Figure 3.8B) but not Zan (Figure 3.8C). In WT mice, using tACE
as marker, we detected LDH3 (Figure 3.8D) but not Zan (Figure 8E) in residual bodies.
To summarize: 1) the stage IX residual bodies of WT mice contained antigenic
MGCA derived from the cell membrane and cytoplasm of elongated spermatids; 2)
residual bodies contained tolerogenic NS-MGCA (LDH3) in WT mice and OVA in
OVA-Hi mice; 3) residual bodies excluded non-tolerogenic S-MGCA (Zan) and had no
detectable OVA in OVA-Lo mice; 4) at stage IX, many intact residual bodies migrated
from the apical to the basal region of seminiferous epithelium between the Sertoli cells;
5) antigenic NS-MGCA were detected in the basal cytoplasm of Sertoli cells at stage IX
and occasionally in the adjacent interstitial space. We conclude that NS-MGCA normally
egress from the seminiferous tubules as cargo in the residual bodies at spermiation.
Development of an assay to discriminate between polyclonal Ab to NS-MGCA and
S-MGCA.
To investigate the clinical relevance of differential egress of MGCA, we devised
an assay to distinguish polyclonal Ab that target NS-MGCA from those that target SMGCA. We predicted that some NS-MGCA and some S-MGCA are uniquely expressed
in specific regions of the sperm. Specifically, the sperm acrosome should express only SMGCA, because the acrosomes of the elongated spermatids do not contribute to residual
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Figure 3.8: Detection of LDH3 and Zan in residual bodies of OVA-Hi and WT
testes. (A) IP detection of LDH3 (left, arrows) but not Zan (right, arrows) in the residual
bodies in WT testes at stage IX (x400, hematoxylin). In OVA-Hi mice, (B) OVA (green)
is co-localized with LDH3 (red) but not with (C) Zan (red) in residual bodies at stage IX
(x400). In WT testes, tACE (green) is co-localized with (D) LDH3 (red), but not (E) Zan
(red) in stage IX residual bodies (x400). All images are representative of 3-4 independent
experiments. Dotted white lines denote the seminiferous tubule boundaries.
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body formation (Figure 3.1C). Also, because the cytoplasmic droplets and the residual
bodies have a common origin (299), the sperm-associated cytoplasmic droplets should
contain only NS-MGCA (Figure 3.1C). Indeed, LDH3 was detected in the cytoplasmic
droplets (Figure 3.9A), but not in the acrosomes, of mouse epididymal sperm; Zan was
detected in sperm acrosomes (Figure 3.9B) but not in cytoplasmic droplets. Similar
findings were obtained for human MGCA, with LDHC localized to cytoplasmic droplets
but not acrosomes of sperm (Figure 3.9C), and Zan localized to acrosomal membranes of
the round spermatids on testis sections (Figure 3.9D). These results are supported by the
proteomic data of mouse cytoplasmic droplets, which contains LDH3 but not Zan (300),
and the proteomic data of mouse sperm, which contains both Zan and LDH3 (301).
Polyclonal autoAb in DEREG mice target NS-MGCA, whereas polyclonal autoAb in
vasectomized mice target S-MGCA.
Next, we used the site-specific sperm indirect IF assay to compare the polyclonal
Ab responses between DEREG mice with EAO and vasectomized mice with anti-CD25
mAb treatment. We studied their binding to sperm on frozen sections of mouse caput
epididymis (Figure 3.9E, top panels) and on epididymal sperm smears (Figure 3.9E,
bottom panels). Remarkably, the polyclonal serum Ab from DEREG mice with EAO
reacted with cytoplasmic droplets but sperm acrosomes (Figure 3.9E, Left; Figure 3.9F).
In contrast, the polyclonal serum autoAb from most vasectomized mice reacted with
sperm acrosomes but not cytoplasmic droplets (Figure 3.9E, Right; Figure 3.9F).
Therefore, Treg cell depletion preferentially induces autoAb to NS-MGCA, whereas Vx
preferentially elicits autoAb to S-MGCA. Importantly, the results also indicate that the
sequestration status of MGCA can be generalized beyond the MGCA included in our
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Figure 3.9: Polyclonal autoAb of Treg cell-depleted DEREG mice react with NSMGCA, and polyclonal autoAb of anti-CD25 mAb-treated vasectomized mice react
with S-MGCA. IF staining of (A) LDH3 in the cytoplasmic droplets and tail (red,
arrows) and (B) Zan in the acrosome (red, arrows) of WT mouse epididymal sperm (blue,
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DAPI; x800). IP staining of (C) LDHC in the cytoplasmic droplets of sperm in a human
caput epididymis section (arrows, x800), and (D) Zan in the acrosomal membrane of
round spermatids in a human testis section (arrows, x800). (E) IF localization of sperm
Ag that react with polyclonal serum autoAb from Treg cell-depleted B6AF1-DEREG
mice (left), and PC61-treated vasectomized B6AF1 mice (right). Note that the Ab from
DEREG mice reacted with the sperm cytoplasmic droplets on caput epididymal sections
(top left, x800) and caput epididymal sperm smears (bottom left, x1600), whereas the Ab
from unilaterally vasectomized (Vx) and PC61-treated mice reacted with the sperm
acrosome on caput epididymis sections (top right, x400) and epididymal sperm smears
(bottom right, arrow, x1600). (F) Comparison of the polyclonal Ab incidence and relative
IF staining intensity between DEREG mice with DT treatment and unilaterally
vasectomized mice with PC61 treatment, for their binding to the cytoplasmic droplet
(left) versus the acrosome (right) detected on WT mouse caput epididymis sections as
illustrated in (E, upper panels). Representative images are from 5-8 independent
experiments per group. ***p<0.001; Kruskal-Wallis tests with Dunns post-tests.
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study, and suggest that site-specific sperm autoAb detection could be used as a diagnostic
approach in clinical testis autoimmune diseases associated with different mechanisms.
Contrary to the cytoplasmic droplet and acrosome autoAb, the autoAb that react
with the internal and surface Ag of testicular cells did not discriminate NS-MGCA from
S-MGCA, as determined by an IF study on testis sections and by flow cytometry (Figure
3.10A, B; experiment performed with assistance from H.D.). Ab to the sperm tail is also
not indicative of S-MGCA, because the NS-MGCA LDH3 normally exists in the
epididymal sperm tails (Figure 3.9A) (302).
NS-MGCA and S-MGCA are expressed as CTA in human epithelial tumors.
Finally, to investigate whether human CTA are represented by both S-MGCA and
NS-MGCA, we studied LDHC and Zan expression in 21 types of human tumors on an
epithelial tumor microarray (Figure 3.11A, B; experiments performed by P.P). Strong
LDHC reactivity was found in 8% and weaker staining in 12% of all epithelial tumors
(n=158). On the same tumor panels, strong Zan staining was found in 4% and weaker
staining in 29% of epithelial tumors (n=146). Among the 18 tumors with strong
immunoreactivity, 28% expressed LDHC alone, 28% expressed Zan alone, and 44%
expressed both. The results indicate that both LDHC and Zan can be expressed as CTA in
human epithelial cancers and that CTA in malignant human tumors can exist as either
tolerogenic NS-MGCA or as non-tolerogenic S-MGCA in human and mouse testes.

Discussion
In this paper, we present evidence that for some murine MGCA located behind
the BTB, systemic tolerance is induced that requires Foxp3+ Treg cells. The new
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Figure 3.10: Detection of autoAb to testicular cells by IF staining on frozen sections
and by flow cytometry does not discriminate NS-MGCA from S-MGCA. (A) IF
staining of serum from Treg cell-depleted DEREG mice and PC61-treated vasectomized
mice on PLP-fixed sections of WT testis. (B) Flow cytometry analysis of the MFI of
IgG1 autoAb in sera of DEREG and vasectomized mice to surface Ag of total isolated
WT testis cells. Each symbol represents an individual mouse. n.s.=not significant,
*p<0.05; Kruskal-Wallis test with Dunns post-test.
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Figure 3.11: LDHC and Zan are detected as CTA in human epithelial tumors. (A) IP
detection of LDHC (left) and Zan (right) in a human epithelial tumor array by rabbit Ab
to mouse LDH3 and rabbit Ab to pig Zan, respectively. (B) Representative images of
tumors with positive staining (left panels, LDHC in breast ductal carcinoma, Zan in head
and neck squamous cell carcinoma, x100), and negative staining (center panels, LDHC in
lung squamous cell carcinoma, Zan in breast ductal carcinoma, x100). Right panels
depict Ab staining of normal human uterus (top, x100) and kidney (bottom, x100).
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paradigm of selective MGCA sequestration and tolerance (Figure 3.12) is a clear
departure from the current dogma of complete MGCA sequestration (Figures 3.1C). We
provide the first experimental evidence for the lack of sequestration of NS-MGCA, which
are detected in the residual bodies that egress from the seminiferous tubules into the testis
interstitial space. S-MGCA are neither detectable in the residual bodies nor tolerogenic.
Thus, we have identified a previously unappreciated physiological pathway of Ag and
molecular transport from inside the seminiferous tubules to the testis interstitial space and
an additional function of the testis immune privileged environment. Although many of
our studies relied on transgenic OVA as a surrogate MGCA, essentially all of our results
were confirmed in WT mice. The conclusions of this study, based on LDH3, Zan, and
transgenic OVA, can be generalized to the NS-MGCA located in the sperm cytoplasmic
droplet and the S-MGCA located in the sperm acrosomes. These sperm regions are
uniquely recognized by the polyclonal Ab from mice with spontaneous EAO after Treg
cell depletion and those with post-Vx EAO, respectively. Finally, our results suggest that
spontaneous or vaccine-induced immunity to tumor Ag in male patients may potentially
be influenced by the differential tolerogenic properties of MGCA located behind the
BTB, and this is pre-determined by their sequestration status in the normal testes.
Our findings provide insight on the mechanism of EAO pathogenesis and
contribute to understanding human autoimmune infertility. For example, in mice
immunized with testis Ag in adjuvant, MGCA in testicular immune complexes can
provide an immunogenic signal to reactivate effector memory T cells. By acting locally
in collaboration with Teff cells, the immune complexes could focus the ongoing testicular
inflammation to the boundary of seminiferous tubules, where they disrupt the BTB. This
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is consistent with the findings that 1) peritubular immune complex deposition is a
characteristic feature of many experimental and human testicular autoimmune diseases
(14, 16, 17, 303–306), 2) Ab can enhance adoptive transfer of post-Vx EAO (16), 3)
discrete clusters of T cells and macrophages adjacent to the BTB are detectable in human
and experimental EAO (1, 307, 308) and if these macrophages become invasive, they
can disrupt spermatogenesis (307, 309, 310), and 4) OVA Ab can induce or accelerate
EAO in (DO11.10 x OVA-Hi) F1 WT or Rag2-/- mice, respectively (A.P and K.S.T.
manuscript in preparation). The collaboration between Ab and Teff cells is welldocumented in other autoimmune disease models (200, 311).
It is generally appreciated that Treg cells are critical for preventing autoimmunity
and modulating immune responses to self and foreign Ag (146, 312, 313). The
maintenance of functional Treg cells in the LN requires continuous TCR signaling (314)
and continuous autoAg recognition (315). Each LN is enriched in tissue Ag-specific
Treg cells (30, 120, 235) that express unique TCR clonotypes (316). As a result,
autoimmune disease in each organ was preferentially suppressed by the Treg cells
obtained from its draining LN (30, 235). The 15-50-fold enrichment of LN-specific Treg
cell function requires continuous Ag expression (235). It is notable that the Treg celldependent tolerance state applies to prostate Ag with late ontogeny, and in the present
context also to LDH3 and the elongated spermatid-specific OVA. Therefore, our data
also negate the prevailing argument that systemic tolerance to MGCA would not be
compatible with the late ontogeny of their development in spermatogenesis.
In the present study, we first investigated Treg cells as a mechanism of tolerance
to MGCA by depleting Treg cells with anti-CD25 mAb. This abrogated tolerance to
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Figure 3.12: Model of revised concepts of selective MGCA sequestration supported
by our key findings. The NS-MGCA arise from elongated spermatids and are located in
the residual bodies, which are not entirely degraded by the Sertoli cells. Rather, they
retain antigenicity, enter the basal Sertoli cell cytoplasm, egress from the seminiferous
tubule into the interstitial space, and are taken up by testicular macrophages, where they
drain to the regional LN through the afferent lymphatic vessel and promote Tregdependent tolerance. Those MGCA located in the sperm acrosome (and cytoplasmic
droplet) on the sperm are sequestered in the seminiferous tubule (SFT) lumen.
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LDH3 documented in WT male mice immunized with testis Ag and also terminated
tolerance to OVA in OVA-Hi mice. Although the findings support the involvement of
Treg cells in tolerance to NS-MGCA, they do not sufficiently support the involvement of
Treg cells in physiological tolerance to MGCA, because the anti-CD25 mAb might have
depleted pTreg cells induced by testis Ag immunization rather than tTreg cells.
More direct evidence for a role for Treg cells in physiological tolerance has been
provided by recent finding of severe AIG and autoAb responses in Foxp3DTR or DEREG
mice after transient Treg cell depletion (149, 317). We discovered that spontaneous EAO
develops in B6AF1-DEREG mice after transient Treg cell depletion. The most pertinent
finding of our study is that autoAb produced by Treg cell-depleted DEREG mice targeted
LDH3, but not Zan. This strongly supports our conclusion that Treg cell-dependent
physiological tolerance is applicable to NS-MGCA, but not S-MGCA. Interestingly, the
results are contrary to the responses observed in uni-Vx mice treated with anti-CD25
mAb, which tested positively for Zan but not LDH3 autoAb (16).
We also showed that both tolerogenic NS-MGCA and non-tolerogenic S-MGCA
are expressed as CTA in human cancers. This raises the intriguing possibility that the
differential tolerogenic properties of MGCA, located behind the BTB and pre-determined
by their sequestration status, could influence spontaneous or vaccine-induced immunity
to tumor Ag in males. In addition, Treg cell depletion may enhance responses to vaccines
targeting NS-MGCA located outside the BTB (including MAGE-A or NY-ESO-1) (270).
Our study also provided information pertinent to immunogen selection in
autoimmune diseases induced by different mechanisms. OVA-Lo mice that exhibited
minimal OVA egress are not tolerant to OVA and they responded strongly to OVA with
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both pathogenic Th1 and Ab responses. Because EAO induction requires re-activation of
T cells by cognate peptide, we reason that OVA must also egress from seminiferous
tubules of the OVA-Lo mice, but at a low level. This finding complements previous
findings in EAE induced by myelin basic protein, in which the optimal encephalitogenic
Ag were cryptic epitopes expressed at a level too low to maintain tolerance but sufficient
to activate effector/memory T cells (318). Although cryptic determinants may apply to
clinical autoimmune diseases triggered by molecular mimicry in the context of tissue
inflammation (319), they do not explain the mechanism in spontaneous EAO due to
defective physiological tolerance normally maintained by the highly accessible NSMGCA. This also does not apply to the S-MGCA that are targeted in EAO after Vx (16).
Tolerance to S-MGCA in uni-Vx mice is analogous to the rapid induction of oral
tolerance to food (320) and the induction of pTreg cells that modulate responses to
microbes (78). Notably the testicular histopathologic findings in DEREG mice are also
quite different from the testicular pathology in mice and rats immunized with testis
homogenate in adjuvant, which exhibit severe global inflammation (18, 305) that better
resembles human granulomatous orchitis (321). Taken together, we posit that Treg cells
are critical for maintaining tolerance to MGCA; they dynamically control testis
autoimmunity in a context-dependent manner.
Thus, our findings in Treg cell-depleted mice have two major implications. First,
they suggest that MGCA may be differentially targeted by autoimmune responses elicited
by spontaneous infertility due to Treg cell deficiency versus Ag exposure in Vx – a
hypothesis of clinical significance that requires future investigation. Second, they have
the potential to impact research on tumor immunity. Based on our findings, suggesting
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that not all CTA are equally immunogenic, we posit that the differential tolerogenic
properties of MGCA located behind the BTB, pre-determined by their sequestration
status in the normal testes, would influence the spontaneous or vaccine-induced immunity
to CTA in tumors of male patients. This is further discussed in Chapter 5.
In defining the pathway of NS-MGCA egress, we also uncovered an unanticipated
function for residual bodies during normal spermiation. Contrary to previous suggestions
(289, 290, 296), some residual bodies were excluded from Sertoli cells as they moved
from the apical to the basal region of the seminiferous epithelium. Moreover, those not
degraded by Sertoli cells were detected at stage IX and contain NS-MGCA but not SMGCA. These findings indicate the residual bodies are a source of NS-MGCA that
egress from the seminiferous tubules. Although the precise cellular and molecular
mechanisms for MGCA egress are not clarified in our study, our findings suggest NSMGCA exit the seminiferous tubules as vesicles from the basal Sertoli cell cytoplasm.
We have therefore identified an unexpected physiological process of selective
molecular exportation from inside of the seminiferous tubules to the testis interstitial
space. In addition to their capacity to export NS-MGCA and maintain systemic tolerance,
residual bodies also participate in trans-epithelial transport and recycling of molecules in
the seminiferous tubular epithelium. Although their egress from the seminiferous tubules
has not been documented, iron and transport molecules are transferred from mature germ
cells for utilization by the less mature meiotic germ cells located at the basal seminiferous
tubule (322). In remodeling of the basal tight junctions, molecules are recycled from the
apical junctions of the BTB, in a process dependent on the endocytic uptake of apical
junction components into the ectoplasmic specialization of Sertoli cells (287, 323, 324).
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Finally, the egress of residual body contents may also contribute to local testis immune
privilege, because they contain the lectin protein galectin-1 (325) that can mediate
activation-induced T cell apoptosis (326) and inhibit autoimmune arthritis (327).
The local testicular environment prolongs allograft survival (328, 329), and this is
due to the induction of Treg cell-dependent systemic CD8+ T cell tolerance (329). We
expect similar mechanisms to facilitate the induction and maintenance of physiological
systemic tolerance to the NS-MGCA. The process will likely involve the
immunoregulatory M2-like macrophages (330), as well as other cell types within the
immune privileged interstitial space. For example, when implanted outside the testes,
Sertoli cells induce Treg cell expansion in a TGF-β1-deependent manner and prevent or
reverse diabetes (331–335). Sertoli cell conversion of T cells to Treg cells depends on
TGF-β1 (335) or testosterone produced by Leydig cells (240, 336). In addition, synthesis
of Vitamin A, (337) which controls normal spermatogenesis, (338) also regulates local
immune responses (339, 340). Finally, the lymphatic vessels located in testicular capsule
(341, 342) may allow immunoregulatory molecules produced in the interstitium to reach
the TDLN and influence cellular responses, thereby promoting tolerogenic presentation
of NS-MGCA to Treg cells in the steady state.
In conclusion, the findings of selective MGCA sequestration associated with the
existence of NS-MGCA and the critical role for Treg cells in maintaining systemic
tolerance to NS-MGCA, have shifted the existing paradigm, established new mechanisms
for immunological tolerance and autoimmunity to MGCA, and may impact CTA
responses. Our results should stimulate new strategies for future research on immune
privilege, testicular physiology, male infertility, vasectomy, and cancer immunity.	
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Materials and Methods
Mice and genotyping. B6AF1 mice were purchased from the National Cancer Institute.
A/J, C57BL/6, SJL, and BALB/cByJ mice were purchased from Jackson Laboratory.
OVA peptide-specific TCR transgenic DO11.10 mice were donated by Marcia McDuffie
(UVA). C57BL/6-DEREG mice were crossed with A/J mice to make B6AF1-DEREG
mice. Ldh3 null mice were provided by Dr. Erwin Goldberg (276). Spermatid-specific
OVA transgenic OVA-Hi and OVA-Lo lines, made in our laboratory by W.S., are
described below. C57BL/6 GFP-Scx mice, reporting GFP under the Scleraxis promoter,
were provided by Ronen Schweitzer (Oregon Health Center), and the GFP-Scx genotype
was bred into OVA-Hi mice. DEREG mice and Scx-GFP mice were genotyped using tail
DNA with published primers (122, 343). Tail DNA from OVA transgenic mice were
subjected to PCR amplification using OVA primers, forward 5’ AGGCCTTGAGCAGCT
TGAGAGTAT and reverse 5’ TGAGGAGATGCCAGACAGATT.
Unilateral Vasectomy. Uni-Vx was performed by surgical occlusion and bisection of the
left vas deferens of B6AF1 mice under general anesthesia.
Production of OVA transgenic mice. To construct OVA transgenic mice, cDNA encoding
the full-length OVA protein was PCR amplified from the pAcNEO-OVA plasmid (344)
using forward and reverse primers OVAFW and OVARV, incorporating BamHI
restriction sites on both the 5' and 3' ends of the amplified OVA cDNA sequence. The
BamHI-OVA PCR product was cloned into the pCR2-1 plasmid (Invitrogen) and subcloned into the BamHI site of the pPrCEXV-1 protamine expression vector (from Dr.
Robert E. Braun, University of Washington), bringing the OVA cDNA coding sequence
under the control of the mouse Protamine-1 (MP1) 5’ promoter sequences. The fidelity of
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the pPrmOVA construct was confirmed by DNA sequence determination (UVA
Biomolecular Research Facility). The PrmOVA construct was purified from plasmid
DNA with XbaI enzyme digestion and agarose gel electrophoresis, and QIA and Elutip
columns. Generation of transgenic founder mice, including transgene microinjection into
pronuclei of fertilized (BALB/cByJ x C57BL/6) F1 oocytes and egg implantation into
pseudopregnant female mice, were accomplished by the UVA Genetically Engineered
Murine Model Core. Two lines of OVA transgenic mice used in this study were
backcrossed over 18 times to BALB/cByJ. OVA transgenic mice were identified by PCR
of genomic DNA using the primers OVA1 and MP1RV from the tail DNA and Platinum
Taq DNA Polymerase (Life Technologies). Reaction mixture was incubated at 94°C for 4
min, 30 cycles of 94°C, 58°C, and 72°C for 1 min each, and a final extension at 72°C for
5 min. Samples were analyzed by 2% agarose gel electrophoresis.
Detection of OVA mRNA. To detect transgenic OVA mRNA, total RNA was extracted
from tissues using either the Perfect RNA Mini Total RNA Isolation Kit (Eppendorf) or
the TRIzol Reagent (Life Technologies) according to manufacturer’s instructions.
Samples were treated with DNase I (Life Technologies) and mRNA sequences were
amplified from total RNA (3-5 mg) by oligo-dT primed reverse transcription using the
SuperScript Preamplification System (Life Technologies) according to manufacturer’s
instructions. An aliquot of each sample was subjected to PCR to detect the OVA
sequences using the OVA1/MP1RV primer set. HPRT was co-amplified with OVA as a
control to verify the integrity of cDNA preparation.
Generation of recombinant MGCA and production of MGCA Ab. Mouse LDH3 was
extracted by heating adult mouse testis homogenate to 55°C, precipitated in ammonium
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sulfate and separated on DEAD-Sephadex chromatography, followed by LDH3
crystallization in the presence of 40% ammonium sulfate (274). Ab to the crystalline
mouse LDH3 was produced in rabbits as described (345), and the IgG fraction isolated on
protein A column (Two Zan Ag were prepared. Recombinant D3p18, spanning amino
acids Cys4502 to Lys4621 of the Zan's deduced sequence (accession no. AAC26680) was
expressed in E. coli, as described (346). Rabbit Ab to the D3p18 domain of mouse Zan
was generated by immunization with a recombinant glutathione S-transferase (GST)D3p18 fusion protein and purified by sequential affinity chromatography, first to remove
GST immunoreactivity and then capture the high affinity and epitope specific Ab (269).
The second was the Zan holoprotein purified from pig spermatozoa by affinity
chromatography (347). Briefly, Zan extracted from pig sperm was isolated on a column
conjugated with Ab specific for the recombinant D3 domain (Ile1684–Pro1788) of pig Zan
(accession AAC48486), generated as described for the mouse D3p18 Ab. The Zan
holoprotein Ab was then purified from the rabbit serum by protein A chromatography.
The pig Zan Ab preferentially binds to disulfide-bonded Zan and cross-reacts with mouse
and human Zan documented by Western blots and in situ analyses (267). Ag specificity
of both Zan Ab was confirmed by Western blot; they reacted with the sperm acrosome by
IF and immunoelectron microscopy (267, 269, 346, 347). The IgG fraction of anti-OVA
antiserum (MP Biochemicals) was isolated on a protein G column. These Ag and Ab
were produced by H.T., E.G., D.H., and U.D.).
Detection of immune complex induced by MGCA Ab injection. To detect MGCA egress
from seminiferous tubules, young and adult WT mice, adult Ldh3 null C57BL/6 mice,
adult OVA-Hi mice, and adult OVA-Lo mice were injected i.p. with rabbit Ab to mouse
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LDH3, Zan D3p18 peptide, pig Zan, OVA, or control rabbit IgG at a dose of 3.75 µg IgG
per g of body weight. 19 h later, the mice were intracardially perfused with PBS under
deep anesthesia. The testes were snap frozen in liquid nitrogen for IF study described
below and in Table 3.3.
Immunization with testis homogenate or OVA in adjuvant. Testis homogenate was
prepared by mincing decapsulated adult testes and grinding with a dounce homogenizer
in ice-cold PBS. After the tissue suspension was filtered through a nylon mesh and rinsed
with PBS, it was dialyzed against distilled H2O for 3 d at 4°C with a daily change of H2O
and then lyophilized and stored as a powder at 4°C. EAO was induced as described (348).
B6AF1, OVA-Hi, OVA-Lo, and BALB/c mice were immunized with adult testis
homogenate (10 mg dry weight) in CFA (4.5 mg/mL of Mycobacterium tuberculosis
H37Ra, DIFCO) in one hind footpad and subcutaneous sites, followed by i.p. injections
of 5 µg of Bordetella pertussis extract (provided by John Munoz, Rocky Mountain
National Lab) on days 0 and +1 of immunization. The mice were studied 3 wk later for
immune response and histopathology of EAO. The same protocol was used to induce
EAO in OVA-Hi, OVA-Lo, and BALB/c mice, except the testis homogenate was
replaced by 100 µg of OVA323-339 peptide (ISQAVHAAHAEINEAGR, synthesized by
Multiple Peptide Systems, <95% purity by RP-HPLC analysis) as an immunogen. The
mice were studied 4 wk later.
Treg cell depletion. On days -3, +3 and +7 around the time of surgery (day 0), 250 µg of
anti-CD25 mAb (clone PC61) was used to deplete 60% of Tregs for about 5 wk (16).
Serum Ab were determined 10 wk later. Tregs were depleted from adult B6AF1-DEREG
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mice as described in Chapter 2. Mice were studied 1 to 8 wk later for Ab response and
immunopathology.
Histopathology and EAO scoring. After the testes and the epididymis were weighed,
fixed in Bouin’s solution, embedded in paraffin wax, cut into 5-µm-thick sections, and
stained with H&E. EAO severity score, evaluated as unknown samples by a pathologist
(K.S.T.), was determined by the summation of the extent of testicular and epididymal
inflammation, testicular aspermatogenesis, and epididymal sperm loss, as previously
described (348). The inflammation was graded from 0 to 4, with 0 as no inflammation, 1
as very focal inflammation, and 4 as extremely severe inflammation with global
involvement. Grades 2 and 3 represent an incremental increase from 1 to 4. The
percentage of abnormal seminiferous tubules was determined by counting the number of
seminiferous tubules with abnormal spermatogenesis and dividing by the total number of
seminiferous tubules counted multiplied by 100. The epididymal sperm loss score was
determined by the summation of the sperm loss scores in the vas deferens, caput, body,
and cauda of the epididymis, scored as 0 (normal sperm levels) through 2 (complete loss
of sperm) for each region of epididymis with a possible maximum sperm loss score of 6.
Staging of spermatogenic cycle. Staging of the cycle of seminiferous epithelium was
performed on Bouin’s-fixed, paraffin embedded testis cross sections of the OVA-Hi mice
were stained with either rabbit anti-OVA antibody by immunoperoxidase, and counter
stained with H and E; or by Periodic Acid Schiff (PAS) and counter stained by
Hematoxylin. A total of 194 randomly selected seminiferous tubules cross sections from
2 separate mice were photographed, and the images used for objective staging by P.R.R.
following the established criteria (349). Essentially, the morphology of the developing
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round and elongated spermatids and the shape of the spermatid nuclei were used as
criteria. In addition, the morphology of the developing acrosome in PAS-stained sections
provided reference for accurate staging as described previously (350).
Detection of LDH3 or ZAN autoAb by ELISA. Recombinant LDH3 Ag used in the
ELISA was expressed by a mouse LDH3 clone inserted in expression vector pKK223-3
grown in Escherichia coli strain W3110 lacIq , induced by 1 mM of IPTG, extracted by
600 mM NaCl, 10 mM imidazole, 100 mM Tris-HCl pH 7.9, 0.1 mg/ml of lysozyme
(Roche Biochemicals), 2 mM PMSF and protease inhibitor cocktail (Roche
Biochemicals). rLDH3 was isolated by binding to an AMP-agarose column and eluted
with a reduced NAD-pyruvate adduct (50 mg NAD and 77 mg pyruvate in 100 ml 0.1M
NaPO4 pH 7) (351). Recombinant Zan D3p18 was produced as described above (269).
To detect autoAb to LDH3 or Zan, 96-well flat bottom plates were coated with
recombinant LDH3 (10 µg/mL) or recombinant Zan D3p18 (10 µg/mL) in PBS for 18-24
h at 4°C. The wells were washed 3 times with PBS containing 0.05% Tween20 (Sigma)
and blocked with 1% BSA-PBS for 1 h. Experimental and control mouse sera were added
to the wells at 1:100 and 1:300 dilutions for the LDH3 ELISA or 1:50 dilution for the
Zan ELISA in duplicate and incubated for 1 h. After 6 washes, the wells were then
incubated with HRP-conjugated goat anti-mouse IgG (Southern Biotech) diluted 1:2000
for 1 h. After 8 washes, each well was reacted with OPD substrate solution (Sigma). The
reaction was terminated with 2.5N H2SO4, and absorbance at 490 nm was determined
with a microplate reader. All incubations were performed at 37°C unless otherwise noted.
Quantification of transgenic OVA Ag by ELISA. Tissues were weighed and dissociated
in RIPA buffer at 100 mg/ml (w/v) in the presence of 1mM PMSF, 2 µg/ml aprotinin, 2
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µg/ml leupeptin, and 37.5 µg/ml soybean trypsin inhibitor, and incubated for 1 h at 4°C
with rotation. Tissue lysates were centrifuged at high speed for 20 min at 4°C and
supernatants were transferred to fresh tubes. Total protein concentration of tissue lysates
was determined using the BCA Protein Assay Kit (Pierce). To detect OVA, 96-well flat
bottom plates were coated with rabbit anti-OVA in phosphate buffer, pH 6.0 overnight at
4°C and the blocked with 3% BSA-PBS. Serial dilutions of testis extract were incubated
with OVA Ab for 1 h at room temperature, and the bound OVA Ab was detected by
mouse anti-OVA IgG1 (4 µg/ml) followed by biotinylated goat anti-mouse IgG1
(1:1000), SA-HRP (1:3000) and OPD substrates. The amount of OVA per testis weight
was computed from an OVA standard curve.
Detection of OVA autoAb by ELISA. To detect anti-OVA Ab, 96-well flat bottom plates
were coated with OVA protein (10 µg/mL) in PBS for 18-24 h at 4°C. The wells were
washed twice with PBS containing 0.05% Tween20 (Sigma) and blocked with 3% BSAPBS for 2 h at room temperature. Experimental and control mouse sera were added to the
wells at 1:100 and 1:1000 dilutions in duplicate and incubated for 1 h at room
temperature. After 6 washes, the wells were then incubated with horseradish peroxidaseconjugated goat anti-mouse IgG (Southern Biotech) diluted 1:2000 for 1 h at room
temperature. After 8 washes, each well was reacted with OPD substrate solution (Sigma).
The reaction was terminated with 2.5N H2SO4, and absorbance at 490 nm was
determined with a microplate reader. OVA Ab concentrations were expressed as A.U.
relative to a standard curve of pooled sera with high OVA Ab titers.
Detection of testicular cell autoAb by ELISA. To detect autoAb to testicular cell Ag, cell
suspensions were obtained from decapsulated adult testis by digestion with collagenase II
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(100 U/mL) and DNAase (10 µg/mL) (Yule, et al 1988 JI). 1x105 testicular cells were
added to each well of a 96-well flat bottom plate in 100 µL of PBS, centrifuged for 5 min
at 500 xg, fixed with freshly prepared 2% paraformaldehyde for 1 h, and blocked with
1% BSA-PBS for two further incubations of 1 h each. The testicular cell-coated plates
were air dried and stored at -20°C (for up to 4 mo). The testicular cell coated plates were
rehydrated with two washes in PBS containing 0.05% Tween20 (Sigma) and incubated
with 1% BSA-PBS for 1 h. The plates were then incubated with 1:100 and 1:300
dilutions of experimental and control mouse serum in duplicate for 1h, washed 6 times,
then incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (Southern
Biotech) diluted 1:2000 for 1 h. After 5 washes, each well was reacted with OPD
substrate solution (Sigma). The reaction was terminated with 2.5N H2SO4, and
absorbance at 490 nm was determined with a microplate reader. Anti-testicular cell
autoAb concentrations were expressed as arbitrary units relative to a standard curve.
Pooled sera with high testicular cell autoAb titers were used as a standard. All
incubations were performed at 37°C unless otherwise noted.
In vivo analysis of OVA-specific T cell responses. 5x106 CFSE-labeled CD4+KJ126+ T
cells from DO11.10 male mice were i.v. injected into WT BALB/c, OVA-Hi, or OVA-Lo
recipients. 250 µg Rabbit anti-OVA IgG was injected i.p. on -1 and +3 d relative to
transfer, and the mice were harvested at 7 d after transfer. The activation status of the
donor cells was investigated in the TDLN and axillary and brachial NDLN of recipient
mice by flow cytometry.
In vitro analysis of OVA peptide-specific T cell responses. Suspensions of spleen cells
were prepared by mechanical disruption and filtration through a 70 µm cell strainer,
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collected in RPMI Medium 1640 (Life Technologies) supplemented with 10% (v/v) heatinactivated FCS, (HyClone), penicillin and streptomycin (Gibco), L-glutamine (Gibco),
non-essential amino acids (Gibco), sodium pyruvate (Gibco), HEPES (Gibco), and 2-ME
(Sigma). After the erythrocytes were lysed using NH4Cl buffer, T cells were enriched on
a mouse T cell enrichment column (R&D Systems). Irradiated single cell suspension of
erythrocyte-lysed splenocytes from normal BALB/c mice were used as APC. 2x106 T
cells were cultured with 5x106 irradiated splenocytes in the presence of OVA peptide
323-339 (ISQAVHAAHAEINEAGR, 95% purity by RP-HPLC analysis) purchased from
Multiple Peptide Systems. Cells were cultured with pOVA at concentration ranging from
0.5 µg/mL through 100 µg/mL, in a 96-well plate for 48 h. Cell proliferation was
assessed by [3H]thymidine incorporation during the final 18 h of culture. The stimulation
index was calculated as the mean cpm of the stimulated wells divided by the mean cpm
of the control wells. Values are presented as the mean stimulation index ± standard error
for 3 wells.
Determination of IFN-γ production by pOVA-stimulated T cells. We measured IFN-γ in
the cell culture supernatant by ELISA, obtained before addition of [3H]thymidine in the
assay described above. Briefly, 96-well flat bottom plates were coated with 1 µg/mL of
IFN-γ Ab in carbonate/bicarbonate buffer pH 9.6 for 18-24 h at 4°C. The wells were
washed twice with 0.05% Tween20 (Sigma) in PBS and blocked with 3% BSA-PBS.
Experimental and control cell supernatants were added to the wells in duplicate and
incubated for 18-24 h at 4°C. After washing, the wells were incubated with biotinylated
anti-IFN-γ Ab diluted 1:500 for 45 min at room temperature, and subsequently detected
by HRP-conjugated streptavidin (Permkin Elmer), followed by the OPD substrate
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solution. The enzymatic reaction was terminated with 2.5N H2SO4, absorbance at 490 nm
was determined with a microplate reader, and IFN-γ concentrations (ng/mL) were
determined from the standard curve of known IFN-γ concentration.
General description of procedures for IF and IP studies. All Ab are listed in Table 3.2.
Table 3.3 describes the detail of all IF and IP procedures for each Figure included in the
paper. Studies include testes from WT mice, GFP-Scx mice with Sertoli cell specific
GFP, OVA-Hi mice, OVA-Lo mice, and DEREG mice with EAO. Described below are
the procedures used in studies of paraffin embedded or frozen tissue sectioning and the IF
and IP studies. Frozen sections were used exclusively for IF studies and paraffinembedded sections were used for both IF and IP studies.
For IF staining on frozen sections, 6-µm testis sections were fixed in ice-cold 1:1
acetone:ethanol and blocked with Tris-NaCl blocking buffer (PerkinElmer), 3% H2O2
(EMD Chemicals), 0.1% NaN3 (ICN Biomedicals, Inc), followed by a biotin-avidin
blocking kit (Vector Laboratories) and incubated with antibody for 30-45 min at room
temperature. For IF staining on paraffin sections, antibody incubation was done at 4°C
overnight. The intensity of biotinylated antibody was amplified by the TSA Biotin
Tyramide Reagent Pack (PerkinElmer) and detected with neutralite avidin-Texas Red.
5-µm paraffin sections were deparaffinized by xylene and absolute ethanol and
hydrated with an ethanol gradient. Antigen retrieval was performed by boiling slides in
citrate buffer (pH 6) for 7 min in a microwave oven at power level 7 that was previously
moistened with H2O and pre-warmed. The slides were then cooled and hydrated in H2O
and then PBS before IF or IP staining. For IP staining, endogenous peroxidase was
blocked with Peroxidase and Alkaline Phosphatase Blocking Reagent (Dako) before

125
Table 3.2: Ab used for IP, IF, ELISA, flow cytometry, and immunoblots.
Antibody

Clone

Application
Source
Catalog #
IB, IP, IF,
rabbit anti-OVA
polyclonal
MP Biochemical
0855304
ELISA
mouse anti-OVA IgG1
OVA-14
IF, ELISA
Sigma
A6075
HRP-conjugated goat anti-rabbit IgG
polyclonal
IP
Southern Biotechnology
4049-05
rabbit anti-mouse/human LDH3
polyclonal
IP, IF, in vivo
gift from Dr. E. Goldberg
-rabbit anti-mouse/human Zan D3p18
polyclonal
IP, IF, in vivo
gift from Dr. D.M. Hardy
-rabbit anti-pig Zan
polyclonal
IP
gift from Dr. D.M. Hardy
-rat anti-mouse CD25
PC61
in vivo
Lymphocyte Culture Center at UVA
-biotinylated goat anti-rabbit IgG
polyclonal
IF
Southern Biotechnology
4050-08
rat anti-mouse F4/80 IgG
C1:A3-1
IF, FC
Cedarlane
CL8940
biotinylated rabbit anti-rat IgG
polyclonal
IF
Vector Laboratories
BA-4001
biotinylated mouse anti-rat IgG
polyclonal
IF
Jackson Immunoresearch Laboratories
212-066-102
goat anti-rabbit IgG-FITC
polyclonal
IF
Southern Biotechnology
4050-02
goat anti-FITC
polyclonal
IF
Vector Laboratories
SP-0601
rabbit anti-goat FITC
polyclonal
IF
Vector Laboratories
FI-5000
goat anti-rat IgG Biotin
polyclonal
IF
Vector Laboratories
BA-9400
chicken anti-GFP
polyclonal
IF
Abcam
ab13970
goat anti-chicken Alexa Fluor 488
polyclonal
IF
Invitrogen
A-11039
chicken anti-goat Alexa Fluor 488
polyclonal
IF
Invitrogen
A-21467
chicken anti-rabbit Alexa Fluor 488
polyclonal
IF
Invitrogen
A-21442
chicken anti-mouse Alexa Fluor 488
polyclonal
IF
Invitrogen
A-21200
neutralite avidin-Texas Red
n/a
IF
Southern Biotechnology
7200-07
goat anti-mouse IgG-FITC
polyclonal
IF
Jackson Immunoresearch Laboratories
115-095-003
goat anti-mouse IgG1-FITC
polyclonal
IF
Southern Biotechnology
1070-02
goat anti-mouse IgG2a-FITC
polyclonal
IF
Southern Biotechnology
1080-02
goat anti-mouse C3-FITC
polyclonal
IF
Southern Biotechnology
1090-02
rat anti-mouse occludin
monoclonal
IF
gift from Drs. T. Miyamoto & S. Tsukita
-anti-mouse MHCII
M5/114.7
IF
hybridoma supernatant
-goat anti-human tACE
polyclonal
IF
Santa Cruz Biotechnology
sc-12187
HRP-conjugated goat anti-mouse IgG
polyclonal
ELISA
Southern Biotechnology
1030-05
rat anti-IFN-γ
R4-6A2
ELISA
BD Pharmingen
551216
biotinylated rat anti-IFN-γ
XMG1.2
ELISA
BD Pharmingen
554410
rabbit anti-Claudin-11
polyclonal
IB
Invitrogen
36-4500
rabbit anti-occludin
polyclonal
IB
Invitrogen
71-1500
rabbit anti-ZO-1
polyclonal
IB
Invitrogen
61-7300
rabbit anti-α-catenin
polyclonal
IB
Santa Cruz Biotechnology
sc-7894
rabbit anti-β-catenin
polyclonal
IB
Invitrogen
71-2700
goat anti-actin
polyclonal
IB
Santa Cruz Biotechnology
sc-1616
CD4
RM4-5
FC
Ebioscience
47-0042
CD45
30-F11
FC
Ebioscience
17-0451
CD8
53-6.7
FC
Ebioscience
51-008
CD11b
M1/70
FC
Ebioscience
47-0112
DO11.10 TCR
KJ126
FC
Ebioscience
17-9451
CD69
H1.2F3
FC
BD Pharmingen
553235
17-5920
iNos
CXNFT
FC
Ebioscience
MHCII
25-9-17, 10-3.6
FC
BD Pharmingen
553605, 553540
IL-4Rα
mIL4R-M1
FC
BD Pharmingen
552509
CD206
MR5D3
FC
BD Pharmingen
565250
Foxp3
FJK-16s
FC
eBioscience
17-5773-82
anti-FcγRII/III
2.4G2
FC
hybridoma supernatant
-*IF=immunofluorescence, IP=immunoperoxidase, IB=immunoblot, FC=flow cytometry
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Table 3.3: Detailed procedures for IF and IP stains.
Purpose

Fixative

1st Ab (dilution)

2nd Ab (dilution)

Amplification

MGCA & Sertoli
cells (IF)

Bouin

rabbit anti-LDH3
(1:400)

biotinylated goat
anti-rabbit IgG
(1:200)

-

rat anti-occludin
(1:200)

biotinylated goat
TSA Biotin
anti-rat IgG
Amplification Kit
(1:500)

Occludin & Sertoli
Acetone/EtOH
cells (IF)

Testis Immune
Complexes (IF)

OVA (IP)
Injected FITC in
Seminiferous
Tubules (IF)

rabbit anti-LDH3
(1:400), rabbit antiFITC goat antiTSA FITC
Acetone/EtOH Zan D3p18 (1:200),
rabbit IgG (1:200) Amplification Kit
rabbit anti-OVA
(1:500)
biotinylated goat
rabbit anti-OVA
ABC kit and
Bouin
anti-rabbit IgG
(1:500)
osmication
(1:200)
biotinylated goat
TSA Biotin
Acetone/EtOH rat anti-occludin
anti-rat IgG
Amplification Kit
(1:500)

Testis Immune
Complex & MHC
class II (IF)

Acetone/EtOH

rat anti-mouse
MHCII (1:200)

Zan & F4/80 (IF)

Acetone/EtOH

biotinylated rat antimouse F4/80 (1:300)

Endogenous
Immune Complexes Acetone/EtOH
& Occludin (IF)
Detect Biotin in
Seminiferous
Tubules (IF)

Acetone/EtOH

rat anti-occludin
(1:200)

-

Rabbit LDH3
Immune Complexes
FITC goat anti& Endogous mouse Acetone/EtOH
mouse IgG (1:100)
immune Complexes
(IF)

NA-TexasRed rd
3 Ab (dilution)
(1:500)

4th Ab (dilution)

Amplification

NA-TexasRed
(1:500)

yes

chicken anti-GFP
goat anti-chicken
(1:500)
alexafluor488 (1:500)

-

-

yes

chicken anti-GFP donkey anti-chicken
(1:500)
alexafluor488 (1:500)

-

-

-

rat anti-occludin biotinylated goat anti(1:200)
rat IgG (1:500)

TSA Biotin
Amplification
Kit

yes

-

-

-

-

yes

-

-

-

-

-

biotinylated goat
anti-rabbit IgG
(1:200)

-

-

yes

TSA Biotin
Amplification Kit

yes

rabbit anti-Zan
D3p18 (1:200)

FITC goat anti-rabbit
IgG (1:200)

-

-

biotinylated goat
TSA Biotin
anti-rat IgG
Amplification Kit
(1:500)

yes

FITC goat antimouse IgG
(1:100)

-

-

-

FITC rabbit antiTSA FITC
rat (1:400)
Amplification Kit
-

-

-

-

yes

-

-

-

-

biotinylated goat
anti-rabbit IgG
(1:200)

-

yes

-

-

-

-

-

yes

-

-

OVA & tACE (IF)

Bouin

mouse anti-OVA
(1:200)

chicken antimouse
alexafluor488
(1:500)

-

-

OVA & GFP (IF)

Bouin

rabbit anti-OVA
(1:500)

biotinylated goat
anti-rabbit IgG
(1:200)

-

yes

LDH3 (IP)

Bouin

rabbit anti-LDH3
(1:200)

biotinylated goat
anti-rabbit IgG
(1:200)

ABC kit and
osmication

-

-

-

-

-

Zan (IP)

Formalin

rabbit anti-Zan
D3p18 (1:400)

-

Envision dual link
and 3,3’-DAB
chromagen (Dako)

-

-

-

-

-

OVA & LDH3 (IF)

Bouin

mouse anti-OVA

FITC goat antimouse IgG
(1:100)

-

-

-

yes

OVA & Zan (IF)

Bouin

mouse anti-OVA

FITC goat antimouse IgG
(1:100)

-

-

rabbit anti-Zan
D3p18 (1:200)

biotinylated goat antirabbit IgG (1:400)

-

yes

LDH3 & tACE (IF)

Bouin

rabbit anti-LDH3
(1:200)

-

-

goat anti-tACE
(1:100)

chicken anti-goat
alexafluor488 (1:500)

-

-

Zan & tACE (IF)

Bouin

rabbit anti-Zan
D3p18 (1:200)

-

-

goat anti-tACE
(1:100)

chicken anti-goat
alexafluor488 (1:500)

-

-

chicken antirabbit
alexafluor594
(1:500)
chicken antirabbit
alexafluor594
(1:500)

goat anti-tACE biotinylated rabbit anti(1:100)
goat (1:200)
chicken anti-GFP donkey anti-chicken
(1:500)
alexafluor488 (1:500)

rabbit anti-LDH3 biotinylated goat anti(1:200)
rabbit IgG (1:400)
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incubating with antibodies. The duration and temperature of antibody incubation are
specified in Table 3.3. Paraffin embedded tissue sections were incubated with antibody at
4°C overnight. Following incubation with biotinylated antibody, slides were incubated
with Avidin-Biotin-Complex (Vector Laboratories). Peroxidase was detected by the 3,3’diaminobenzidine tetrahydrochloride chromogen until optimal color staining and
intensity were achieved. Counterstains were H and E, peroxidase acid-Schiff
hematoxylin, or methylene blue. After dehydration, the slides were mounted with
Cytoseal (Richard-Allan Scientific). For OVA detection in OVA-Hi mouse testes, some
slides were exposed 0.05% Osmium vapor for 1 min.
IF slides were examined and photographed on a Nikon Microphot-FXA
fluorescence microscope and Nikon HB-10101AF Mercury Lamp and Olympus Q color
5 camera. Alternatively they were examined with a Zeiss LSM 700 confocal microscope.
The percent of seminiferous tubules with positive immune complex staining was counted
among 100 tubules per section. The IP slides were examined with an Olympus BH2 light
microscope and photographed with the Olympus Infinity 1 camera.
Biotin and FITC exclusion assays. 10 µl of 7.5 mg/ml of biotin (Thermo Scientific) in
PBS containing 1 mM CaCl2 was injected under the testis capsule using a 27-gauge
needle. 60 min later, the mice were anesthetized and perfused. Frozen testes sections
were fixed in ice-cold 1:1 acetone:ethanol, stained with neutralite avidin-Texas Red and
examined by fluorescence microscopy. Exclusion of FITC was determined by i.v.
injection of 100 µl of 2 mg/ml of FITC (isomer I, C21H11NO5S, Mr 389.39, Anaspec, Inc)
in PBS. 90 min later, testes were snap frozen in liquid nitrogen, and FITC was detected
on 8-µm frozen sections co-stained with anti-occludin Ab (Table 3.3), and studied by
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dual fluorescence microscopy. Normal testes served as negative controls, and testes with
severe EAO induced by testis homogenate and adjuvant served as positive controls.
MGCA detection in human tumors and normal human tissues. Human tissue microarrays
were obtained from the Cooperative Human Tissue Network of the National Cancer
Institute. The studies were conducted in accordance with IRB HSR #13310 approved by
the review board at UVA. For LDHC staining, Ag retrieval and deparaffinization of 4 µm
sections were performed in PT link (Dako) using High PH EnVision FLEX Target
Retrieval Solution (Dako) for 20 min at 97°C. Immunostaining was performed on a
robotic plaform (Autostainer, Dako). Staining with Ab to pig Zan did not require Ag
retrieval. Endogenous peroxidases were blocked with Peroxidase and Alkaline
Phosphatase Blocking Reagent (Dako) before incubating the sections with rabbit antimouse rLDHC Ab and rabbit anti-pig Zan Ab at room temperature for 30 and 60 min,
respectively. Staining was detected using EnvisionTM Dual Link (Dako) followed by
incubation with 3,3’-diaminobenzidine tetrahydrochloride chromogen (Dako). Slides
were counterstained with hematoxylin, dehydrated, cleared, and mounted.
BTB protein quantification. Frozen testes were homogenized in a lysing solution (Bioplex lysis kit, Bio-Rad), and the protein concentration of the lysates were determined
using the RC-DC Protein Assay (Bio-Rad) with BSA as a standard.

BTB protein

expression was quantified by immunoblotting performed by C.Y.C., E.W.P.W., K.M.,
and W.X. as previously described (352). Approximately 35 µg of protein extracted from
frozen testes was used per lane for electrophoresis and immunoblotting. Immunoblot
analysis was performed using a chemiluminescence kit prepared in-house and images
were acquired with a Fujifilm LAS4000 mini Luminescent Image Analyzer.
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Transmission electron microscopy. Anesthetized mice were perfused with PBS and 1.5%
glutaldehyde-PBS. Testes were trimmed, immersed in 3% glutaldehyde in cacodylate
buffer, and embedded in epon. Thin sections were stained with uranyl acetate and lead
citrate and examined with a Zeiss electron microscope as described (353).
Flow cytometric analysis. Single cell suspensions of the thymi, spleens, and cervical LN
were prepared as described in Chapter 2. Single cell suspensions were stained with Ab to
CD4, CD8, and DO11.10 TCR. For testicular cell isolation, testis were decapsulated and
digested with 100 U/mL of type II collagenase (Worthington Biochemical Corporation)
and 10 µg/mL of DNase (Sigma) for 15 min at 34°C. After the addition of 0.1M EDTA in
HBSS, the seminiferous tubules were prepared into single cell suspensions in RPMI
Medium 1640 by mechanical disruption and filtration through a 70 µm cell strainer and
washed. Testis cells were stained with rabbit Ab to LDH3 and Zan, followed by FITClabeled goat Ab to rabbit IgG. Testicular macrophages, gated by on live CD45+CD11b+
cells were stained for M1-like macrophages by iNos and MHC class II, and M2-like
macrophages by F4/80, CD206, and IL-4Rα Ab. For cell surface staining, FcγRII/III
were blocked with 2.4G2 Ab and cells were stained for 20 min at 4°C with surface Ab.
Dead cells were excluded by Live/Dead red dead cell stain kit and samples were fixed
with 2% paraformaldehyde. For intracellular staining, cells were fixed and permeabilized
with the Foxp3 Staining Kit and then stained with Ab to Foxp3. Flow cytometry data
were acquired as described in Chapter 2.
Statistical analyses. Statistical differences were determined as described in Chapter 3.
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Chapter 4

Ontogenic Control of Autoimmune Ovarian Disease in Treg cell-Depleted Mice

This chapter is composed of unpublished data. Data in the chapter are supported by
contributions from Dr. Claudia Rival and Dominik Lenart who were acknowledged
where appropriate.
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Introduction
We showed that adult B6AF1-DEREG mice develop several autoimmune
diseases after Treg cell depletion (Chapter 2 and Chapter 3). Herein, we take a unique
approach, using a controlled experimental setting, to investigate the development of
autoimmunity throughout ontogeny. We focus on understanding the mechanisms of
induction and prevention of autoimmune ovarian disease (AOD) in juvenile and adult
mice. AOD is a model of premature ovarian failure (POF) in humans, affecting 0.3-1% of
the population. POF is a heterogenous disease with several causes, but 4-30% of cases are
attributed to autoimmune mechanisms (354). Patients with POF have inflamed ovaries
and autoAb to ovarian Ag, with targets including the zona pellucida (ZP), oocyte, corpus
luteum, and steroid hormone-producing cells. POF that occurs early is more severe than
secondary ovarian failure occurring later in life (355). POF is associated with other
autoimmune disorders and can involve ovarian follicle dysfunction and infertility (354).
Various models of AOD exist in the literature (summarized in Table 4.1). AOD is
observed in certain strains of female mice after d3tx (31), in Aire-/- mice (356), and in
neonatal mice exposed to maternal autoAb to ovarian ZP3. The ZP is the extracellular
matrix made up of 3 proteins (ZP1, ZP2, ZP3) that surround the growing oocytes. ZP1
and ZP2 are structural proteins, and ZP3 is a 424 amino acid glycoprotein that functions
as the primary sperm receptor, expressed on oocytes in growing and mature follicles as
well as in atretic follicles containing degenerating oocytes (357).
For many years, our laboratory has investigated mechanisms of AOD. Adult
female mice immunized with a chimeric ZP3 peptide (pZP3) containing a pathogenic T
cell epitope and a native B cell epitope develop a pathogenic Th1-dominant CD4+ T cell
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response with a non-pathogenic Ab response to ZP3 (19, 358). While minimal AOD
develops in immunized mice, the serum autoAb transferred through milk can induce
severe AOD in progeny exposed within the first 6 d of life. Neonatal AOD is T celldependent in WT mice and is T cell-independent in Rag-/- mice. Using these models, we
previously made fundamental observations regarding the elevated susceptibility of
neonates to autoimmunity and the role of maternal autoAb in disease pathogenesis. For
example, neonatal NK cells divide more rapidly than adult NK cells and predominantly
express Ly49- inhibitory receptors. The Ly49- NK cell subset and production of IFN-γ
are required for neonatal AOD and promote pathogenic neonatal T cell responses (229).
While the clinical relevance of neonatal AOD remains unresolved, it is clear that
organ-specific autoimmunity can occur early or late in life. Some diseases diagnosed later
in life may have an early onset preclinical form (359), and autoimmune diseases are more
readily induced in neonatal or juvenile mice compared to adult mice (360). However, we
have not directly compared disease in the same organ throughout ontogeny, nor have we
directly compared disease mechanisms of different organs within the same mouse.
Neonatal and adult immune responses differ in multiple ways, both in their
response to pathogens and establishment of tolerance. The neonatal period in mice is
typically defined as the first 7 d after birth, during which the immune system is thought to
be quantitatively and qualitatively different than in adults. Studies, such as in neonatal
AOD, show that neonates are capable of mounting immune responses and suggest that
autoimmune responses are stronger in neonates. However, other studies conclude that
neonates have less robust immune systems and are more prone to tolerance. The neonatal
peripheral immune system contains fewer T cells and they appear to traffic differently.
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Furthermore, neonatal DC have an immature phenotype and deficiencies in their
function, neutrophils are less potent, and there is reduced complement system activity
(361). Additionally, neonatal Ab responses are reduced, delayed, and less durable than in
adults (361). Indeed, premature human infants are highly susceptible to infection (362).
Studies in humans suggest Th17 responses dominate in the neonatal period, Th2
responses dominate during the rest of infancy, and Th1 responses remain low through the
first year of life (363, 364). It is thought that murine neonatal immune responses are
biased toward Th2 cells. Yet, our neonatal AOD model is characterized by a pathogenic
Th1-dominant response. After pinworm infection, neonatal mice injected with pZP3
without adjuvant, develop a Th2-dominant eosinophilic response. A recall response in
these mice in adulthood is also Th2-dominant compared to a Th1-dominant autoimmune
response elicited in naïve adult mice. We have also demonstrated that pZP3-specific Th2
cell clones producing IL-4, IL-5, and IL-13, but not IFN-γ, can transfer severe
eosinophilic AOD to immunocompetent recipients (P.A. unpublished). This documents
the pathogenic capacity of both Th1 and Th2 cells in organ-specific autoimmunity in
neonatal mice (186), and shows that under certain circumstances, autoimmune responses
can be modified. In the new model of AOD described in this chapter, we directly
compare the Th cell responses between juvenile and adult mice with autoimmunity.
In addition to a role for the innate immune system in promoting adaptive
responses and neonatal disease susceptibility, evidence suggests a role for Treg cells in
controlling the differential susceptibility to AOD in neonatal and adult mice. When Treg
cells were depleted from 9-d-old pups with anti-CD25 mAb, they became fully
susceptible to AOD development upon ZP3 Ab treatment (365). However, depletion of
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Treg cells alone did not result in AOD in 9-d-old mice. Investigating the function of Treg
cells in controlling AOD in young and adult mice is of great interest to our laboratory. A
better understanding of the diversity in immune responses among neonatal, juvenile, and
adult mice is useful for many reasons. It has the potential to improve public health by
providing a foundation for promoting a healthy and protective immune system and for
reducing immune-mediated disorders, infections, and allergies. Furthermore, it can lead
to improved responses to vaccines among vulnerable populations. Using DEREG mice,
we document the importance of Treg cells in preventing juvenile and adult AOD. We
also characterize the inflammation in the ovaries and stomachs of juvenile and adult mice
with AOD and AIG as well as the serum autoAb responses. We discovered that the
pathogenic mechanism between autoimmune diseases that target different organs at
different ages can be distinct from what is predicted by the current literature.
Table 4.1: Summary of murine AOD models and their mechanisms.
AOD Model
Mouse
d3tx
B6AF1
Aire-/C57BL/6 or Balb/c
pZP3 +CFA Immunization
B6AF1
pZP3 without adjuvant
B6AF1
neonatal AOD in WT mice
B6AF1
neonatal AOD in Rag-/- mice
C57BL/6
Treg cell depletion
B6AF1-DEREG
Treg cell depletion
B6AF1-DEREG

Age
1-5 d
Adult
Adult
1-5 d
1-5 d
1-5 d
9-13 d
Adult

Antibody Specificity
NALP5 & others
NALP5, steroidogenic cells, oocyte (possibly ZP3)
pZP3 epitope & distant epitope
pZP3
pZP3
pZP3
oocyte cytoplasm (possibly NALP5) & others
pZP3

Disease Mechanisms
Th1
Th1
Th1 or Th2
Th2 and Th2 memory
NK cells and Th1
Ab and NK cells
Th1
Th2

Results
Treg cell-depleted adult B6AF1-DEREG mice develop AOD with massive influx of
SiglecF+ eosinophils, F4/80+ macrophages, and CD11c+ DC.
To investigate the role of Treg cells in preventing AOD, we transiently depleted
Treg cells in adult DEREG mice treated with DT. Adult female B6AF1-DEREG mice,
but not B6-DEREG mice, developed AOD (Figure 4.1A, C). Therefore, mice on the
B6AF1 genetic background were used for the remainder of these studies.
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The normal ovary contains growing/mature follicles and atretic follicles. Oocytes
are surrounded by the ZP, layers of granulosa cells that proliferate as the follicles mature,
and an external theca layer. The interstitial space between follicles contains macrophages
in a normal ovary. At 3 wk, we observed oophoritis with primarily granulocytic immune
cell infiltration inside the ovarian follicles and destruction of oocytes leading to atrophy
(Figure 4.1A, B). Disease occurred at high incidence (78%) beginning at 2 wk and
progressed through 8 wk at high incidence (60%) (Figure 4.1D).
By IF staining, we observed an expansion of SiglecF+ eosinophils, but few
Ly6G+ neutrophils in the ovary of adult Treg cell-depleted mice at 3 wk (Figure 4.1E, F).
We also observed a major expansion of F4/80+ macrophages and CD11c+ DC (Figure
4.1G, H). However, based on toluidine blue staining on ovarian sections, mast cell
infiltration, a dominant feature of adult AIG, was not observed (data not shown).
Therefore, Treg cells are critical for preventing the development of AOD in adult mice.
Treg cell-depleted adult DEREG mice with AOD produce serum autoAb to the
ovarian ZP3, which can induce nAOD upon transfer.
Treg cell-depleted DEREG mice developed autoAb to ovarian Ag targeting the
ZP as early as 2 wk post DT treatment, but not granulosa or theca cells, or cells in the
adrenal gland (a common target in human AOD, data not shown). The autoAb persisted
for at least 8 wk in 85% of the Treg cell-depleted mice (Figure 4.2A, B).
We next investigated the specificity of the ovarian autoAb. We addressed whether
they targeted the epitope of ZP3 relevant to other models of AOD investigated in our
laboratory.
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Figure 4.1: Treg cell-depleted adult B6AF1-DEREG mice develop AOD with
massive influx of SiglecF+ eosinophils, F4/80+ macrophages, and CD11c+ DC.
Representative ovarian histological specimens showing (A) normal ovarian structure in
control (top left) and Treg cell-depleted C57BL/6-DEREG mice at 3 wk (top center) and
8 wk (top right) and increased inflammation at 3 wk (bottom center) and inflammation
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and ovarian atrophy at 8wk (bottom right) in Treg cell-depleted B6AF1-DEREG mice
compared to control mice (bottom left, H&E, original magnification x40). (B)
Granulocytic ovarian infiltrating cells in Treg cell-depleted B6AF1-DEREG mice at 3 wk
(H&E; original magnification x400). (C) AOD incidence severity in C57BL/6 and
B6AF1-DEREG mice at 8wk. B6AF1-DEREG mice were used in all subsequent studies.
(D) Kinetics of AOD incidence and severity in Treg cell-depleted DEREG mice. (E-H)
Representative IF microscopy images of (E) SiglecF+ (red) eosinophils, (F) Ly6G+ (red)
neutrophils, (G) F4/80+ (red) macrophages, and (H) CD11c+ (red) DC in the ovaries of
control (left) and Treg cell-depleted mice (right) at 3 wk (blue, DAPI; original
magnification x200). Data were pooled from 3 to 6 independent experiments per
timepoint. Each symbol represents an individual mouse. n.s.= not significant,
*p<0.05,***p<0.001, ****p<0.0001. Kruskal–Wallis tests with Dunn’s post-tests.
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To address this, we used an ELISA to pZP3 (330-342), containing the native B
cell epitope. Treg cell-depleted DEREG mice produced autoAb to this Ag (Figure 4.2C).
In another model extensively investigated in our laboratory, neonatal mice immunized
with pZP3 (330-342) in CFA develop AOD, indicating that this is a relevant epitope in
AOD models, which may also be under Treg cell control. Additionally, absorption with
the B cell epitope, ZP3 (335-342) peptide, blocked serum reactivity on normal ovarian
sections in 67% of the mice studied (n=3, Figure 4.2D). Thus, we have identified one
peptide targeted by the polyclonal autoAb response in DEREG mice.
The ZP is a well-defined antigenic structure accessible to circulating. In the adult
Treg cell-depleted mice, circulating ZP3-specific autoAb form immune complexes in the
tissue in vivo, as detected by direct IF staining of ovarian sections (data not shown). We
have previously shown that ZP3 Ab that binds to the ZP in adult ovaries does not cause
significant ovarian pathology. Unexpectedly, the transfer of maternal ZP3 autoAb to
mouse progeny caused neonatal AOD when pups were exposed within 1 to 5 d of life
(365). We addressed if the autoAb produced in Treg cell-depleted adult mice have this
pathogenic potential. Transfer of autoAb from adult DEREG mice at 4 wk after DT
treatment to neonatal WT B6AF1 mice on day 3 and 5 of life resulted in AOD in the
recipients at 2 wk (n=3, Figure 4.2E, F). Similar to our previous findings in neonatal
AOD, we expect that these autoAb would not be pathogenic if transferred to 9-d-old
recipients; however, this study has not yet been completed.
Adult DEREG AOD is dependent on CD4+ T cells.
We observed dramatic lymphadenopathy after transient Treg cell depletion
(Figure 4.3A). These findings recapitulated those observed previously in Treg cell-
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Figure 4.2: Treg cell-depleted adult DEREG mice with AOD produce serum autoAb
to the ovarian ZP3, which can induce nAOD upon transfer. (A) IF staining of serum
ovarian autoAb from Treg cell-depleted mice at 3 wk targeting the ovarian ZP (green,
IgG; original magnification x400). (B) Kinetics of total serum ovarian IgG autoAb
incidences and staining intensities after Treg cell-depletion detected by IF. (C) Ovarian
pZP3 (330-342) autoAb incidence and titer 8 wk after Treg cell depletion (ELISA). (D)
IF staining of serum ovarian autoAb from Treg cell-depleted mice at 3 wk before (left)
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and after (right) absorption with pZP3 330-342 (green, IgG; original magnification x200).
(E) Schematic overview of the protocol used for serum autoAb transfer from adult WT or
Treg cell-depleted mice to neonatal WT mice. (F) Ovarian histopathology findings of
neonatal recipients of WT sera (left) or Treg cell-depleted DEREG mouse sera (right,
H&E; original magnification x40). Data were pooled from (D, E) 1 independent
experiment, (C) 3 independent experiments, or (A, B) 3 to 6 independent experiments per
timepoint. Each symbol represents an individual mouse. *p<0.05, **p<0.01, ***p<0.001.
Kruskal–Wallis tests with Dunn’s post-test (B), Mann-Whitney U test (C).
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depleted mice (121, 122, 317). Treg cell-depleted DEREG mice exhibited an increase in
activated CD69+ of CD4+Foxp3- T cell frequencies in both the NDLN and the ovarydraining LN (ODLN) (Figure 4.3B). A trend toward increased absolute numbers of these
activated Teff cells was also observed (Figure 4.3B). Additionally, we observed an
increased percentage and absolute number of CD44hiCD62Llo effector/memory
CD4+Foxp3- T cells at 3 wk in both the NDLN and ODLN (Figure 4.3C).
To investigate the pathogenic role of the activated Teff cells in AOD, we depleted
CD4+ cells by injecting an anti-CD4 mAb for 3 wk starting at the time of the first dose of
DT (Figure 4.3D). This resulted in a significant reduction in AOD severity and of ovarian
autoAb production at 3 wk (Figure 4.3E, F). Collectively, these findings indicate that
CD4+ T cells are critical for AOD in adult Treg cell depleted DEREG mice.
Adult DEREG Teff cells resist Treg cell-mediated suppression in vitro and in vivo.
Despite the rebound of Treg cells to normal frequencies within 14 to 21 d after
DT injection, autoimmune diseases develop and progress in DEREG mice (Chapter 2,
Chapter 3, Figure 4.1). As shown previously, the rebounded Treg cells appeared
phenotypically and functionally normal (Chapter 2). Similarly, rebounded Treg cells in
the ODLN express higher MFI of IRF4 (Figure 4.4A), which is important for their
homeostasis and ability to suppress Th2 responses (32, 108).
Ovarian inflammation results from Treg cell depletion and was not due to offtarget expression of the DTR transgene, because the ovaries of DT-treated Rag1-/B6AF1-DEREG mice were normal (Figure 4.4B). Furthermore, WT Treg cell
reconstitution on the same day as the first DT dose resulted in significant suppression of
AOD and autoAb production (Figure 4.4C, D). When the transfer of WT Treg cells was
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ODLN, (E) gastritis scores, and (F) gastric autoAb intensity of mice at 3 wk after Treg
cell depletion and treatment with isotype rat IgG or anti-CD4 mAb treatment. Data were
pooled from (C, D-F) 1, (B) 2, or (A) 3 independent experiments. Each symbol represents
an individual mouse. n.s.= not significant, *p<0.05, **p<0.01, ***p<0.001. Kruskal–
Wallis tests with Dunn’s post-test (B left, C left), Mann-Whitney U test (A, B right, C
right, E, F).
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delayed to 7 d after the first DT dose, the ovarian pathology and autoAb responses were
no longer preventable (Figure 4.4C, D; experiment performed with assistance from C.R.).
Furthermore, the incidence of AOD was significantly reduced in mice given Treg cells on
day 0 compared to mice given Treg cells on day 7 (p=0.0163). Therefore, the ovarian
autoimmune responses in DEREG mice rapidly resist suppression by Treg cells.
Additionally, CD25-CD4+ Teff cells from the ODLN of mice with AOD were
significantly less susceptible to suppression when compared to those from AOD-free
control mice in an in vitro suppression assay (Figure 4.4E). This is consistent with our
findings in AIG and indicates that loss of Treg cells is responsible for AOD development
in DEREG mice, in part due to rapid development of Teff cell resistance to suppression.
Adult DEREG AOD has characteristics of a Th2-dominant autoimmune response.
Our previous studies clarified a role for Th2-dominant responses in the
development of AIG in Treg cell-depleted mice. To investigate if this phenotype
persisted in this AOD model, we characterized the Th response after Treg cell depletion.
Consistent with our previous findings, we also observed a trend towards elevated IL-4
production by CD4+ T cells in the ODLN of Treg cell-depleted mice after restimulation
with PMA and ionomycin in a preliminary experiment (Figure 4.5A). A trend towards an
increase in IFN-γ production was also evident compared to control mice (Figure 4.5B),
but IL-17 production by CD4+ T cells was unchanged (Figure 4.5C). Niether neutralizing
anti-IFN-γ Ab treatment nor anti-IL-17 Ab treatment significantly reduced AOD severity
(Figure 4.6A, B). Although these studies must be replicated, they suggest that IFN-γ and
IL-17 are not major contributors to AOD pathogenesis in adult Treg cell-depleted mice.
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cells was assessed by uptake of [3H] thymidine (representative mean and standard
deviations of cpm from five wells each in one experiment is shown). Data in (A) and (E)
are representative of one experiment. Data in (B-D) were pooled from 2 to 3 independent
experiments, and each symbol represents an individual mouse. n.s.= not significant,
*p<0.05, **p<0.01, Kruskal–Wallis test with Dunn’s post-tests (C, D) or Mann–Whitney
U test (B).
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Similar to our findings in adult AIG, the serum ovarian autoAb responses at 4 wk
were IgG1 dominant, with little or no IgG2a (Figure 4.6C). We also observed a
significant expansion of SiglecF+CD11b+ eosinophils in the NDLN and ODLN of Treg
cell-depleted mice (Figure 4.6D), though a role for eosinophils in AOD pathogenesis was
not further investigated in this study. We did, however, investigate the contribution of
TSLP signaling and basophils, as both have been shown to initiate or enhance Th2
responses (366–371). Our preliminary findings indicate that neither in vivo TSLP
receptor blockade (Figure 4.6E) nor basophil depletion (Figure 4.6F) significantly
reduced AOD at 3 wk in Treg cell-depleted mice. Furthermore, the ovarian infiltrating
cells in the treated mice remained granulocytic. These findings suggest that TSLP and
basophils are not major players in this disease model.
Juvenile Treg cell-depleted mice develop Th1-dominant AOD.
Because Treg cell depletion in neonatal DEREG mice results in scurfy-life
syndrome and death by 3 to 4 wk of age (122), we focused on investigating AOD
development in juvenile DEREG mice after Treg cell depletion. Juvenile B6AF1DEREG mice treated with DT beginning on day 5, 9, 11, 13, or 17 also developed AOD
with high incidence 3 wk later (Figure 4.7A, B). The juvenile mice had accelerated
disease progression, as evidenced by the more severe AOD at 3 wk in mice with Treg cell
depletion beginning at day 9, 11, 13, and 17 compared to adult mice (Figure 4.7B). As a
control, WT mice treated with DT beginning at 5, 9, 11, 13, or 17 d of age had normal
ovarian histology devoid of inflammation or atrophy (data not shown).
The quality of ovarian inflammation is also age-dependent. In contrast to the
predominantly eosinophilic ovarian inflammation in Treg cell-depleted adult mice, which
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x200). (D) Percentage (left) and absolute number (right) of eosinophils in the NDLN and
ODLN of control and Treg cell-depleted DEREG mice at 3 wk. (E) AOD severity at 3 wk
in Treg cell-depleted mice treated with isotype IgG or TSLP receptor blocking Ab. (F)
AOD severity at 3 wk in Treg cell-depleted mice treated with isotype IgG or basophildepleting Ba103 Ab. Data are pooled from (A, B, E, F) 1, (D) 2, and (C) 5 independent
experiments, and each symbol represents an individual mouse. n.s.= not significant,
*p<0.05, ****p<0.0001, Kruskal–Wallis test with Dunn’s post-tests (D left) or Mann–
Whitney U test (A, B, C right, D right, E, F).
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is consistent with a Th2 response described in Figure 4.1, the ovarian inflammation in
juvenile Treg cell-depleted mice is dominantly mononuclear with numerous multinuclear
giant cells, consistent with a Th1 response. The switch of inflammatory cell type occurs
in mice with Treg cell depletion beginning at day 17 (Figure 4.7A, C). Preliminary flow
cytometry experiments on isolated ovarian inflammatory cells indicated that these
expanded mononuclear cell populations included activated CD69+CD4+ T cells and
NK1.1+ NK/NKT cells (data not shown; experiments performed by D.L.). Total serum
IgE levels also correlated with this ontogenic diversity in immune responses, as they were
elevated in the adult mice compared to the juvenile mice with AOD (Figure 4.7D).
Additionally, the incidences of ovarian autoAb responses were significantly
different in DEREG mice with DT treatment starting at day 9 (14%; n=14, p=0.000005)
and day 13 (33%; n=6, p=0.013) compared to adult Treg cell-depleted mice (87%; n=31),
but not at day 11 (67%; n=15, p=0.11) or day 17 (71%; n=7, p=0.3). Mice DT-treated on
day 9 or day 13, produced autoAb targeting the oocyte cytoplasm, theca cells, or
interstitial cells, but not ZP at 3 wk. Interesting, the mice that were DT-treated on day 11
produced autoAb to ZP, oocyte cytoplasmic Ag, interstitial ovarian Ag, or a combination
at 3 wk (Figure 4.7E, F, and data not shown; experiments performed by D.L.). Of the
autoAb-producing mice DT-treated on day 17, 100% targeted the ZP at 3 wk, similar to
adult mice. Some also produced autoAb to interstitial ovarian Ag. Unlike the IgG1dominant autoAb responses observed in adult mice (Figure 4.5C), we did not observe any
significant differences between the intensity of IgG1 and IgG2a autoAb at either day 11
(Figure 4.7G) or day 17 (Figure 4.7H). Interestingly, the ZP autoAb were exclusively of
the IgG1 subclass, whereas the oocyte cytoplasmic or interstitial autoAb were primarily

152

A

day 9

B

day 11

**

***

*

day 13

AOD Severity

20

day 17

*

15
10
5
0

5d 9d 11d 13d 17d adult
Incidence (%): 75 100 100 100 100 93
Time of the first DT dose

Pure Granulocyte
50% Granulocyte
>90% Mononuclear
>95% Mononuclear
Pure Mononuclear

100
60
40
20
0
5d

40
20
0

9d 11d 13d 17d adult

F

9d
n.s.

G
Autoantibody Intensity

E

*

60

17d

H

4
3
2
1
0

IgG1
Incidence (%): 53

13d

Autoantibody Intensity

Incidence

80

D
Serum IgE (ug/mL)

C

IgG2a
47

4

Adult

n.s.

3
2
1
0

IgG1
Incidence (%): 71

IgG2a
57

Figure 4.7: Juvenile Treg cell-depleted mice develop Th1-dominant AOD. (A)
Representative ovarian histological specimens showing juvenile DEREG mice 3 wk after
treatment with 3 doses of DT beginning on day 9, 11, 13 or 17 of life. (B) Quantification
of AOD severity and incidence after Treg cell depletion in juvenile DEREG mice
beginning on day 5, 9, 11, 13 17 of life compared to adult DEREG mice. (C)
Characterization of the incidence of juvenile and adult Treg cell-depleted DEREG mice
with granulocytic and mononuclear cell ovarian infiltration based on histological
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observations. (D) Total serum IgE levels in juvenile and adult Treg cell-depleted DEREG
mice. (E-F) Representative IF patterns of serum ovarian autoAb from day 11 Treg celldepleted mice targeting (E) the oocyte ZP and (F) oocyte cytoplasmic Ag (green, IgG;
original magnification x400). Intensity and prevalence of serum IgG1 and IgG2a ovarian
autoAb detected by indirect IF from DEREG mice DT treated on (G) day 11 and (H) day
17. Data are pooled from 1 to 5 independent experiments per group, and each symbol
represents an individual mouse. n.s.= not significant, *p<0.05, **p<0.01, ***p<0.001,
Kruskal–Wallis test with Dunn’s post-tests (B, D) or Mann–Whitney U test (G, H).
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IgG2a. This was true for mice DT-treated at day 11 or day 17. As a control, WT mice
treated with DT beginning at 9, 11, 13, or 17 d did not produce ovarian autoAb (data not
shown). These findings suggest that juvenile and adult Treg cell-depleted mice develop
distinct mechanisms of autoimmunity that target somewhat different ovarian Ag.
Development of AOD in juvenile Treg cell-depleted mice depends on CD4+ T cells,
NK/NKT cells, and IFN-γ.
We next investigated the pathogenic cellular and molecular mechanisms in
juvenile AOD. The percentage and absolute numbers of activated CD69+ Foxp3-CD4+
Teff cells in the ODLN of juvenile mice were significantly elevated compared to control
mice (Figure 4.8A). Similar to AOD in adult mice, AOD induced by Treg cell-depletion
in 9 d mice was dependent on CD4+ T cells. CD4+ T cell depletion in vivo with anti-CD4
mAb treatment resulted in minimal ovarian inflammation and atrophy (Figure 4.8B, C).
As described, NK cells were required for neonatal AOD induced by maternal ZP3
autoAb (229, 372). We also found that NK and/or NKT cells were critical for juvenile
AOD after Treg cell depletion. When we depleted NK cells using Ab to NK1.1, juvenile
DEREG mice have reduced atrophy (Figure 4.8A, B). When we treated mice with an
anti-CD1d Ab to block NKT cell activation, juvenile DEREG mice also had reduced
atrophy (Figure 4.8B, C). In the future, these studies should be performed in adult Treg
cell-depleted mice in order to determine a role for NK/NKT cells in the adult disease.
They likely function through IFN-γ, as IFN-γ neutralization prevented severe AOD in
day 11 mice (Figure 4.8B, C; experiments performed by D.L.). Our findings suggest that
the effector mechanisms of AOD due to Treg cell depletion are ontogenetically-regulated.
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Juvenile AIG is distinct from juvenile AOD in that it has characteristics of a Th2dominant autoimmune response.
In contrast to juvenile AOD, which is phenotypically distinct from adult AOD,
juvenile AIG is phenotypically similar to adult AIG. As we previously reported, AIG
development in adult DEREG mice after Treg cell-depletion is Th2-dominant (Chapter
2). Similarly, AIG developed at 3 wk in Treg cell-depleted day 9 juvenile mice, but with
significantly increased severity compared to adult mice (Figure 4.9A). Histologically, the
gastric inflammatory infiltrate was dominantly granulocytic (Figure 4.9B), though further
studies must be performed to confirm these cells are eosinophils. Furthermore, the
autoAb responses, which also targeted parietal cells and/or basal epithelial cells, were
dominantly of the IgG1 isotype (Figure 4.9C). To confirm this disease is also dependent
on CD4+ T cells, we treated juvenile mice with anti-CD4 mAb in vivo beginning at day 9
and observed a reduction in AIG severity at 3 wk (Figure 4.9D). Therefore, autoimmune
diseases in two different organs within the same mouse can have distinct mechanisms.

Discussion
From this study, we have drawn three major conclusions: 1) Treg cells control
tolerance and prevent AOD and AIG, 2) the same autoimmune disease in mice at
different ages can have distinct pathogenic mechanisms and target distinct antigenic
specificities, and 3) autoimmune diseases that target two different organs in the same
mouse can have distinct pathogenic mechanisms.
The phenotype of AOD that develops after Treg cell depletion differs between
juvenile and adult mice. Treg cell-depleted adult DEREG mice develop CD4+ T cell-
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Figure 4.8: Development of AOD in Juvenile Treg cell-depleted mice depends on
CD4+ T cells, NK cells, NKT cells, and IFN-γ. (A) Percentages (left) and absolute
numbers (right) of CD69+Foxp3- of CD4+ T cells in the NDLN and ODLN at 3 wk after
Treg cell depletion in 11 d-old juvenile mice. (B) Representative ovarian
histopathological characteristics (H&E, original magnification x100) and (C)
quantification of AOD severity in 9 d-old juvenile mice treated with isotype IgG, anti
NK1.1 Ab, anti-CD4 Ab, anti-CD1d Ab, and anti-IFN-γ Ab. Data are pooled from 2 to 3
independent experiments per group, and each symbol represents an individual mouse.
n.s.= not significant, *p<0.05, **p<0.01, ***p<0.001, Kruskal–Wallis test with Dunn’s
post-tests (A left, C) or Mann–Whitney U test (A right).
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Figure 4.9: Juvenile AIG has characteristics of a dominant Th2 autoimmune
response. (A) AIG severity and prevalence in juvenile control and DEREG mice and
adult DEREG mice 3 wk after Treg cell depletion. (B) Granulocytic stomach infiltrating
cells in Treg cell-depleted B6AF1-DEREG mice at 3 wk (H&E; original magnification
x300). (C) AIG scores of juvenile mice at 3 wk after Treg cell depletion and treatment
with isotype rat IgG or anti-CD4-depleting Ab treatment. (D) IF patterns of serum gastric
autoAb from juvenile Treg cell-depleted mice target parietal cells only (left), basal gland
epithelial cells only (center), or both cell types (right; green, IgG; original magnification
x100). (E) Intensity and prevalence of serum IgG1 and IgG2a gastric autoAb detected by
indirect IF from juvenile Treg cell-depleted DEREG mice. Data were pooled from (C) 1
or (A, E) 5 independent experiments. Each symbol represents an individual mouse.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Mann-Whitney U tests (A, C, E).
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mediated AOD with massive influx of eosinophils and IgG1 ZP autoAb responses. In
contrast, the development of AOD in juvenile Treg cell-depleted mice depends on CD4+
T cells and NK/NKT cells. In juvenile AOD, NK/NKT cells stimulate a Th1-dominant
immune response with a pathogenic IFN-γ response that causes atrophy. The juvenile
mice develop much more severe ovarian atrophy than the adult mice. However, AIG was
similarly Th2-dominant in both juvenile and adult Treg cell-depleted mice, albeit with
greater severity in the juvenile mice. These findings are summarized in Figure 4.10.
The autoAb responses also differ between juvenile and adult Treg cell-depleted
mice, both in their isotype and their specificity. There have been uncertainties regarding
the physiological relevance of the ZP3 auto-peptide and its cognate Ab in other AOD
models from our laboratory. This is because pZP3 was arbitrarily chosen as a novel autopeptide with T and B cell epitopes, and AOD induction required immunization with
adjuvants. Here, however, we show that Treg cell depletion from adult female DEREG
mice leads to spontaneous production of autoAb that target the same ZP3 (335–342)
epitope used previously, and it induces AOD in naïve neonatal pups upon transfer. Thus,
pZP3 that been studied for over 20  yr in our laboratory is, in fact, a physiologicallyrelevant B cell autoepitope. Juvenile Treg cell-depleted mice also produced autoAb to
the ZP, but with lower incidence. However, the reactivity of the Ab with pZP3 has not
yet been defined. Because the proteins of the ZP are conserved among mammals (the
mouse and human ZP3 are 67% identical), the murine model may lead to better
understanding of the pathogenesis of POF in humans in which ZP is the target Ag (373).
Autoreactive T cells are critical in organ-specific autoimmune disease
pathogenesis. In the ZP3 Ab-mediated neonatal AOD model, our laboratory has shown
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Figure 4.10. Predicted model for the development of AOD and AIG in transiently
Treg cell-depleted juvenile and adult B6AF1-DEREG mice. (A) 3 wk after transient
Treg cell depletion in adult DEREG mice, activation, proliferation, and differentiation of
Th2 cells occurs in the ODLN. These Th2 cells produce IL-4 and resist suppression by
the rebounded Treg cell population. IL-4 promotes B cell class switching to IgE and ZP3specific IgG1 autoAb that can transfer AOD to normal neonatal recipients. Eosinophils
also expand in the ODLN and infiltrate the ovary itself, along with macrophages and DC,
but do not contribute to significant oocyte atrophy at 3 wk. (B) After transient Treg cell
depletion in juvenile DEREG mice, activation, proliferation, and differentiation of Th1
cells occurs in the ODLN. These Th1 cells produce IFN-γ, which promotes B cell class
switching to a mix of IgG2a and IgG1 autoAb targeting the ZP, oocyte, and interstitial
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cell Ag with lower incidence. CD4 T cells, NK/NKT cells, and IFN-γ all contribute to
severe ovarian atrophy at 3 wk, though their contribution in the ODLN versus the ovary
itself has not yet been defined. (C) After transient Treg cell depletion in both juvenile and
adult DEREG mice, Th2 cell responses dominate. IgG1-dominant autoAb responses
targeting parietal cells and basal gland epithelial cells are observed. The stomachs display
eosinophilic inflammation, loss of parietal cells, and appearance of mucin positive cells,
indicative of Th2 responses in both juvenile and adult mice at 3 wk post Treg cell
depletion. Black arrows indicate events definitively supported by our findings; Gray
arrows indicate events suggested, but not definitely confirmed, by our findings.
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that although proinflammatory T cells can induce tissue inflammation, this inflammation
on its own may not affect organ function. Nonpathogenic ZP3 Ab binding to the ZP of
growing and mature ovarian follicles leads to redistribution of T cell inflammation from
the nonfunctional atretic follicles to the functional follicles. The inflammatory cells enter
the granulosa layer before penetrating the ZP and destroying the oocytes. In this instance,
Th cells and autoAb collaborate to orchestrate tissue destruction and influence clinical
outcome (200). Both Th1 cells and Th2 cells synergize with autoAb to recruit their
characteristic infiltrating inflammatory cells into the ovarian follicles. It is possible that a
similar mechanism is at play in the 17 d and adult DEREG AOD model with ZP autoAb
response, because it forms immune complexes with ZP Ag in the ovaries in vivo.
Notably, the severity of the autoimmunity was also age-dependent. In juvenile mice,
oocyte destruction is significantly more severe at 3 wk even in the absence of ZP autoAb,
suggesting that a different pathogenic mechanism is at play at this age.
Our findings also fit with literature indicating a role for Treg cells in protecting
the ovary from autoimmunity. After d3tx, tTreg cells are no longer able to control ovarian
autoreactive T cells. The major antigenic target in d3tx mice has been identified as
NALP5, a maternal Ag essential for embryogenesis. Additionally, AIRE functions in the
thymus to restrict the development of ovarian autoreactive T cells and promote Treg celldependent tolerance. 60% of BALB/c AIRE-/- mice develop AOD with loss of follicles,
lymphocytic inflammation, and autoAb against Ag in oocytes, possibly including ZP3
which is under AIRE control, and steroid-producing follicular and luteal cells (356).
A critical future direction of this study is to document the distinct underlying
pathogenic mechanisms driving disease at different ages. Many factors have the potential
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to impact the severity and shape the phenotype of an autoimmune inflammatory response.
These include the presence of appropriate T cell subsets, activated APCs, and
proinflammatory cytokines, the potency of the innate effector responses, such as NK
cells, and the Ag dose and type of Ag (374). It can also be influenced by the location of
MHC class II expression, altered tissue migration of APC, the presence of a tissue barrier
that affects accessibility of T cells and autoAb to target Ag, and changes in the target
organ itself with age. Unlike the Th2-dominant responses typical of neonatal mice, the
Treg cell-depleted juvenile DEREG mice developed Th1-dominant AOD. One possible
explanation is that neonatal Th1 cells have up-regulated IL-13Rα1/IL-4Rα heterodimer
expression before 6 d of life. Via binding to this receptor, IL-4 triggers apoptosis in these
Th1 cells in neonates. However, juvenile mice after 6 d of life appear to overcome this
Th2 bias by the developmental maturation and accumulation of CD8α+CD4- DC that
produce IL-12 that down-regulates IL-13Rα1 expression on Th1 cells (375).
A major unanswered question is whether and how the target organs themselves
can dictate the nature of the autoimmune response, and thus, its therapy. We hypothesize
that the microenvironment of different target organs at different ages of disease onset
strongly influences immune deviation and ontogenic differences in pathogenic disease
mechanisms. Physiological functions of the ovary are partly regulated by remodeling
events induced by resident and infiltrating leukocytes (376). Previous literature indicates
that normal ovarian cells, regardless of CD45 expression, make chemokines, such as
eotaxin or RANTES, that attract eosinophils critical for ovarian function (377), are found
in the developing ovary, but are increased in pre-ovulatory follicles. They are robust
sources of remodeling factors required during the transition from follicle to luteal phase,
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suggesting their role during normal ovarian processes. This may favor eosinophilic Th2
responses in adult AOD, but makes investigating a role for eosinophils in disease
pathogenesis, such as by using the eosinophil-deficient PHIL mice, challenging.
Alternatively, IL-33 or other tissue factors may lead to the observed tissuespecific differences in disease mechanism. IL-33, a cytokine that can promote Th2
responses, may function in the target organ to impact disease susceptibility and
phenotype. IL-33 mRNA is detected in the juvenile ovary, though protein expression has
not yet been investigated. Adult cycling ovaries express IL-33 during estrus, suggesting
its involvement in the removal of atretic follicles via autophagy (378). IL-33 is also
expressed in the stomach and recombinant IL-33 injection can lead to Th2-dominant
gastric pathology (222). We hypothesize that differences in IL-33 expression in these
microenvironments may account for the distinct observed autoimmune responses.
Juvenile 9-11 d ovaries lack antral follicles and because atresia is only observed when
follicles reach the early antral stages, there is minimal atresia of follicles in juveniles. In
future studies, we would like to test the effects of hormonal interruption of ovulation and
ovarian atresia on the development of Th2- and Th1-dominant immune responses.
Additionally, the differences in disease susceptibility, phenotype, and target Ag
specificity between juvenile and adult Treg cell-depleted mice may result from what has
been described as a “layered” immune system, where successive hematopoietic stem cell
populations yield distinct populations of lymphocytes throughout development in mice
and humans (379–381). Yang and colleagues described age-dependent differences in Ag
processing/presentation machinery and APC, leading to the age-dependent generation of
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distinct AIRE-dependent and independent Treg cell compartments with distinct TCR
repertoires poised to protect defined sets of self-Ag (228).
Other future directions include fully characterizing the cellular, chemokine, and
cytokine profiles of each organ and age group and investigating their contributions to
disease. We would like to investigate the ability of T cells from mice with AOD to
adoptively transfer disease to WT recipients. Furthermore, ILC2 may contribute to Th2
responses, but a role for these cells has not been investigated. Another factor of interest is
a role for the microbiome in shaping immune responses throughout ontogeny.
Furthermore, the differences observed between juvenile and adult AOD may involve the
properties of Treg cells that return after depletion, such as the suboptimal reconstitution
of the rebounded Treg cell population (though IRF4 expression appears normal) or a
greater proportion of ILT3+ Th2-promoting Treg cells in the rebounded Treg cell
population in adult mice.
In conclusion, a breakdown in tolerance for ovary-specific Ag has major
consequences for ovary function, which is replicated in AOD after Treg cell depletion.
Our findings are clinically significant, as the immunological nature of POF in humans
often remains elusive, and patients with POF have eosinophilic inflammation (382),
similar to adult Treg cell-depleted mice. Importantly, understanding neonatal and juvenile
immune system development can lead to better targeted strategies to protect them from
infections, allergy, and autoimmunity and can ultimately improve vaccine efficacy.
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Materials and Methods
Mice and Foxp3+ Treg cell depletion. C57BL/6-DEREG mice were provided by Drs.
Lahl and Sparwasser A/J mice and C57BL/6 Rag1-/- mice were purchased from The
Jackson Laboratory. Rag1-/- DEREG mice were generated by crossing Rag1-/- mice with
DEREG mice. To obtain B6AF1-DEREG mice, C57BL/6-DEREG mice were crossed
with A/J mice. To deplete Treg cells, 40µg/kg body weight of diphtheria toxin (DT) (Lot
322326, Calbiochem) was injected i.p. into juvenile (5-17 d old) or adult (6-12 wk old)
DEREG mice on days 0, 2, and 5. All experimental days were counted from day 0. As a
control, we studied WT mice injected with DT and DEREG mice injected with PBS. All
mice were bred in house in a specific pathogen-free facility and tested negative for fur
mites, pinworm infection, and Helicobacter spp. infections. Experiments were conducted
following the guidelines of the Animal Care and Use Committee of UVA.
Histopathology and AOD and AIG severity grading. Mice were euthanized from 1 to 8
wk after Treg cell depletion. The ovaries and stomachs were removed and fixed in
Bouin’s solution, embedded in paraffin wax, and cut into 5um-thick sections. The
presence of inflammation and atrophy were examined by H&E stain. AIG severity was
graded as described in Chapter 2. AOD severity was graded on unknown samples by
K.S.T. as previously described (171). Briefly, a grade of 1 to 4 was assigned to each of
the following histopathologic changes, including oophoritis, depletion of growing
oocytes, and depletion of primordial oocytes. An oophoritis score of 1 denotes 1 to 2 foci
of leukocyte infiltration, scores 2–3 denotes an incremental increase in multifocal
inflammatory foci, and a score of 4 denotes diffuse inflammation. An additional score
was given when growing or primordial oocytes were lost from the follicles, ranging from
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1 (occasional oocyte loss) to 4 (complete oocyte loss). Because the loss of oocytes results
in a reduction of ovarian function, their grades were weighed as follows: the grade for
loss of growing oocytes was multiplied by 1.5 and the grade for loss of primordial was
multiplied by 2. Accordingly, the total disease severity index was calculated as the
summation of oophoritis grade, growing oocyte loss grade, and primordial oocyte loss
grade. The total AOD scores ranged from 0 to 18.
IF microscopy. Serum gastric autoAb were detected and semi-quantified as described in
Chapter 2. Serum ovarian autoab were detected and semi-quantified by indirect IF
staining of 6-um-thick frozen sections of normal mouse ovary fixed in ice cold
acetone:ethanol solution and stained as described in Chapter 2. To detect eosinophils,
neutrophils, macrophages, or DC by direct IF, 6-µm-thick frozen ovary sections were
fixed in cold 1:1 acetone:ethanol and blocked with Tris-NaCl blocking buffer
(PerkinElmer), 3% H2O2 (EMD Chemicals), 0.1% NaN3 (ICN Biomedicals, Inc),
followed by a biotin-avidin blocking kit. The sections were then stained with rat antimouse SiglecF Ab (BD-Pharmingen) or rat anti-mouse Ly6G Ab (BD Pharmingen) and
biotinylated goat anti-rat IgG (Southern Biotech). Alternatively, the sections were stained
with biotinylated hamster anti-mouse CD11c Ab (BD Pharmingen) or biotinylated antimouse F4/80 Ab (Cedarlane). Then, all stains were enhanced by the biotin tyramide kit
according to the manufacturer’s instructions (PerkinElmer), followed by neutralite
avidin-Texas Red. Slides were mounted with Vectashield containing DAPI (Vector
Laboratories). All stains were performed at room temperature and the slides were
examined and photographed with a Nikon Microphot-FXA fluorescent microscope and
Nikon HB-10101AF Mercury Lamp and Olympus Q color 5 camera.
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ELISA detection of ovarian ZP3 Ab. To detect ZP3 Ab, 96-well plates were incubated
with 1 µg/mL pZP3 330-342 in PBS for 1 h at 37°C or 16 h at 4°C. The wells were
blocked with 3% BSA-PBS for 1h at 37°C. Experimental and control mouse sera were
added to the wells at 1:200 dilutions in duplicate and incubated for 1h at 37°C. The wells
were then incubated with HRP-conjugated goat anti-mouse IgG (Southern Biotech)
diluted 1:2000 for 1 h at 37°C. After rigorous washing, each well was reacted with OPD
substrate solution (Sigma). The reaction was terminated with 2.5N H2SO4, and
absorbance at 490nm was determined with a microplate reader. H+K+ATPase
concentrations were expressed as arbitrary units relative to a standard curve of ZP3 mAb
(1G2 clone) generated in B6AF1 mice immunized with chimeric peptide 2 (358).
Serum IgE determination by ELISA. IgE concentrations were determined as described in
Chapter 2.
Ab absorption assay. To demonstrate that the serum autoAb from Treg cell-depleted
DEREG mice that targets the ovarian ZP is specifically targeting ZP3 and not other ZP
Ag, we absorbed the serum with pZP3 B cell epitope (335-342, amino acid sequence:
QAQIHGPR). The serum was diluted 1:50 in PBS containing 3% BSA and 160 µg pZP3
and rotated for 1 h at room temperature. The suspension was then centrifuged at 13,000
rpm for 5 min and the supernatants were used for IF staining. The staining was performed
with pre- and post-absorbed sera diluted to a final concentration of 1:100 in PBS, stained
on adjacent normal ovary sections, and imaged using the same exposure times.
Serum autoAb transfer of AOD. Serum from adult DEREG or WT mice was collected 4
wk after DT treatment. 50 µg of sera was injected i.p. into neonatal mice on day 3 and
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day 5 postnatal. At 14 d postnatal, the ovaries of the recipient mice were harvested and
AOD severity was determined as described.
In vivo CD4 T cell depletion, IFN-γ neutralization, IL-17 neutralization, TSLPR
blockade, basophil depletion, NK cell depletion, and CD1d blockade. For CD4 T cell
depletion, adult mice were injected i.p. with 100 µg of anti-CD4 mAb (clone GK1.5,
generated at the Lymphocyte Culture Center of UVA) in PBS starting at the same time as
the first DT injection, then every 3 to 4 d until 3 wk. For IFN-γ neutralization, adult mice
were injected i.p. with 500 µg of anti-IFN-γ Ab (Clone XMG1.2, BioXCell) in PBS
starting at the same time as the first DT injection, then every 3 to 4 d until 3 wk. Control
mice were injected with corresponding doses of polyclonal IgG from normal rat sera
(Thermo Scientific). For IL-17 neutralization, adult mice were injected i.p. with 250 µg
of anti-IL-17 Ab (clone M210, Amgen) in PBS starting at the same time as the first DT
injection, then every 2 to 3 d until 3 wk. Control mice were injected with corresponding
doses of control rat IgG2a isotype Ab (Clone 2A3, BioXCell). This dosing regime was
based on previous publications using these Ab (383, 384). The doses described above
were given to adult mice and were scaled down based on mouse weight for juvenile mice.
For TLSP receptor blockade, adult mice were injected with 100 µg of anti-TSLPR Ab
(kindly provided by Roche Pharma) in PBS starting at the same time as the first DT
injection, then every 3 to 4 d until 3 wk. For basophil adult depletion, mice were injected
with 50 µg of Ba103 Ab (kindly provided by Dr. Hajime Karasuyama, Jikei University
School of Medicine) in PBS on day -4, +6, and +16 of DT treatment (385). Mice were
euthanized at 3 wk. For NK cell depletion, 9 d juvenile mice were injected i.p. with 10
mg/kg body weight of anti-NK1.1 Ab (clone PK136, gift from Michael Brown) in PBS
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starting at the same time as the first DT injection, then every 3 to 4 d until 3 wk. For
blockade of NKT cells, 9 d juvenile mice were injected i.p with 12 mg/kg body weight of
anti-CD1d Ab (clone 1B1, produced at the Lymphocyte Culture Center at UVA) in PBS
starting at the same time as the first DT injection, then every 3 to 4 d until 3 wk. Mice
were euthanized at 3 wk after all treatments.
Cell isolation from LN, spleen, and gastric mucosa. At euthanization, the ODLN and/or
axillary and brachial NDLN were removed and prepared into single cell suspensions for
flow cytometry as described in Chapter 2.
Flow cytometric analysis. Single cell suspensions were stained with Ab to CD4 (RM4-5,
GK1.5), CD11b (M1/70), IRF4 (3E4), Foxp3 (FJK-16s, eBioscience), IL-4 (11B11), and
IL-17 (ebioTC11-18H10.1) purchased from eBioscience and CD25 (PC61), CD69
(H1.2F3), SiglecF (E50-2440), CD44 (IM7), CD3 (145-2C11), CD62L (MEL-14), and
IFN-γ (XMG1.2) purchased from BD Pharmingen. Cell surface and intracellular staining
were performed as described in Chapter 2.
In vitro CD4+CD25+ Treg cell suppression assay and in vivo Treg cell reconstitution.
Experiemnts were performed as described in Chapter 2. The purity of the isolated
CD4+CD25+ cells for the in vitro assay was 91.4±8.7%. The purity of the isolated
CD4+CD25+ cells for in vivo reconstitution was 97.5±2.2%.
Statistical analyses. Statistical differences were determined by the unpaired MannWhitney test, Kruskel-Wallis test with Dunns post-tests using GraphPad Prism Version
5.0. The one-tailed fisher exact test was used to assess differences in disease incidences.
A p value of <0.05 was considered statistically significant.
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Chapter 5

Conclusions, Future Directions, and Significance
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Summary of major findings
Autoimmune diseases result from the breakdown of self-tolerance. Our results
address several new and important immunological concepts through studies on AIG,
EAO, and AOD in the DEREG mouse model of systemic transient Treg cell depletion.
We characterized these novel models of autoimmunity and defined key effector cells and
molecules involved in the underlying mechanisms of disease onset and progression.
These findings have implications for improving our understanding of human disease and
potential therapeutic approaches for preventing disease initiation and progression.
First, we have shown that Treg cells control tolerance and prevent autoimmune
disease. Second, we provided definitive evidence that Th2-dominant immune responses,
including IL-4 and eosinophils, can participate in autoimmune disease pathogenesis.
Third, we showed that Teff cell resistance to Treg cell-mediated suppression rapidly
occurs after transient Treg cell depletion. Fourth, we showed that testicular MGCA, once
thought to be sequestered and incompatible with systemic tolerance, egress through the
BTB and promote systemic tolerance. We defined one egress pathway, and
simultaneously, an unappreciated physiological process in the testes. Fifth, we described
new models of EAO and AOD after Treg cell loss. Treg cells are critical for suppressing
autoimmune responses to MCGA and ovarian Ag, and thus, for fertility and the
perpetuation of life. Sixth, we devised a new assay to define autoAb to testis and sperm
as NS-MGCA or S-MGCA in different contexts (spontaneous versus post-Vx
autoimmunity). Seventh, we showed that autoimmune disease mechanisms are
ontogenically-regulated and organ-dependent. We described two different mechanisms of
autoimmunity within the same organ of animals at different ages, and we defined distinct
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mechanisms of autoimmunity within two different organs of the same animal, strongly
suggesting that the target organ physiology and local responses can regulate the nature of
the autoimmune disease that affects them. This will open new approaches for therapy
beyond immune cells.
Such advances in understanding Treg cell biology and mechanisms of
autoimmunity resulting from Treg cell loss will be valuable for Treg cell-based therapies.
Critical future directions, implications of our findings for therapy for autoimmunity and
cancer, and the broader significance of our findings are discussed below.

Future directions for autoimmune disease studies
There are many areas of study that require further exploration in our models. For
example, the reasons for differences in the Th1 and Th2 cell responses observed after
transient loss of Treg cells are not well-characterized. The juvenile versus adult AOD
model is the most useful for investigating if these differences result from the maturity of
the immune system or the microenvironment of the tissue itself. We are now aware of
some key regulatory pathways that skew T cells towards inflammatory or regulatory
functions, but the initiating factors driving a Th2 response are not fully characterized.
Epithelial cell-secreted cytokines, such as TSLP, IL-33, and IL-25 instruct DC and ILC2
to promote Th2 immunity in the context of allergen-mediated activation (386). While we
showed that TSLPR blockade does not prevent Th2-dominant AIG or AOD in adult Treg
cell-depleted DEREG mice, a role for IL-33, IL-25, and ILC2 has not been investigated
and would be of great interest. Furthermore, it would be interesting to examine at which
stage of AIG the eosinophils contribute and if they also play a role in AOD pathogenesis.
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Recent research in the field of Treg cell biology has shown that unique
microenvironments in different diseases can lead to the reprogramming of T cells and
contribute to disease pathology. The ability to control this CD4+ T cell polarization and
function can result in new therapies aimed at promoting desirable and preventing harmful
T cell responses. For example, modulating cytokine signaling on Teff cells, varying the
strength and duration of TCR signaling, regulating cytosolic signaling, enforcing specific
metabolic programs, regulating gene expression of specific transcription factors, or
modulating co-stimulation can impact tolerance and immunity through the regulation of
plasticity (387). Interestingly, in the context of a strong Th2 environment, Treg cells can
lose Foxp3 expression and be reprogrammed to the Th2 cell lineage (388). While this
possibility has not been directly investigated in our studies, we have shown that Treg
cells reconstituted into DT-treated DEREG mice at 7 d do not downregulate Foxp3
expression (data not shown). Instead, in AIG, we observed an expanded population of
Th2-promoting ILT3+ Treg cells among the rebounded population. Little knowledge on
this Treg cell subset has been reported. This model provides an exciting opportunity to
investigate the function of these cells and their contribution to disease.
We still do not understand the mechanism of Teff cell resistance in AIG and AOD
of Treg cell-depleted mice. To investigate if this phenomenon is related to Th2 cell
responses, we can examine if the Teff cells resist suppression even in the absence of IL-4
or eosinophils. This can also be investigated at the molecular level, by assessing the
expression of known resistance-associated molecules in the Teff cells. Likewise, it is
essential to evaluate how to overcome this resistance during therapeutic intervention.
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Finally, more comprehensive studies on the clinical relevance of these
experimental disease models would be valuable. For instance, additional studies are
needed to evaluate whether AIG in DEREG mice leads to the long-term consequences
observed in human AIG, including pernicious anemia and gastric cancer. It would also be
of interest to investigate the role of the gastric autoAb in disease pathogenicity. In
addition, a thorough assessment of eosinophilic inflammatory infiltrates and levels of
Th1- and Th2-associated cytokines in patient biopsies of the stomach and ovary at
various stages of disease, as well as the autoAb isotype, would be of interest.
The growing field of bioinformatics and the development of new high throughput
technologies have provided the opportunity to characterize autoimmune diseases on the
molecular level, such as through microarrays to identify gene expression changes
throughout disease progression. By investigating the expression profiles in murine
disease, identifying similarities between peripheral blood mononuclear cells from patients
with corresponding autoimmunity, and analyzing the findings in the context of clinical
laboratory assay results, clinical outcome, or response to therapy, our models could help
identify novel translatable disease biomarkers. This has the potential to advance the
diagnosis, treatment, and prevention of autoimmune diseases.

Implications for Treg cell-based therapies for autoimmunity
Although Treg cells comprise only a small percentage of the total lymphocyte
population, they represent a potential new therapeutic target in autoimmunity (389–391).
The outcome of a given immune response partially depends on the relative numbers and
function of regulatory and effector cells. In many cases, Treg cells are effectively
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recruited to and even elevated in sites of inflammation and autoimmunity in mice and
humans (56, 137, 392). We also observed a significant increase in Treg cells in the
stomachs of adult DEREG mice with AIG. However, they are unable to restore immune
tolerance and control disease. In some cases, this is due to insufficient quantity or quality
of the Treg cell response, which must be overcome for therapeutics to be effective.
Currently,

the

clinical

strategies

available

for

autoimmunity

rely

on

immunosuppressive and anti-inflammatory treatments that provide short-term relief, but
do not re-establish long-term tolerance. Our findings support the idea that autoimmunity
results from an imbalance between Treg and Teff cell populations. Therefore, ideal
therapies would reduce pathogenic T cells and enhance the numbers or function of
suppressive populations. Therapies currently under investigation include systemic
immunotherapies, Ag-specific therapies, and combination therapies (Figure 5.1).
Systemic immunotherapies include anti-CD3 mAb treatment, B cell-depleting
mAb, or IL-2 therapy to expand existing Treg cells. Because IL-2 therapy can also affect
proinflammatory activated Teff cells expressing CD25, IL-2 treatment can be combined
with immunosuppressive drugs that inhibit Teff cell proliferation and function (56, 393–
396). Cytokines such as type 1 interferons, IL-6, and IL-1 can inhibit Treg cells
themselves or promote Teff cell resistance to suppression (397–400). In addition to
inducing tissue damage, proinflammatory mediators may prevent the restoration of
tolerance by altering the differentiation, stability, and balance of pathogenic versus
regulatory cells at the site of inflammation. Therefore, combination therapies that inhibit
inflammatory mediators and promote Treg cell function may be the most efficacious
(401). Recently, it has been shown that miRNAs can restrict Th2 cell differentiation by
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Figure 5.1 Strategies to restore tolerance in autoimmune diseases. In individuals
genetically predisposed to autoimmunity, one or several mechanisms of central or
peripheral tolerance are defective. This leads to expansion of autoreactive Teff cells that
cannot be controlled by Treg cells. These Teff cells migrate to the target organ, release
soluble mediators and cooperate with innate cells to damage tissue. The goal of
immunotherapy is to target one of more of the steps in this process in order to alter the
balance between the pathogenic cells and Treg cells in order to restore tolerance.
Systemic therapies, such as anti-CD3 mAbs, co-stimulation blockade, or antiinflammatory therapies such as TNF antagonists or other neutralizing cytokines alter
specific T cell subsets and repertoires. This results in a reduction of the Teff:Treg cell
ratio or alter APC and/or signaling pathways downstream of the TCR to lead to immune
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deviation, T cell anergy, or induce Treg cells. Some therapies deplete B cells or promote
self-Ag presentation by tolerogenic DC. Inhibitors of leukocyte trafficking can also be
used to alter autoreactive T cell migration to the target tissue. Additional strategies aim to
boost Treg cells. Ag-specific therapy can be used to deplete autoreactive T cells or
cellular therapy could be used to restore tolerance by directly increasing the Treg cell
population. The overall goal of these immunomodulatory therapies is to restore long-term
tolerance, keep autoreactive T cells in the LN, and reduce tissue damage by creating an
environment that favors Treg cell induction. Therapies that aid in overcoming Teff cell
resistance to Treg cell-mediated suppression could be beneficial alone or in combination
with the other therapies described above. Adapted from (161).
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regulating the Th2-associated transcription factor, Gata3, and IL-4 production (402),
which may be particularly useful in treating Th2-dominant autoimmunity. Another way
to overcome Teff cell resistance and restore tolerance is by modulating pathogenic T cell
costimulation, such as blocking CD28/B7 interactions during TCR signaling.
Additionally, adoptive immunotherapy with Treg cells has been effective in
preclinical models and is now being developed for clinical applications. Polyclonal and
Ag-specific Treg cells can be isolated from patients with autoimmunity, expanded ex vivo
to therapeutically-relevant levels while attempting to improve their suppressive
capacities, and reinfused into patients (390). The infused cells may also provide a longterm benefit through “infectious tolerance” by the production of tolerogenic cytokines,
even if they are not long-lived (403, 404). In mice, endogenous Ag-specific Treg cells or
Ag-specific Treg cells derived from TCR transgenic mice were more effective at
suppressing autoimmunity than polyclonal Treg cells (405, 406). Approaches capable of
expanding Ag-specific Treg cells in vivo are not currently available. A major hurdle is
defining the appropriate protein or peptide to use, which can significantly impact the
generation and activation of autoreactive T cells. Another challenge involves isolating an
adequate number of Ag-specific cells in humans (407). Systemic delivery of
nanoparticles coated with autoimmune disease-relevant peptides bound to MHC class II
molecules has recently been shown to expand Ag-specific Foxp3-CD4+ Tr1-like cells,
which could suppress murine autoimmunity (408). New strategies to overcome
limitations include the use of lentiviral transfection to introduce TCR genes of given
specificity into polyclonal Treg cell populations. However, these therapies do not come
without risks, such as increased infections or malignancies related to the
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immunosuppression. If proven safe and efficacious, Treg cell-based therapies could
revolutionize our approach to treating autoimmune diseases.

Future directions for cancer studies
Our studies on MGCA sequestration and tolerance raise questions on how our
findings could be applied beyond autoimmunity. Prior to the dissertation research, CTA
were believed to be sequestered from the immune system in the testes but exposed in the
tumors, thus making them prime cancer vaccine candidates. While many laboratories
investigate CTA, these studies are not accompanied by research on systemic immune
responses to the same Ag in the testes. This is due to the long-held dogma that all MGCA
are sequestered and unable to interact with the immune system to maintain systemic
tolerance, and hence all MGCA should be immunogenic. However, the dogma is not
evidence-based, and many CTA are expressed on germ cells outside the BTB (409).
CTA vaccines in advanced clinical trials have thus far been unsuccessful. Our
new and innovative findings highlight a potential explanation for why some CTA may be
better vaccine targets than others. We hypothesize that the Treg cell-dependent systemic
tolerance to NS-MGCA might control immune responses to the same Ag expressed as
CTA in tumors. Because tolerance will blunt natural tumor immunity, the expected
outcome is enhanced cancer progression and poor prognosis. Furthermore, patients
should respond strongly to CTA identical to S-MGCA as “foreign” Ag and have a better
prognosis. The efficacy of S-MGCA should surpass that of NS-MGCA as cancer vaccine
targets. Finally, Treg cell depletion should enhance responses to the CTA vaccines that
contain NS-MGCA, including the current candidates MAGE-A and NY-ESO-1.
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Figure 5.2: Understanding MGCA/CTA sequestration status in the testes and
systemic tolerance status may impact the design of future tumor immunotherapy
strategies. At spermiation, two sets of MGCA are generated. (a) Early spermatids are
split into (b) sperm that remain sequestered in the seminiferous tubules and epididymis,
and (c) residual bodies that egress from the seminiferous tubules. The MGCA in sperm
and residual bodies have different properties in terms of systemic tolerance induction, as
only those in residual bodies, which exit the BTB, promote Treg cell-dependent
tolerance. The S-MGCA, such as Zan, are targeted during EAO after vasectomy. The NSMGCA, such as LDH3, are targeted in spontaneous EAO after loss of Treg celldependent tolerance. We hypothesize that the NS-MGCA would result in better anti-CTA
immune responses if used in cancer vaccines and we predict a better prognosis for tumors
expressing higher levels of S-MGCA over NS-MGCA.
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Therefore, our findings could influence cancer immunity, cancer prognosis, and
tumor vaccine Ag selection (Figure 5.2). Future studies should expand our knowledge of
NS- and S-MGCA through bioinformatics approaches to compare the residual bodies and
sperm proteomes. It would also be of interest to study MGCA expression as CTA in
human tumors beyond our current knowledge. By comparing the expression of NSversus S-MGCA on tumors with their associated clinical data and responsiveness to
treatment, we could better predict disease outcome and their potency as vaccine targets.

Implications for Treg cell-based therapies for cancer
Beyond the implications for our findings in autoimmunity, it is also important to
consider cancer, as Treg cells in tumors significantly inhibit anti-tumor immunity and
their accumulation in tumors can be associated with worse prognosis (410–413). Thus, in
many cases, inhibiting rather than promoting Treg cell function in tumors is key for
effective tumor immunotherapy (Figure 5.3). While standard treatments have been
monumental for human cancers, some tumors develop resistance to these treatments or
relapse despite treatment. New treatments are desperately needed, with immunotherapy,
including cancer vaccines, at the forefront of research efforts. Treg cell depletion can
promote tumor rejection in animal models (414), and anti-PD1 and anti-CTLA-4 mAb
therapies may partly function through Treg cell inhibition (415). However, side effects of
such treatments can include the development of autoimmune diseases (416). One possible
way to avoid a deleterious autoimmune response is to optimize the duration and degree of
Treg cell depletion, to target Treg cell migration to tumors, or to target specific Treg cell
subpopulations that predominate in tumors (410, 417, 418). These treatments could be
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Figure 5.3: Manipulation of Treg and Teff cells for cancer immunotherapy. The
goal of Treg cell manipulation for cancer immunotherapy is to reduce Treg cell
generation, expansion, survival, migration, and suppressive function. Some ways to
accomplish this include inhibiting A2A receptors on Treg cells, inhibiting tyrosine
kinases, or targeting molecules involved in migration to tumor tissue, such as CCL22 or
CXCR4. Another method includes adoptive immunotherapy to increase the anti-tumor T
cell responses beyond Treg cell control. T cells can be genetically engineered to
recognize tumor-associate Ag. This can be achieved by isolating T cells from a patient,
modifying their TCRs to recognize tumor Ag, expanding the cells, and then re-infusing
the genetically engineered autologous T cells back into the patient. One major concern
for these therapies is potential side effects such as the development of autoimmunity if
Treg cells are reduced.
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combined with therapies that aim to activate tumor-specific Teff cells, such as cancer
vaccines or chimeric Ag receptor-modified T cells, to be more effective.
The broader impact of autoimmune disease research on next-generation health care
Autoimmune diseases are a major health problem that takes an enormous toll on
affected families. They are chronic, can be life-threatening, and also have a significant
economic impact. According to the American Autoimmune Related Diseases
Association, an estimated 50 million Americans suffer from autoimmune diseases. This
prevalence is greater than the estimated number suffering from heart disease or cancer,
and it is on the rise (419). The NIH estimates that direct health care costs for autoimmune
diseases are around $100 billion annually. Because women comprise nearly 80% of those
affected, they can also be considered a significant women’s health issue (420).
Existing information on the prevalence and costs of autoimmune disease is often
interpreted from small sample sizes or is outdated, resulting in unreliable data.
Comprehensive, multidisciplinary, and longitudinal studies could be highly beneficial for
identifying the true incidence of disease and the relationship between autoimmunity and
environmental factors. Furthermore, with the Precision Medicine Initiative announced in
2015 (421), we are witnessing a push toward defining the molecular basis of human
diseases to deliver highly personalized health care. With more sensitive technology and
enhanced bioinformatics approaches, our ability to interrogate immune responses is being
revolutionized. Molecular classifications of disease and characterization of therapeutic
responses will clarify human pathophysiology and guide more targeted therapies. These
interdisciplinary systems biology approaches will propel the next generation of
healthcare. Specifically regarding autoimmune diseases, the traditional approaches to
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treatment involve classifying diseases based on the affected organs and symptoms. Yet,
both experimental research, including our findings described in this dissertation, and
clinical trials have indicated that shared pathogenic mechanisms can promote
inflammation in various organs. Alternatively, inflammation within a single organ can
arise through distinct molecular pathways in different individuals. Importantly, the
identification of new immune cell subsets has deepened our understanding of the
heterogeneous nature of inflammation. Studies, such as those in this thesis, can be a first
step in defining these immune responses and can aid in the selection of molecular and
cellular targets for therapeutics, while avoiding affecting the immune system as a whole.
Despite the realization that it is often difficult to directly translate therapies from
mouse models to human patients, substantial progress has been made in using
immunotherapies to modulate autoimmune disease. Thus, the standard of care and the
quality of life of patients with autoimmunity have greatly improved as a result of
experimental studies leading defining the complex molecular and cellular pathways in
disease pathogenesis and regulation. Likely, combination therapies to modulate the
immune response would be required to abrogate disease and restore long-term tolerance.

Final Thoughts
Over the last decade, results of basic science research on autoimmune diseases
have made this field one of the most promising areas of new discovery. The work in this
dissertation has added to this knowledge by establishing that Treg cells have a potent
impact on the development of tolerance versus immunity. While much autoimmune
research is disease-specific and limited in scope, we investigated multiple diseases within
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the same animal. Our findings have uncovered new knowledge on Treg cells, selftolerance, and autoimmune disease development upon Treg cell dysregulation. We
provided additional knowledge on both innate and adaptive organ-specific immune
mechanisms that contribute to disease pathogenesis, including Th2-dominant responses
previously thought to primarily drive allergy. We also identified a novel pathway of Ag
egress and tolerance induction to a set of Ags in the testes thought to be incompatible
with systemic tolerance. These findings have implications for understanding neonatal and
adult autoimmunity due to a loss of tolerance and for manipulating Treg cell activity for
therapeutic potential in autoimmunity, cancer, and transplantation.
Advances in our understanding of the immunologic processes controlling the
development

of

autoimmunity

can

facilitate

the

development

of

novel

immunomodulatory therapeutics. The discovery and success of anti-tumor necrosis factor
therapies for Crohn’s disease, rheumatoid arthritis, and ulcerative colitis is just one
example emphasizing the significance of novel biologics for autoimmunity. Additional
understanding of the immunopathogenesis of such diseases will allow for more effective,
more selective, and less toxic therapies. Furthermore, a better understanding of how
immunological tolerance to self-Ag is regulated to avoid host damage will provide key
insights for strengthening weak immune responses, such as those targeting tumor Ag, and
restraining damaging autoimmune responses.

.
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