Investigating the role of autophagy in TLR7mediated SLE pathogenesis.
A thesis
submitted by

Catherine Gidley Weindel

In partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
In
Genetics

TUFTS UNIVERSITY
Sackler School of Graduate Biomedical Sciences
The Eighteenth of May, 2015

Advisor:
Brigitte T. Huber

ii

Systemic lupus erythematosus (SLE) is a heterogeneous autoimmune disease,
defined by loss of B cell self-tolerance that results in production of anti-nuclear
antibodies and chronic inflammation. While the initiating events in lupus
development are not well defined, overexpression of the RNA-recognizing toll-like
receptor (TLR)7 has been linked to SLE in humans and mice. We postulated that
autophagy plays an essential role in the activation of TLR7 in B cells and dendritic
cells (DCs) by delivering RNA ligands to the endosomes, where this innate immune
receptor resides. This activation of TLR7 would be an initiating event allowing for the
induction of SLE. To test this hypothesis, we compared SLE development in Tlr7
transgenic (Tg) mice with or without functional autophagy due to a Cre-recombinase
mediated deletion of the Atg5 gene: in B cells (Cd19-Atg5f/f), DCs (Cd11c-Atg5f/f), or
both (Cd11c Cd19-Atg5f/f).
We observed that a loss of autophagy in B cells cured Tlr7.1 Tg mice of lupus.
Specifically, in the absence of B cell autophagy the two hallmarks of SLE, antinuclear autoantibodies and inflammation, were eliminated, significantly increasing
survival, as we predicted. These data provide direct evidence that B cells require
TLR7-dependent priming through an autophagy-dependent mechanism before
autoimmunity is triggered, thereafter involving many cell types. Interestingly anemia
and high serum IgM persisted in these mice likely due to corollary effects of a loss of
autophagy in B cells.
A loss of autophagy in DCs resulted in a short-term amelioration of disease,
indicated by a lengthened mean survival. However, an increase in inflammation
occurred with age, surpassing that of Tlr7.1 Tg mice. This inflammatory state
included an influx in neutrophils, elevated serum cytokines and liver inflammation.
Interestingly a loss of DC autophagy reduced the production of IFN that likely
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contributed to the increased survival of these mice. Therefore DCs likely play an
active role in SLE pathogenesis, which is autophagy dependent, possibly by
amplifying the B cell signal. However a lack of DC autophagy also induces an
inflammatory response, suggesting that autophagy has opposing roles in mediating
inflammation.
Ablation of autophagy in both B cells and dendritic cells induced a severe and
early fatal disease in Tlr7.1 Tg mice similar to a sterile systemic inflammatory
response syndrome (SIRS). Interestingly, these mice showed a different pattern of
disease with less severe kidney pathology, and an increase in immune mediated
anemia. This suggests an entirely different mechanism of disease progression. Other
indications of an alternate mechanism included an extreme myeloid expansion in the
blood and peripheral lymphoid organs, and elevated serum IL18, IL1β, prototypical
indicators of inflammasome activation as well as elevated TNFα. This suggests that a
lack of autophagy in B cells contributes to the inflammation caused by a loss of
autophagy in DCs, however this effect is not a direct result of TLR7 overexpression.
We conclude from our data that autophagy plays a dichotomous role in TLR7mediated autoimmunity, promoting initiation of disease in B cells through TLR7
priming, but regulating inflammatory response in DCs later on in the disease
process.
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1. Introduction
1.1 Autoimmunity
1.1.1 Overview of autoimmune disease
We rely on our immune system to protect us from infectious agents. To
achieve this goal, the cells of our immune system must detect pathogenic
substances. Simultaneously, a tightly controlled state of tolerance has to be
maintained, wherein internal non-pathogenic substances that have the potential to
elicit an immune response go unrecognized. Autoimmune disease occurs upon the
breakdown of self-tolerance, when the immune system is unable to distinguish self
from non-self; subsequently, an immune response is mounted, and antibodies (Abs)
are made against the body’s own cells and tissues.
It is well accepted that the etiology of autoimmunity involves a complex
interaction between environmental, epigenetic, and genetic factors. In addition,
gene-gene interactions can contribute to susceptibility, as well as disease
progression, resulting in a complex etiology (Costenbader et al., 2012).
Interestingly, many autoimmune diseases possess overlapping genetic associations,
suggesting that the same cellular pathways contribute, in part, to disease
progression (Gateva et al., 2009; Maiti and Nath, 2013; Tuller et al., 2013).
However, genetic data also suggest that certain autoimmune diseases possess
distinct pathways of disease progression that vary between ethnicities (Wang et al.,
2013) (Han et al., 2009). Ultimately, the amount of heterogeneity is not surprising,
considering that autoimmune diseases encompass more that 80 disorders and may
either affect a specific organ, such as in Multiple Sclerosis (MS), or have a broader
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range over multiple organ systems, such as in systemic lupus erythematosus (SLE)
(Shapira et al., 2010a, b).
Due to the complex nature of autoimmunity, it is difficult to dissect the
interactions between genetic factors resulting in disease progression. By developing
defined model systems to elucidate these specific gene interactions, it is possible to
better understand the pathways involved in the loss of tolerance and disease
progression. This will ultimately lead to better treatment strategies. Additionally,
because autoimmune diseases often share overlapping susceptibility genes, the
study of one such gene can have practical applications for other diseases of the
immune system.

1.1.2 SLE
SLE, also known as lupus, is a systemic autoimmune disease often affecting
the skin, joints, circulatory system, and kidneys. Figure 1 illustrates the major
organ systems involved in SLE pathogenesis. One of the critical hallmarks of SLE are
Abs made against DNA and/or other components of the nucleus, anti-nuclear Abs
(ANA) which can be detected in the sera of patients years before clinical symptoms
manifest (Arbuckle et al., 2003). SLE is both difficult to diagnose, due to the variable
presentation of symptoms, and difficult to track due to the unpredictable disease
course. To begin, in order to have a diagnosis of SLE, a patient must present with 3
out of 11 clinical criteria and at least one immunological criteria, determined by the
American College of Rheumatologists (ACR) and the Systemic Lupus International
Collaborating Clinics (SLICC)(Petri et al., 2012). The clinical criteria for SLE diagnosis
are listed in Table 1 and illustrate the variable nature of the disease.
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Figure 1. SLE disease manifestations and clinical criteria
Common malignancies associated with SLE are listed indicating the affected organ
system. Clinical criteria are listed in red. Systemic conditions commonly occurring in
SLE patients are listed on the lower left.
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During the course of disease, patients suffering from SLE are known to
present with periods of severe inflammation, disease flares, followed by lengths of
disease remission, in which symptoms can be virtually undetectable. There is no
current cure for SLE, and treatment strategies typically rely on immunosuppression
and symptom management, where the primary aim is the prevention of end-stage
organ damage. The current treatment strategies result in low-grade chronic
inflammation which leaves patients vulnerable to heart disease and infection (Crispin
et al., 2010).

SLE affects women more frequently than men. Women of childbearing age are
most commonly affected, and sex hormones are believed to influence SLE (Chang et
al., 2002). In fact, in mouse model systems made to reflect human SLE, duplication
or increase in the X chromosome exacerbates the severity of SLE (Smith-Bouvier et
al., 2008; Subramanian et al., 2006). Similar to other autoimmune diseases,
environmental factors contribute to the disease etiology of SLE; e.g., ultraviolet
exposure and smoking have been implicated as risk factors for SLE (Rahman and
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Isenberg, 2008). Additionally, attention has been given to the possibility of viral
infection exacerbating symptoms, or triggering disease (Dreyfus, 2011; McClain et
al., 2005). Ultimately, the environmental-genetic interplay is visible in the
concordance rates of monozygotic (24%) versus dizygotic (2%) twins, confirming
that SLE has strong genetic components as well as environmental contributions
(Ballestar, 2010);(Deapen et al., 1992). Thus far, numerous SLE-susceptibility genes
have been identified with the use of genome-wide association studies (GWAS)
(reviewed in (Cui et al., 2013)). However, considerable effort is needed to
understand the contribution of these genes to SLE development. Many of these
robust association genes involve both the adaptive and innate immune system
(Harley et al., 2008), (Lessard et al., 2012). Substantial research has focused on
adaptive immunity in SLE. More recently, the involvement of the innate immune
system in the etiology of SLE has gained much interest. As research efforts have now
involved both systems, it is clear that the two are interconnected and function
together in the progression of SLE.

1.1.3 SLE etiology - adaptive immunity
The adaptive immune system, long associated with SLE, primarily involves B
cells and T cells, lymphocytes that are somatically selected for in order to recognize
numerous foreign antigens and form an immunologic memory, while avoiding the
recognition of self-antigens. It is known that SLE is dependent on autoreactive B and
T cells that escape this selection process, and either become activated during
development, or in the periphery (Rahman and Isenberg, 2008). The immune
system has evolved multiple checkpoints, mediated by regulatory T and B cells, to
prevent autoreactive cells from mounting an immune response. Many of the genetic
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loci associated with SLE susceptibility encode genes whose products are involved in
these checks and balances preventing autoimmunity.
B cells are defined by the presence of a B cell receptor (BCR) and are the Abproducing cells of the immune system. B cells begin their development in the bone
marrow (BM). Here they go undergo recombination of the variable regions of their Ig
genes in a process known as V(D)J recombination. This process allows for a vast
repertoire of cells capable of recognizing foreign antigens. In addition B cells that are
autoreactive are clonally deleted here by negative selection (Tussiwand et al., 2009).
Immature B cells then leave the BM and become transitional B cells. In the spleen,
they develop into mature follicular (FO) or marginal zone B cells (MZB). Models have
shown that both BCR signal strength and signal transduction ensure the survival and
subtype choice of peripheral B cells (Engel et al., 1995; Lam et al., 1997).
T cells also undergo a series of checkpoints during their development to
prevent autoreactivity. As T cells develop in the thymus, they undergo four double
negative (DN) stages. Their ability to proliferate during the DN stages is determined
by the steps leading to the generation of the T cell receptor (TCR). T cells then
undergo positive selection in the thymic cortex, based on their TCR at the CD4 +CD8+
double positive stage, where the strength of the binding against Major
Histocompatibility Complex (MHC) molecules on thymic epithelium determines cell
fate. Binding too weakly results in apoptosis (Takahama, 2006). During positive
selection T cells become single positive cells depending on their MHC class specificity.
This step is followed by negative selection in the thymic medulla, where medullary
epithelial cells, macrophages and dendritic cells (DCs) mediate selection by
presenting self-antigens and signaling to autoreactive T cells to undergo apoptosis. T
cells then leave the thymus and travel to the periphery, where they interact with B
cells and facilitate the adaptive immune response.
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During the development of both B and T cells a misstep at any checkpoint
could increase the presence of autoreactive cells in circulation. However, the series
of events leading to the actual break in tolerance are not well understood and likely
initiate from different sources. Additionally, following the loss of tolerance, more
steps are required for full-blown autoimmunity. This is indicated by the presence of
auto-Abs in the sera of lupus patients years before symptoms emerge (Arbuckle et
al., 2003). There is also evidence that DCs activate their cognate T cells and B cells,
initiating cytokine and Ab production resulting in SLE (Chan et al., 2012a). On the
other hand, considerable evidence suggests that B cells can become activated
through both the BCR and innate immune receptors to break tolerance and initiate
autoimmunity, independent of T cells (reviewed in (Shlomchik, 2009)).
The adaptive immune system has mechanisms in place for self-regulation to
protect against autoreactivity. In addition to having the potential to function as
effector cells, protecting the host from foreign pathogens, B and T cells can become
regulatory or suppressor cells. These subsets function toward tolerance by
preventing the recognition of self-antigen and halting autoimmunity. B and T
regulatory cells (Bregs and Tregs) shut down an immune response and downregulate the proliferation and induction of effector cells. This is accomplished through
the production of anti-inflammatory cytokines, IL-10 and transforming growth factor
β (TGFβ), as well as cell-cell interactions (reviewed in (Vignali et al., 2008; Yang et
al., 2013).

8
1.1.4 SLE etiology - innate immunity
The innate immune system is evolutionarily older and involves numerous cell
types, including DCs, neutrophils, and macrophages, whose pattern recognition
receptors (PRRs) are able to recognize pathogen or damage-associated molecular
patterns (PAMPs or DAMPS) and respond by unleashing cytokines and chemokines,
thereby priming effector cells for controlling infection. Subsequently, antigen
presentation by DCs to cognate adaptive immune cells ensures successful adaptive
immunity.
Due to their function as both antigen-presenting cells (APC) and major
cytokine producing cells, DCs are believed to contribute to SLE pathogenesis
(Ronnblom and Pascual, 2008). DCs constitute a heterogeneous population of cells.
Two types of DCs are of particular interest to the field of lupus research. Myeloid DCs
(mDCs) are characterized by their long dendrite-like profusions and high CD11c
surface expression. Plasmacytoid DCs (pDCs), as their name suggests, have the
appearance of plasma cells and low/- CD11c expression. Although pDCs constitute a
small population, they are the major producers of type 1 interferons (IFNs). Both cell
types can stimulate B and T cells effectively, but differ in their contributions to SLE
development (Chan et al., 2012a).
Studies have shown that mDCs from lupus patients have the ability to
stimulate T cells more effectively than those from healthy individuals (Ding et al.,
2006). Additionally, mDCs from lupus patients overexpress activation markers
constitutively and secrete increased IL-6 and IL-8 following activation (Decker et al.,
2006; Ding et al., 2006). Coculture of pDCs from lupus patients with CD4+ T cells
causes a reduction in regulatory factors associated with tolerance (Jin et al., 2010).
In addition, IFN signatures have been found in kidney biopsies and sites of
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cutaneous lupus inflammation (Peterson et al., 2004; Reefman et al., 2008). Some
of the strongest evidence for the role of pDCs in SLE disease progression is the
presence of IFN-response genes in peripheral leukocytes of patients, which correlates
with disease severity. A correlation of high serum IFNα, anti-dsDNA auto-Abs, and
disease severity has also been found (Rose et al., 2013; Weckerle et al., 2011).
While pDCs typically do not respond to apoptotic debris, they can take up dying cells
through CD32, a low affinity Fc receptor. When this function is combined with IgG
auto-Abs, it has been shown to promote the continual production of IFN (Bave et
al., 2003). In addition, long-term treatment of type 1 IFNs in patients with other
diseases has resulted in lupus-like phenotypes, although interestingly 60% of
patients already had preexisting ANA (reviewed in (Biggioggero et al., 2010).
An important characteristic of SLE is the increase in apoptotic leukocytes and
its correlation with disease severity (Su et al., 2013). Macrophages and monocytes of
lupus patients also have a decreased capacity to uptake cellular debris, likely caused
by low levels of complement found in many lupus patients (Santer et al., 2010). In
several SLE mouse models mDCs have been capable of increasing disease severity
and T cell activation when exposed to necrotic and late apoptotic cell debris,
although apoptotic cells were not always successful at causing mDC activation
(Berkun et al., 2008; Ma et al., 2005; Tzeng et al., 2006). This is in contrast to the
uptake of apoptotic debris under normal conditions, where it promotes tolerance
(Berkun et al., 2008).
In addition to exacerbating disease by uptake of cellular debris, evidence
suggests that mDCs could also promote the differentiation of proinflammatory T
cells. In particular, Th17 cells, which produce IL-17, have been found elevated in SLE
patients and are sometimes associated with disease flares (Mok et al., 2010; Yang et
al., 2009). While some studies have shown the ability of DCs to induce differentiation
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to Th17 cells, the data are somewhat inconsistent (Estrada-Capetillo et al., 2013;
Fransen et al., 2009).
In addition to an interferon signature, lupus patients have increased cytokines
and growth factors that induce the differentiation and migration of granulocytes, in
particular neutrophils (Bennett et al., 2003; Leung et al., 2001). Neutrophils are
early responders to sites of inflammation and infection and when activated undergo a
death cycle called NETosis. NETosis results in the expulsion of uncoiled chromatin
and proteins onto the affected area, creating a neutrophil extracellular trap (NET).
Auto-Abs associated with lupus are strong inducers of NET production (reviewed in
(Yu and Su, 2013)), and NETs are capable of activating pDCs to produce type 1 IFNs
(Lande et al., 2011). Several lines of evidence suggest that the improper clearance
of NETS and subsequent IFN response from pDCs are contributing factors in SLE
disease severity (Leffler et al., 2013).
While evidence strongly suggests that DCs contribute to disease pathogenesis
through the innate immune system, their role in disease initiation and loss of
tolerance is less clear. Additionally, B cells are more often associated with the
adaptive immune system; however, they also possess innate immune receptors.
Mounting evidence suggests that B cells can initiate autoimmunity through a cell
intrinsic pathway of the innate immune system involving PRRs, namely toll-like
receptors (TLRs), which will be discussed below.
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1.2 TLRs
1.2.1 Overview of PRRs and TLR7
Some PRRs, such as the complement system, function as extracellular
molecules that bind pathogen and facilitate phagocytosis without directly inducing
the production of cytokines, which can be critical to maintain tolerance. Other PRRs
act as critical line of defense against invading microbes by recognizing PAMPs or
DAMPs and mounting an inflammatory response. This directly combats pathogen
invasion, while priming the adaptive immune system. The second class of PRR
includes receptors that share little sequence homology, but have relatively
convergent functions. These PRRs sense the gamut of microbe metabolism - DNA,
RNA and proteins, and induce a signaling cascade involving multiple adapter proteins
at different subcellular localizations to activate interferon regulatory factors and
cytokine transcription factors. The PRRs include cytosolic-sensing, NOD-like receptors
(NLRs), RIG-like receptors (RLRs), and cytosolic/nuclear AIM-like receptors (ALRs),
as well as membrane bound TLRs, which function cooperatively to protect the
mammalian host from infection (reviewed in (Kagan, 2012).
TLRs comprise a moderate sized family of receptors, with 10 known receptors
in humans and 12 in mice. TLRs contain several conserved domains, including an
extracellular leucine-rich domain, important for recognizing ligand, and a
transmembrane domain that associates with adapter proteins. TLRs are found on
both the cell surface, spanning the plasma membrane, and in intracellular
endosomes. While some TLRs are found on many cell types, others have a much
more restricted expression pattern, for example, in humans the expression of TLR7
and 9 is limited to pDCs, B cells (and macrophages), with constitutively high
expression only in pDCs (Saitoh et al., 2011).
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Most PAMPs recognized by PRRs are conserved structures associated with a
wide range of pathogenic microbes, such as lipopolysaccharides (LPS), found on the
outer membrane of gram-negative bacteria, and flagellin, which makes up part of
bacteria flagellum. Importantly the class of PAMP dictates the localization of its
corresponding PRR. For example the TLRs that recognize LPS and flagellin, found on
the surface of bacteria, are located on the plasma membrane. The TLRs that sense
nucleic acids, TLR3, 7, 8, and 9, are found in intracellular lysosomes and endosomes;
here they are able to successfully recognize DNA and RNA from viral and bacterial
sources; e.g., TLR7 and 8 sense ssRNA from exogenous retroviruses that have
infected the cell, while TLR3 detects dsRNA also present during vial infection. TLR9
senses unmethylated CpG DNA, which is found in high abundance in bacteria and
viruses. It should be noted that while the intercellular localization of these TLRs is
well accepted, one lab recently reported the cell membrane expression of TLR7 and
TLR9 on immune cells that can be internalized and brought to endolysosomes to
facilitate the recognition of PAMPs or potentially to promote tolerance (Kanno et al.,
2015; Onji et al., 2013). This is an intriguing concept that will require further
validation in other models.
While the nucleic acids recognized by cytosolic RNA and DNA PRRs are more
commonly associated with microbes, such as the 5’ triphosphorylated RNA
recognized by RLRs, dsRNA, guanidine-uridine rich ssRNA, and unmethylated CpG
DNA recognized by TLR3, 7, 8 and 9, respectively, can also be found in mammalian
cells. Specifically, endogenous ligands containing high uridine content are capable of
activating autoreactive B cells through TLR7, while self-complementary RNA are
capable of activating through TLR3 (Green et al., 2012). In addition, nucleic acid
sensing TLRs are capable of recognizing synthetic nucleotides and UV irradiated
viruses, suggesting that they to not discriminate based on replication ability or
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viability. The indiscriminatory nature of these PRRs underscores the necessity for the
tight regulation of these signaling pathways as a critical safeguard for preventing a
hyperactive cellular phenotype resulting in autoimmunity.

1.2.2 TLR7 signaling and regulation
Like all other TLRs, with the exception of TLR3 & 4, TLR7 signaling is
dependent on the adapter protein MyD88. Briefly, upon TLR activation, MyD88
recruits multiple interleukin-1 receptor-associated kinases (IRAK1, IRAK2 and
IRAK4) to create a receptor-signaling complex. TNF receptor–associated factor 6
(TRAF6) is recruited and subsequently acts as a platform for the recruitment and
activation of transforming growth factor-β activated kinase 1 (TAK1) via
ubiquitination. TAK1 activates the inhibitor of NF-κβ (Iκκβ) complex, which results in
the degradation of Iκκβ. This allows NF-κβ to translocate to the nucleus, where it
activates the gene expression of multiple proinflammatory cytokines. In addition,
TRAF6, the IRAK kinases are also involved in the activation of IFN regulatory factors
5 (IRF5) and 7 (IRF7) (Kawai et al., 2004; Schoenemeyer et al., 2005) (See Figure
2 for an overview of the TLR7 signaling cascade. Components of the signaling
pathway associated with SLE are highlighted.)
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Figure 2. TLR7 signaling cascade and SLE disease associations
Following TLR7 activation by ssRNA, MyD88 recruits multiple proteins. IRAK1, 2, and
4 to create a signaling complex. TRAF6 interacts with this complex to activate TRAF3
and subsequently IRF7, which translocates to the nucleus (blue line) where it acts as
a transcription factor for type 1 IFNs. TRAF6 can also activate IRF5, a transcription
factor for inflammatory cytokines. In addition by acting as an adapter for TAK1,
TRAF6 facilitates the activation of the Iκκ complex and its degradation, allowing for
NF-κB activation, and the production of proinflammatory cytokines. Proteins whose
genes are associated with SLE disease susceptibility are in red.
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Clearly the activation of the transcription factors NF-κβ, IRF5 and IRF7 rely on
activation by the same kinases and ubiquitinases. Therefore, determining what
factors result in one signaling cascade being used over another are of great interest.
Although these cellular decisions are not well understood, it has been shown that
signaling cascades can be reliant on the endosomal compartments with which they
associate. Recently, it was shown that following TLR4 and 9 stimulation, signaling
through early endosomes favored a signal that lead to the production of
inflammatory cytokines, such as TNFα and IL-6, while adaptor recruitment to late
endosomes favored the production of type 1 IFNs (Puig et al., 2012; Sasai et al.,
2010). In addition to being important for TLR4 and 9 signaling, the pH of the
endolysosomal compartment is also critical for TLR7 signaling in a mouse model of
SLE. It was shown that a B cell knockout (ko) of a lysosomal conditioning protein,
SLC15A4, resulted in the impairment of type 1 IFN production and auto-Ab
production. Deficient signaling through the IRF7 regulatory circuit caused this defect
(Kobayashi et al., 2014). It has also been shown that the type of ligand can
determine which signal cascade is induced in the same TLR; in the case of TLR7 and
8, ligands such as imidazoquinolines (R848) versus oligoribonucleotides, can elicit a
different cytokine response due to the differential nature of their binding to the LRR
domain (Colak et al., 2014).
Variation in signal type or strength following TLR activation is also dependent
on the cell type. The ability of pDCs to act as professional interferon producers
following TLR7 and TLR9 activation requires IRF7, the master regulator of type 1
IFNs (Honda et al., 2005; Uematsu et al., 2005). This pDC-specific signal is
dependent on an IFN-inducible feed back loop that associates TRAF6, IRAK1, and
IRF7 to lipid-enriched compartments, facilitating IRF7 activation and further
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translocation to the nucleus that results in the increased production of IFN/β
(Saitoh et al., 2011).
In addition to the pDC-specific regulatory mechanism mentioned above, there
are additional feedback loops that control TLR7 signaling and the production of
IFN/β. In B cells an IFN feedback loop is required to maintain TLR7 at a functional
expression level. B cells deficient in a subunit of the type 1 IFN receptor (Ifnar-/-)
have reduced proliferation and cytokine production in response to TLR7 stimulation
(Green et al., 2009).
Another important regulatory mechanism is the compartmentalization of TLR7
to endosomes. Even though nucleic acid sensing TLRs can be found in the ER, they
are only functional in the acidic endolysosomes and must be transported to these
locations from the ER by UNC93B1. It has been shown that UNC93B1 binds directly
to the transmembrane domain of TLRs 7 and 9, and this interaction is required for
trafficking (Brinkmann et al., 2007). DCs with mutant Unc93b1, unable to bind TLRs
7 and 9, fail to respond to agonists (Kim et al., 2008). UNC93B1 also has a
conformation that favors the binding of TLR9 over TLR7. Interestingly an Unc93b1
mutant that favors binding of TLR7 over 9 has been shown to cause severe
autoimmune disease (Fukui et al., 2009). UNC93B1 is not the only protein
responsible for the trafficking of TLRs to their respective functional locations. Other
proteins are involved in this process, including heat shock protein gp96 and protein
associated with TLR4 (PRAT4A). It has been shown that gp96 is critical for the
delivery of cell membrane and endosomal TLRs in macrophages and B cells (Liu and
Li, 2008; Yang et al., 2007). The ER protein PRAT4A is also critical for the
translocation of TLR9 and likely 7 to the endolysosomes (Takahashi et al., 2007). In
addition, multiple stimuli can alter the expression and function of these trafficking
proteins. Both IFN and estrogen have been shown to increase Unc93b1 mRNA
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expression and protein levels in B cells and CD11b+ cells, respectively (Panchanathan
et al., 2013). LPS has also been shown to induce the shuttling of TLR7 and 9 to
endosomal compartments (Kim et al., 2008).
Another important layer of regulation is the requirement that endosomal TLRs
3, 7, 8 and 9 are synthesized in a pro-protein form. In order for MyD88 signaling to
occur, cleavage of the TLR ectodomain is necessary, an event that occurs in the
endolysosome. Interestingly, it has been shown that TLR9 is still capable of binding
ligand prior to cleavage, but recruitment of MyD88 does not occur (Ewald et al.,
2008; Park et al., 2008). Several models have shown that the processing of
endosomal TLRs occurs in multiple steps which vary depending on the cell type
(Ewald et al., 2011). Overall the initial step is performed by an asparagine
endopeptidase (AEP) that cleaves an N-terminal fragment. The following step
requires cathepsins, which are required for optimal endosomal TLR signaling
(Matsumoto et al., 2008). The importance of these processing events has been
shown in infection models where mice deficient in these proteolytic proteins are
unable to mount TLR-mediated immune responses by nucleic acid sensing TLRs
(Ewald et al., 2011; Maschalidi et al., 2012).
In addition to compartmentalization and processing, endosomal TLRs also
possess the ability to regulate each other through opposing function and
competition. As previously mentioned, UNC93B1 has a conformation that favors the
transport of TLR9 over TLR7, suggesting that the two TLRs compete for binding in
the ER (Fukui et al., 2009). In addition, it was shown that the presence of functional
TLR9 reduces the production of anti-RNA and anti-Sm antibodies associated with
TLR7 activation (Christensen et al., 2006; Nickerson et al., 2010). In another report
it was shown that the restriction of TLR7 by other endosomal TLRs was cell type
specific, where Tlr8 ko mice (Tlr8-/-) possessed hyper-responsive TLR7 specifically in
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DCs, while in Tlr9 ko mice (Tlr9-/-) TLR7 was hyper-responsive in B cells (Desnues et
al., 2014). It has also been shown that TLR7 is capable of inhibiting TLR9 by
decreasing its mRNA expression and preventing TLR9 mediated IFN production
during TLR7/9 costimulation (Berghofer et al., 2007; Marshall et al., 2007). In
addition, TLR9 is capable of negative self-regulation through the interaction of its Nterminal and C-terminal fragments following proteolytic processing in the
endolysosomes (Lee et al., 2014). TLR7 may not possess this regulatory action; its
N- and C-terminal fragments interact in a manner different than those of TLR9
(Kanno et al., 2013).
For one cell type in particular the regulation of TLR7 has been shown to be
critical for the prevention of self-reactivity and subsequent autoimmunity. B cells
have a constitutively low expression of Tlr7. Typically optimal signaling depends on a
positive feedback loop through type 1 IFN for sustained signaling and IFNβ
production (Green et al., 2009). In addition, it has been shown that uridine-rich
mammalian RNA can specifically activate autoreactive B cells. Here the strength of
the signal was dependent on uridine content, and highly rich sequences were capable
of stimulation in the absence of type 1 IFN priming (Green et al., 2012). This
activation can be accomplished with immune complexes (ICs) through the dual
engagement of the BCR and TLR7, showing its physiological relevance (Lau et al.,
2005). In addition, it has been shown that TLR7 and 9 stimulation and activation of
autoreactive B cells can occur independently of T cells in a B cell intrinsic manner
(Herlands et al., 2008).
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1.2.3 A genetic basis for a role of TLR7 in SLE
The role of TLR7 in SLE pathogenesis has been a point of interest since the
discovery that self nucleic acids can act as endogenous ligand for this innate immune
receptor, potentially promoting autoimmune disease (Barrat et al., 2005).
Furthermore, it has been shown that in patients with SLE, TLR7 mRNA copy number
is increased over that of healthy controls (Kelley et al., 2007). It should be noted,
however, that the elevated TLR7 copy number did not correlate with any particular
disease phenotype or severity. This is interesting and could suggest that TLR7
overexpression is associated with susceptibility to SLE, playing a role in the earliest
stages of disease, as opposed to later pathological manifestations.
In addition to SLE patients having increased expression of this TLR, numerous
genetic loci associated with SLE are part of the IFN response, as well as TLR7
signaling (Ciccacci et al., 2014; Han et al., 2009). This suggests that polymorphisms
associated with aberrant activation of this pathway can promote autoreactivity. As
previously mentioned, IFN is elevated in the serum of lupus patients over controls
(Weckerle et al., 2011), giving credence to this possibility. Recently, one
comprehensive study across multiple ethnicities found a TLR7 risk allele associated
with increased mRNA expression in peripheral blood mononuclear cells (PBMCs), due
to altered transcript turnover and micro RNA interaction (Deng et al., 2013).
Numerous other studies have shown polymorphisms associated with TLR7 signaling
as risk factors for SLE. For example, variants associated with decreased gene
expression of TLR9, a negative regulator of TLR7 (Fukui et al., 2011), have been
found more commonly in SLE patients (Tao et al., 2007).
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The location of TLR7 on the X-chromosome has also caused speculation that it
could play a role in the sex-bias of SLE and other autoimmune diseases. It has been
shown that men with Klinefelter's syndrome (47,XXY) possess lupus susceptibility
similar to women (Scofield et al., 2008). Recently polymorphisms in both TLR7 and
TLR8 were found to increase the risk of SLE in Taiwanese women (Wang et al.,
2014), as well as promoting specific SLE-associated complications, such as anemia
and cardiac manifestations. In addition to its genetic location, regulation of TLR7
could have a sex bias. It has been shown that the TLR7 chaperone Unc93b1 is
upregulated in response to estrogen (Panchanathan et al., 2013). Furthermore, an
increased level of UNC93B1 in B cells was found associated with active disease in
SLE patients compared to healthy controls (Nakano et al., 2010).
These numerous genetic studies tell us that TLR7 clearly plays a genetic role
in SLE susceptibility in the most classic sense. However, epigenetic control of gene
expression, as well as cellular regulation of this receptor, are equally important in
preventing autoimmune disease. Therefore, in vivo systems capable of showing
these complex interactions are necessary to understand how TLR7 is regulated, and
how dysregulation can lead to SLE.

1.2.4 TLR7 model systems for the study of autoimmunity
Through the use of mouse model systems it has been shown that nucleic
acid-sensing TLRs, in particular TLR7, can play a direct role in the induction of SLE.
Indeed, TLR7 is the critical factor for the production of RNA auto-Abs in several SLE
mouse models (Berland et al., 2006; Christensen et al., 2006; Herlands et al.,
2008). Both dysregulation of TLR trafficking to endosomes, favoring TLR7 transport
over TLR9 (Fukui et al., 2011), and Tlr7 gene duplication are sufficient to for
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development of SLE. The spontaneous mutant mouse Y-linked autoimmune
accelerator (Yaa) is susceptible to lupus nephritis due to the overexpression of TLR7
(Deane et al., 2007), (Subramanian et al., 2006) (Pisitkun et al., 2006). Additionally,
in Tlr7 Tg mouse strains, a dose-dependent increase in Tlr7 expression correlates
with a progressively severe lupus-like disease phenotype, with moderately increased
Tlr7 gene dosage recapitulating the Yaa phenotype, while high Tlr7 gene dosage
results in rapid and severe disease development (Deane et al., 2007). Figure 3
provides an overview of these Tlr7 overexpression mouse models. In particular, the
Tlr7.1 Tg strain, which possesses many characteristics of human lupus and relies on
B cell - T cell interactions for disease induction (Walsh et al., 2012), provides an
excellent model to elucidate the cellular requirements for SLE progression and the
development of targeted therapeutics.
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Figure 3. Tlr7 overexpression model systems
A. The BXSB-Yaa mutation results in the acceleration of SLE in male BXSB mice. The
increase in disease progression is caused by a 4 megabase (Mb) translocation of 16
known genes, from the distal p-arm of chromosome X to the p–arm of the Y
chromosome (middle section A). The translocation results in a duplication of Tlr7 in
males (Pisitkun et al., 2006). B. The Tlr7.1 Tg mouse line was made with a BAC
construct RP23-139P21 from mapping the Yaa mouse (middle sections A and B).
Genes inside the red and green upward facing arrows, Tlr8 and Tmsb4x, were
replaced with a neomycin cassette (Neo) to allow for selection. Chromosomal
location of the genes are given as a reference below their names. Tlr7.1 Tg mice
possess 8-16 fold copy number over WT and have high mRNA expression of Tlr7
(Deane et al., 2007). C. The Unc93b1 mutant D34A causes a change in binding
preference from TLR9 to TLR7 in the ER, resulting in increased transport of TLR7 to
the endosome (middle section C) (Fukui et al., 2011). Mice have normal copy
number of Tlr7 and increased expression, likely due to Tlr7 upregulation following
activation.
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1.3 Autophagy
1.3.1 Overview of autophagy
In order to maintain homeostasis, cells possess multiple pathways for the
breakdown and reuse of cellular components. One such class of degradation
pathways is known as autophagy, which can be further subdivided into three groups,
chaperone-mediated autophagy, microautophagy and macroautophagy. While all
three subgroups converge on the lysosome, each process mediates the degradation
of different cellular constituents and involves different proteins.
Chaperone-mediated autophagy targets proteins with a particular signaling
motif and, with the chaperone HSC70, provides direct transport to the lysosome via
LAMP-2A. Microautophagy, a less understood pathway, involves the budding of an
autophagic vesicle directly at the lysosome. Finally, macroautophagy is a multiprotein process in which cellular contents, including large organelles, are
sequestered in a double membrane-bound vesicle, which fuses with lysosomes
(Virgin and Levine, 2009). There are also specialized forms of macroautophagy, such
as mitophagy, which is critical for maintaining cellular homeostasis by removing
damaged mitochondria from the cytoplasm. In addition to this there are noncanonical forms of autophagy that possess variations from what is considered the
prototypical autophagy pathway. The work described herein focuses on the process
of macroautophagy, which will be referred to as autophagy.
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Autophagy consists of three distinct stages, the first of which is initiation
where nucleation of the autophagic vesicle, or autophagosome, occurs; Beclin-1
type-III PI3-kinase is required at this step. Initiation is followed by elongation, which
is controlled by two ubiquitin-like conjugation systems, LC3 and ATG12. Finally at
the maturation step the lysosome fuses to the outer membrane of the
autophagosome to create the autolysosome in which the cellular contents are broken
down. A breakdown of each step and the critical proteins required are summarized in
Figure 4.
In addition to maintaining cellular homeostasis, autophagy plays a critical role
in multiple cellular processes, including, but not limited to, aging, immune
regulation, neurodegeneration, cancer, energy metabolism, embryogenesis, bacterial
and viral infection, and oxidative stress (Mizushima, 2007). The importance of
autophagy can be seen by the fact that mice lacking a functional autophagic
machinery die within the first week of life (Kuma et al., 2004).
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Figure 4. Schematic overview of canonical autophagy
Autophagosome nucleation and initiation A. occurs upon the recognition of DAMPs
PAMPs and cellular stress such as ROS and starvation signals. The double membrane
elongates dependent upon the ATG5-ATG12 conjugation system. (ATG proteins are
labeled with numbers only). Two ubiquitin-like enzymes, ATG7 and ATG10, facilitate
the conjugation of ATG5 and ATG12. B. In order for completion of the
autophagosome, ATG4 cleaves LC3, and ATG7 and 3 allow for its lipidation and
association with the elongating autophagosome. Following completion the
autophagosome fuses to lysosomes to mature into an autolysosome C, where the
cellular contents are broken down, allowing for TLR recognition, and MHC processing,
as well as the reuse of peptides and nucleic acids.
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1.3.2 Autophagy and the immune system
While autophagy plays a critical role in many cellular processes, as well as
organ systems, one that has gained interest in recent years is the function of
autophagy in the immune system. There, autophagy is required for pathogen
recognition and elimination (Delgado et al., 2008), antigen presentation through
MHC class II (MHC-II) molecules (Paludan et al., 2005); (Schmid et al., 2007),
proliferation and survival of T cells (Pua et al., 2007), as well as certain B cell
subsets (Miller et al., 2008). Autophagy is also critical in restraining DAMPs by
engulfing damaged organelles, allowing for their destruction and reuse, thereby
preventing cellular activation and inflammation. However, this role is multifaceted as
autophagy also promotes the secretion of alarmins, cellular outputs of the
inflammasome, a proinflammatory multimeric protein complex. More recently, it has
been shown that autophagy is important for plasma cell differentiation (Conway et
al., 2013), and long-lived plasma cells in the BM have autophagy requirements
(Pengo et al., 2013). Given the role of autophagy in both innate and adaptive
immunity, modulators of autophagy have been implicated as potential therapeutics
for the treatment of autoimmune disease (reviewed in (Pierdominici et al., 2012).

1.3.3 Autophagy: critical for B cell differentiation and survival
One of the critical roles autophagy plays in adaptive immunity is its function
during the course of B cell development, maintenance, and activation. It has been
shown that the autophagy protein ATG5 plays an important role in B cell
development. Specifically, Atg5-/- fetal liver cells reconstituted in Rag-/- hosts resulted
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in a notable decrease in peritoneal B-1 and B-2 cells. However, LN B-2 cells were
normal. A decrease in splenic B-1 and B-2 cells was also present, although the
proportions of B-2 cell subtypes were normal (Miller et al., 2008). The nature of this
developmental defect is not well understood, with the exception that it affects B-1
cells more strongly than B-2 cells. It was also determined that it is a result of ATG5
deficiency at critical point during the pro-pre B cell stage in the BM. However, a B
cell specific ATG5 ko following the pro-pre stage (Cd19-cre Atg5f/f) still resulted in a
B-1a cell defect, showing that ATG5 is critical for the maintenance of B-1a cells in the
periphery, as well as their development (Miller et al., 2008). It was later shown that
the B-1a defect in Cd19-cre Atg5f/f mice extended to the mucosa. These mice also
showed decreased spontaneous Ig secretion in B cells isolated from BM, LNs,
mucosa, but not the spleen, indicating that B-1 cells were not only depleted in
number but also function. However although Cd19-cre Atg5f/f B cells showed a
decrease in Ig secretion, they retained the ability to undergo class switch
recombination, and had no defect in surface expression of IgM and IgG (Conway et
al., 2013).
Autophagy also plays a critical role during plasma cell differentiation.
Experiments in vitro have shown that autophagy becomes upregulated during PC
development, and is important in maintaining ER homeostasis, due to the decrease
in proteosome activity at this time (Oliva and Cenci, 2014). Following stimulation
with agonists in vitro, Atg5-deficient B cells either show increased IgM production
due to elevated ER stress and the unfolded protein response (UPR), or fail to
upregulate plasma cell factors all together (Conway et al., 2013; Pengo et al., 2013).
The stimulation of Atg7-deficient B cells has shown similar results, with increased cell
death and mitochondrial density following in vitro stimulation (Clarke et al., 2014).
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Immunization of mice with autophagy-deficient B cells does not result in
appropriate IgG responses to both T cell dependent (TD) and independent (TI)
immunogens (Conway et al., 2013; Pengo and Cenci, 2013). However, in one
instance, NP-Ficoll, a TI type-II antigen, was able to promote an elevated IgM
response (Pengo and Cenci, 2013). In addition to plasma cell development,
autophagy is active in long-lived plasma cells in the BM, where it is required for
sustained Ig production (Pengo et al., 2013).

1.3.4 DC autophagy: viral recognition and immune response
It has been shown that autophagy has the ability to regulate the innate
immune system through several mechanisms. In pDCs autophagy is constitutively
active. During viral infection delivery of viral transcripts to TLR7 is mediated by
autophagy, following endocytosis of the pathogen (Iwasaki, 2007; Lee and Iwasaki,
2008), and functional autophagy is critical for efficient IFNα production. In addition,
through non-canonical processing, autophagy proteins have been shown to play an
important role in IFN production through TLR9, following pDC uptake of DNA
containing ICs (Henault et al., 2012), a process termed LC3-associated phagocytosis
(LAP).
In cells that do not have high expression of TLR7, autophagy proteins ATG5ATG12 function in the recognition of ssRNA by negatively regulating the RIG-I
pathway (Jounai et al., 2007). This regulation involves the direct binding of the
ATG5-ATG12 conjugate to components of the RIG-I pathway. Interestingly a loss of
ATG5 increased type 1 IFN and cytokine production following vesicular stomatitis
virus infection in mouse embryonic fibroblasts and macrophages, indicating that
ATG5 negatively regulates the RIG-I pathway and type 1 IFN production in this
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cellular context. This role is opposite to its function following endosomal TLR
stimulation, where ATG proteins are necessary for IFN production (Henault et al.,
2012).
In addition to viral recognition, autophagy is also important for MHC-II
processing of viral antigen. It has been shown that large stable proteins from viruses
are taken up by autophagy, and delivered to the endolysosome, where they are
broken down to shorter peptides and presented on MHC-II, whereas smaller bacterial
and viral components can be broken down by the proteosome in the absence of
autophagy and presented on MHC-I (Paludan et al., 2005). It has been shown that
mDCs lacking ATG5 were unable to present various forms of phagocytized antigens
containing TLR agonists, to CD4+ T cells (Lee et al., 2010), such as herpes simplex
virus 2 or LPS-coated apoptotic cells. Interestingly this defect in presentation was
not a result of a change in pH; rather, it was caused by delay in phagosome to
lysosome fusion and improper delivery of cathepsins to antigen processing
compartments in the mDCs (Lee et al., 2010). This underscores both the importance
of autophagy in the recognition and processing of antigens, as well as the precision
required for an effective immune response to be initiated.

1.3.5 Autophagy, cytoplasmic PRRs and the inflammasome
In addition to having a critical role in pathogen recognition and response by
TLRs, autophagy is also important for the function of cytoplasmic PRRs, controlling
their DAMP and PAMP responses. In the cytoplasm, autophagy can both aid these
PRRs to promote an immune response, as well as restrict the signaling of a response,
given the cellular context. One particular pathway activated by cellular stress or
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PRRs, the assembly of the inflammasome, is tightly regulated by autophagy at
several levels (see Figure 5).
It has been shown that autophagy is involved in both RLR and NLR signaling.
NOD 1 and NOD 2 interact directly with ATG16L1, to induce autophagy in a manner
important for bacterial sensing (Travassos et al., 2010). In addition to this ATG16L1
is also capable of downregulating NOD signaling independent of autophagy (Sorbara
et al., 2013). Similarly, RLRs have the capacity to activate autophagy, while the
ATG5 protein directly binds to RIG-1 and IPS-1 to restrict RLR signaling (Jounai et
al., 2007). Autophagy also prevents RLR activation by recycling cellular components
such as damaged mitochondria; which when allowed to accumulate, lead to RLR
signaling and the production of type 1 IFNs (Tal et al., 2009).
The inflammasome is a multi-protein complex that is activated by several
subsets of PRRs. The exact components of the inflammasome vary depending on the
cellular signal that causes its activation, either infection or cellular stress; for
example the AIM2 inflammasome is activated by dsDNA (Hornung et al., 2009).
Once the inflammasome has been initiated it cleaves pro-caspase 1 to create an
active caspase. The inflammasome is either capable of directly binding to procaspase, or does so through an adapter protein. The major cellular outputs of the
inflammasome are IL-18 and IL-1β, which are cleaved by caspase 1 (Rathinam et al.,
2012). The inflammasome is capable of inducing a highly inflammatory state and if
left unchecked can lead to excessive tissue damage and autoimmunity(Kahlenberg
and Kaplan, 2014; Zhao et al., 2014).
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Figure 5. Inflammasome regulation by autophagy
Autophagy interacts with the inflammasome on several levels. The inflammasome
can be activated by the presence of DAMPs and PAMPs that can escape from
phagositized particles A. or result from damaged organelles B. Autophagy can
prevent inflammasome activation by targeting damaged organelles for degradation,
and restrict the inflammasome by moderating its breakdown in autolysosomes (Shi
et al., 2012) C. Autophagy interacts with inflammasome outputs by facilitating their
secretion via a non-canonical pathway (Dupont et al., 2011) D, as well as targeting
uncleaved alarmins for degradation (Harris et al., 2011).
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While autophagy can prevent inflammasome activation by restricting DAMPs
and reactive oxygen species (ROS) caused by damaged organelles, autophagy can
also be induced by the inflammasome assembly to promote the secretion of
alarmins, such as IL-1β through a non-canonical secretory pathway (Dupont et al.,
2011). It should be noted that proinflammatory response results in only a short-term
secretion of IL-1β. Autophagy is more often associated with the restriction of the
inflammasome, and the limitation of IL-1β production (Harris et al., 2011; Shi et al.,
2012). Furthermore, following inflammasome activation, autophagy is induced and
functions to break down targeted inflammasome components preventing constitutive
signaling (Shi et al., 2012).

1.3.6 Autophagy and autoimmunity
Autophagy plays a critical role in the differentiation and maintenance of B
cells, as well as IFN production by pDCs. It is also associated with maintaining
cellular homeostasis, breaking down damaged organelles, and preventing the
unwarranted activation of cytoplasmic PRRs and the inflammasome.
Autophagic function has been found increased in B cells and T cells of SLE
patients compared to healthy controls. However this increase was not seen on other
cell types such as monocytes. Autophagy was most significantly elevated in naive B
cells, and B cell autophagy correlated positively with and index of SLE disease
activity (Clarke et al., 2014). Autophagy plays a role in both promoting and
restricting inflammation depending on the cellular context and signals; therefore it
could provide a useful tool in the treatment of inflammatory diseases. Currently
treatment strategies of SLE already utilize modulators of autophagy, and include
both activators and inhibitors of this cellular machinery (Pierdominici et al., 2012).
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In addition to focusing on autophagy for therapeutics, several studies have
linked components of the autophagic machinery with susceptibility to autoimmune
diseases. In particular the PRDM1-ATG5 locus has been associated with SLE
susceptibility in several studies in both Caucasians and Han Chinese (Gateva et al.,
2009; Han et al., 2009; Zhou et al., 2011). Interestingly one of the polymorphisms
associated with an intergenic region was found to have the potential to upregulate
ATG5 expression in immortalized B cells (Zhou et al., 2011). However, more work is
needed to clearly determine how this locus affects ATG5 gene expression and how
that relates to SLE disease susceptibility. In another study it was shown that an
ATG5 polymorphism increased susceptibility for SLE when combined with another
risk allele in the IL10 gene. However, patients with both risk alleles possessed
decreased serum IFN and a less severe disease phenotype. (Lopez et al., 2013).
These reports indicate that autophagy has strong disease associations with SLE.
However, the role that autophagy related proteins play in SLE pathogenesis is
complex, and requires further study.
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1.4 Thesis goal and synopsis
The goal of this thesis work is to elucidate the role of autophagy in TLR7mediated SLE induction and progression. To achieve this goal, conditional ko mice
were used to ablate the Atg5 gene, which is critical for canonical autophagosome
formation (Mizushima et al., 2001) (Miller et al., 2008) (Hara et al., 2006). To delete
Atg5 gene expression in B cells, DCs or both cell types, an Atg5 gene construct
containing a region flanked by lox P sites was combined with a Cre recombinase
under promoters specific to B cells, (Cd19) and DCs (Cd11c). These mice were then
bred to Tlr7.1 Tg mice to create three lines: Tlr7.1 BCko, Tlr7.1 DC ko, and Tlr7.1
BCDC ko.
In comparison with Tlr7.1 Tg mice with functional autophagy machinery in B
cells, Tlr7.1 BCko mice had significantly increased overall survival and decreased
glomerular nephritis. In addition, their serum IgG levels were normal, and they
lacked anti-nucleotide autoantibodies. These data provide evidence that autophagy
inhibition in B cells could prove to be a useful therapeutic for preventing induction of
SLE, if combined with other forms of therapy. Interestingly, the Tlr7.1 BCko mice
have anemia, similar to Tlr7.1 Tg mice, but unlike the latter, the former show strong
extra-medullary hematopoiesis (EMH) in the spleen and liver which increased with
age. Thus, autophagy in B cells also controls hematopoietic differentiation.
In contrast, Tlr7.1 Tg mice with a DC ko of autophagy showed a delay in
disease onset. These mice eventually succumbed to disease with a sudden drop in
survival at approximately 6 months of age. Interestingly, compared to Tlr7.1 Tg
mice, they showed an increase in lymphadenopathy, neutrophil influx, and a bright
cytoplasmic ANA pattern. Importantly, these mice lacked high serum IFN, but
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possessed a significant increase in IL-18 compared to WT and Tlr7.1 mice, as well as
a significant increase in IL-1β compared to WT mice.
Surprisingly, mice lacking Atg5 in both B cells and DCs showed lethality
similar to Tlr7.1 mice with functioning autophagy. However, these mice presented
with a more severe inflammatory state, including high titers of serum Ig, myeloid
expansion, lymphadenopathy, increased anemia, an early onset of splenomegaly,
and liver inflammation compared to Tlr7.1 mice. Consistent with these data, Tlr7.1
BCDCko mice possessed a storm of circulating cytokines, most notably TNF, and IL18 were dramatically increased over both WT and Tlr7.1 mice.
The data presented in this thesis give several novel insights into the role of
autophagy in SLE pathogenesis. My results indicate that autophagy, in particular B
cell autophagy, is required for the initiation of SLE, indicated by the fact that Tlr7.1
BCko mice do not develop lupus and lack ANA. In addition DC autophagy also
promotes early disease progression by facilitating IFN production by pDCs.
However, once SLE has developed autophagy plays an important role in reducing
inflammation by reducing the cellular stress of activated cell populations, and
restricting inflammasome activation. In addition, my data support and strengthen
previous reports suggesting that B cells are the initiators of SLE in a TLR7-mediated
system, while also showing that DCs play a critical role in disease progression.
Finally, as mentioned previously the data presented herein indicate that autophagy
negatively regulates the inflammasome in Tlr7.1 Tg mice, and loss of ATG5 results in
inflammasome activation. The inflammasome has been implicated in SLE
susceptibility and disease activity only recently. Studying these interactions,
therefore, holds great potential for better understanding the role of the
inflammasome in the pathogenesis of SLE.
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2. Materials and Methods
Mice
All mice used in this study were on a C57BL/6J (B6) background and were
analyzed at 3-5 months of age. B6 mice were purchased from The Jackson
Laboratories (Bar Harbor, ME). Tlr7.1 Tg mice (C57BL/6-Tg(Tlr7)1Boll) were
produced at NIH(Deane et al., 2007), and were bred at Tufts University School of
Medicine; BC-ATG5f/f mice (B6.129P2(C)Cd19tm1(cre)Cgn Atg5tm1Myok) were provided by
H. Virgin (Washington University, St. Louis, MO);(Miller et al., 2008) at N9 backcross
to B6, and were backcrossed to B6 an additional generation on site. DC-Atg5f/f mice
(B6-Cd11c tm1(cre)-1Reiz/J Atg5tm1Myok). DCBC-Atg5f/f mice (B6.129P2(C)Cd11c)tm1(cre)1Reiz/J

Cd19tm1(cre)Cgn Atg5tm1Myok). WT and Tlr7.1 Tg mice were crossed with BC-Atg5f/f

mice, DC-Atg5f/f mice, or DCBC-Atg5f/f mice (see Tables 2, 6, and 8 for breeding
strategy and genotypes of the various groups of mice). All animals were housed,
bred and studied at Tufts University School of Medicine under approved IACUC
guidelines.

Statistical analysis
Graphs were generated using Prism (GraphPad). Significance for in vivo and
ex vivo assays were determined by either Kruskal-Wallis’ test followed by Dunn’s
multiple comparisons test, a two-tailed Mann-Whitney U test, or a one sample t-test,
where appropriate. Significance for in vitro stimulations was determined by one-way
ANOVA followed by Tukey’s multiple comparisons test. Survival curves were analyzed
using a Mantel-Cox (log-rank) test. Error bars represent SEM.

40

2.1 Diagnostic methods
2.1.2. Detection of auto-Abs
HEP-2 slides (MBL Bion) were used to determine the presence of anti-nuclear
IgG. Sera were diluted 1:80, and slides were treated per manufacturer’s
recommendations. To identify autoreactive sera a secondary goat anti-mouse IgG
FITC (Sigma) at 1:250 was used. Slides were read using a Nikon Eclipse 80i
fluorescence microscope, and analyzed with NIS-Elements software (Nikon). For
indirect agglutination assay, whole blood from a donor mouse was collected in BD
Microtainer tubes with EDTA (BD Biosciences). Rbcs were washed and brought to a
5% cell suspension in low isotonic saline solution (LISS). 50 µL cell suspensions were
added to a 96 well U-bottom plates (Greiner Bio-one). Sera were serially diluted,
added to individual wells and allowed to incubate for 1 h at room temperature. For
agglutination, plates were incubated for 1 h at 31°C with 1µg/ml anti-IgM (Southern
Biotechnology Associates).

2.1.3 Whole blood analysis
Whole blood was collected by cardiac puncture in BD Microtainer tubes with
EDTA (BD Biosciences). Selected blood samples were sent to IDEXX for complete
blood counts. Packed cell volume was performed in duplicate using heparinized
capillary tubes (Chase Scientific) and spun on a model 410E hematocrit centrifuge
(Grafco). Blood smears were made with 5µL of whole blood on Superfrost microscope
slides (Fisher Scientific). Fixation and staining was performed using a Diff-Quik kit
(Fisher Scientific).
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2.1.4 Multiplex immunoassay
Sera were analyzed for 17 cytokines: IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL10, IL-12p70, IL13, IL-18, TNFα, G-CSF, GM-CSF, M-CSF, IFNα, and IFNγ, using the
ProcartaPlexTM Multiplex Immunoassay (eBiosciences) per manufacturer’s
specifications. All samples were diluted 1:1 and run in duplicate on a Luminex
analyzer.

2.1.5 Immunoglobulin ELISA
Plates were coated with either 1µg/ml unlabeled goat anti-mouse IgG, IgM,
IgA, or IgG3, (Southern Biotechnology Associates). Blocking was performed with 1%
BSA in borate buffer. Sera were serially diluted and incubated at 4°C overnight. APconjugated goat anti-mouse IgG, IgM, IgA, or IgG3 at 1µg/ml were used (Southern
Biotechnology Associates). Standard curves were prepared with purified mouse IgG,
(Santa Cruz Biotechnology Inc.) IgM, IgA, or IgG3 (Southern Biotechnology
Associates). For RNA-IgM ELISA, plates were coated with 5mg/ml yeast RNA
(Ambion). Blocking was performed with 5% goat serum (Sigma) in borate buffer,
and AP-conjugated goat anti-mouse IgM (Southern Biotechnology Associates) was
used. For development, 1mg/ml phosphatase substrate was used (Sigma). Plates
were read with SoftMax Pro using an EMax (Molecular Devices). Phosphorylcholine
(PC)-specific IgM Ab levels were determined by ELISA using plates coated with PCBSA (Biosearch Tech), and T15 idiotype levels were determined on ELISA plates
coated with the monoclonal anti-idiotype Ab AB1-2. Serum Ab in both assays was
detected with alkaline phosphatase-conjugated goat anti-mouse IgM (Southern
Biotechnology Associates). Standard curves for both assays were prepared with
known concentrations of purified T15 idiotype-bearing IgM (BH8). P-Nitrophenyl
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phosphate was added, and color development was determined on a SPECTROstar
Omega Reader (BMG Labtech) at 405nm.

2.1.6 Histology
Tissue were fixed with 10% neutral buffered formalin (NBF) and embedded in
paraffin; 5µm sections were cut and stained with hematoxylin and eosin (H&E); 2µm
kidney sections were cut and stained with periodic acid-Schiff (PAS). Femurs were
fixed overnight in NBF, followed by decalcification in 5% formic acid prior to
embedding for examination of bone marrow. The pathologist performed a masked
evaluation of kidney sections for membrano-proliferative glomerulonephritis using
the scoring system: score 1: None to focal areas of minimal segmental PAS-positive
mesangial thickening; score 2: focal to generalized mild segmental PAS-positive
mesangial thickening; score 3: generalized segmental to diffuse moderate to severe
PAS-positive mesangial thickening with increased glomerular cellularity; score 4:
generalized diffuse severe PAS-positive mesangial thickening with increased
glomerular cellularity, dilation of Bowman's space, attenuation of normally cuboidal
parietal epithelium of Bowman's capsule in male mice, mild thickening of Bowman's
capsule, and small numbers of tubules dilated with protein casts. Liver EMH was
determined as either present or absent.
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2.2 Cellular analysis methods

2.2.1 Flow cytometry
Single cell suspensions were made in 1X PBS 2% FBS from whole spleen and
inguinal LNs using 70µm nylon cell strainers (Falcon). Peritoneal cells were isolated
by lavage (1X PBS 2% FBS). BM cells were isolated by flushing femurs with 1X PBS
(2%FBS). Whole blood was collected from tail veins or by cardiac puncture in BD
Microtainer tubes with EDTA (BD Biosciences) and lysed with RBC lysis buffer (BD
Biosciences). Cells were blocked for CD32 (eBiosciences) and stained with the
following mouse Abs: IgM, CD11c, CD3, (eFluor 450), IgM CD23, GR1, CD4, (FITC),
Ter119, PDCA1, CD69 (PerCP-Cy5.5), CD11b, CD24, CD138, Nk1.1 (PE), CD5, CD21,
B220, CD8, Ly6C (APC), B220, CD11b, (APC-eFluor 780). Cells were analyzed using
an LSRII, FACSDiva software (BD Biosciences). Secondary analysis was performed
using FCS Express 4 Research Edition (De Novo Software).

2.2.2 Immunofluorescence tissue section analysis
Kidneys and spleens were collected from mice and frozen in OCT. Cryostat
sections were fixed in acetone, frozen, and rehydrated. Kidney sections were stained
with FITC Goat anti-mouse IgG1 and RITC anti-mouse IgG2b (Southern
Biotechnology Associates). Spleen sections were stained with Alexa Fluor 555 Goat
anti-Mouse IgM, rat anti-MOMA-1, followed by Alexa Fluor 647 (recolored in a blue
channel) and anti-Rat IgG and biotinylated anti-CD4 (RM4-5, BD Biosciences) and
anti-CD8 (53-6.7, BD Biosciences) plus Alexa 488-Streptavidin. Coverslips were then
mounted on slides with DAPI Fluoromount (Southern Biotechnology Associates) and
analyzed using a Leitz DMRB fluorescent microscope.
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2.2.3 ELISpot assay
Splenic B cells were isolated by magnetic separation via negative selection,
using EasySep mouse B cell isolation kits (StemCell), per manufacturer’s protocol.
Purified B cells were plated at 2.5 x 10 5 cells per well in duplicate and diluted at
three 4 fold dilutions on multiscreen filter plates (Millipore, S2EM004M99) coated
with 1μg/ml unlabeled goat anti-mouse IgM,( Southern Biotechnology Associates).
Cells were cultured in RPMI supplemented with 10% FBS (complete RPMI). After 24h
incubation at 37°C (5% CO2), plates were washed and bound Ab was detected with
AP-conjugated goat anti-mouse IgM (Southern Biotechnology Associates). Plates
were developed with 1-Step NBT/BCIP (Thermo Scientific). Ab secreting cells (ASCs)
were scanned and enumerated using an Immunospot Analyzer (Cellular Technology
Ltd).
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2.3 in vitro methods

2.3.1 Production of BMD macrophages, pDCs and mDCs
BM cells were isolated by washing femurs with cold RPMI 1640. Cells were
then centrifuged for 10 min at 1000 rpm (4°C). Cell pellets were resuspended in
freezing media (90% FBS 10% DMSO) at 5x106 cells/ml and were frozen overnight
at -80°C. For BMD cell differentiation, BM cells were thawed and diluted in 10ml
1XPBS (37°C). Cells were then centrifuged for 5 min at 1000 rpm and resuspended
in the appropriate differentiation medium. To differentiate BMDMs, cells were plated
at 2x106 cells/10cm plate in L1 conditioned medium (RPMI 1640 with L-glutamine,
20% FBS[Atlanta Biologicals], 28% L1 conditioned medium, and 1%
penicillin/streptomycin). Cells were fed on the 4 th day of culture by exchanging 5ml
for 10ml of media. Cells were harvested after 8 days of culture. To differentiate
BMDmDCs, cells were plated at 5x106 cells/10cm plate in J558-GM-CSF–conditioned
medium (RPMI 1640 with, 10% FBS [Altas Biologicals], 2% L-glutamine, 1% NEAA,
1% sodium pyruvate, 1% HEPES, 0.1% β-ME (50µM), 3.3% J558 conditioned
medium, and 1.6% penicillin/streptomycin) Cells were fed on the 3 rd day with an
additional 10ml of media, and on the 5th day by exchanging 10ml of media. Cells
were harvested after 8 days of culture. To differentiate BMDpDCs, cells were plated
at 2.5x106 cells/T25 flask in FLT3-L(PeproTech) supplemented complete medium
(RPMI 1640 with, 10% FBS [Altas Biologicals], 2% L-glutamine, 1% NEAA, 1%
sodium pyruvate, 1% HEPES, 0.1% β-ME (50µM), and 1.6% penicillin/streptomycin)
FLT3-L was supplemented at 400ng/ml for controls and 200ng/ml for TLR7.1 Tg mice
and replenished on the 5th day of culture, and cells were harvested after 10 days.
The concentration of FLT3-L used was determined empirically based on the
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concentration required to generate ≥87% CD11clow PDCA1+ cells determined by flow
cytometry.

2.3.2 Stimulation of B cells, PEMs, BMD macrophages, pDCs and
mDCs
PEMs were isolated from mice 8-9 weeks of age by lavage (1X PBS 4°C). Cells
were resuspended in RPMI 1640 media with 10% FBS (Atlas Biologicals) and 1%
pen/strep (Sigma), and were plated in duplicate in 96-well flat-bottomed plates
(Corning) at 1x105 cells/ well. Following overnight incubation at 37°C and 5% CO2,
cells were washed twice (1XPBS 37°C) to remove non-adherant cells and stimulated
for 6 hours with CLO97 (5µg/ml) or LPS (100ng/ml). After harvesting BMDMs,
BMDmDCs and BMDpDCs were plated in duplicate in 12-well flat-bottomed plates
(Corning) at 2.5x105 cells/ well or in 96-well flat-bottomed plates (Corning) at 1x105
cells/ well. All cells were incubated O/N at 37°C and 5% CO2. Following incubation,
cells were stimulated for 24 hours with the following cytokines BMDM: CLO97
(5µg/ml) (Invivogen) LPS (100ng/ml) (Salmonella minnesota Re595 (Enzo
Biochem)), or CpG 2395 (250nM) (IDT). BMDmDC: CLO97 (5µg/ml) LPS (10µg/ml),
or CpG 2395 (1µM). BMDpDC: CLO97 (5µg/ml) or LPS (10µg/ml). Following
stimulation supernatants were harvested and frozen at -80°C. Cells were washed
with 1X PBS and lysed in RLT buffer (Qiagen) for use in later downstream analysis.
Splenic B cells were isolated by magnetic separation via negative selection, using
EasySep mouse B cell isolation kits (StemCell), per manufacturer’s protocol. Purified
B cells were plated at 1 x 106 cells per well in complete media (RPMI 1640
supplemented with 10%FBS, 1mM sodium pyruvate, 10mM Hepes, 0.1 mM NEAA,
1% pen/strep, 1μM β-ME). Cells were stimulated with CLO97 (1µg/ml) immuquimod
(1µg/ml) (Invivogen), LPS(10µg/ml), CpG 2395(1µM), PAM3CSK4 (1µg/ml)
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(Invivogen), or goat F(ab’)2 anti-mouse IgM (5ug/ml), and cultured at 37°C 5% CO2
for 72 h, cells were then harvested, and lysed in RLT buffer. Supernatants from each
well were frozen and used to assess the production of cytokines.

2.3.3 Cytokine ELISA
Cytokine levels of TNFα, and IL-6 were determined using DuoSet ELISA
Development Systems (R&D Systems) per manufacturer’s protocol. For myeloid cell
stimulations supernatants were diluted at 1:1 for TNFα and were left undiluted for IL6. For IFNβ ELISAs, plates were coated with 50µl of monoclonal rat anti-mouse IFNβ
(Santa Cruz) at 1:500 in 0.1M carbonate buffer and incubated O/N at 4°C. Plates
were blocked with IFNβblocking buffer (1X PBS 10%FCS) for 2 hours at 37°C.
Standards were diluted 1:1 starting at 400 IU/ml (PBL) and samples, used undiluted,
were added to the plate and incubated O/N at 4°C. Detection antibody, 50µl of
polyclonal rabbit anti-mouse IFNβ (R&D Systems) was used at a 1:2000 dilution in
IFNβ blocking buffer, and incubated O/N at 4 degrees. Secondary antibody, Goat
anti-rabbit-HRP (Cell Signaling Technology) was added at 1:2000 and incubated for 3
hours at RT. For detection, 50ul TMB Substrate (BD Biosciences) was added and
reactions were stopped with 50ul 2N H2SO4. For IL-10 ELISAs, plates were coated
with 3µg/ml purified rat anti-mouse IL-10 (BD Pharmigen) in IL-10 binding buffer
(0.1M NaHPO4 (pH 9.0)) and incubated O/N at 4°C. Plates were blocked with IL-10
blocking buffer (1X PBS 1% BSA 0.05% Tween 20) for 2 hours at RT. Standards
diluted 1:2 starting at 20 ng/ml (BD Pharmigen) and samples, undiluted, were added
to the plate and incubated O/N at 4°C. Detection antibody, 3µg/ml biotin rat antimouse IL-10(BD Pharmigen) was used, and incubated 1 hour at RT. StreptavidinHRP (R&D Systems) was added at 1:40 and incubated for 30 minutes at RT. For
detection, 50ul TMB Substrate (BD Biosciences) was added and reactions were
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stopped with 50µl 2N H2SO4. For all cytokine ELISAs plates were read at 450nm
with SoftMax Pro using an EMax (Molecular Devices).

2.3.4 qPCR and qRT-PCR analyses
For qPCR analysis of Atg5 recombination, splenic pan B cells were isolated
from mice between 14-16 weeks of age using negative selection EasySep pan-B cell
isolation kits (StemCell), per manufacturer’s protocol. CD138+ cells were then
isolated from this population using a PE-positive selection kit (StemCell) and PECD138 Ab (BD Pharmigen). For DNA isolation 5x105 cells were washed in 1X PBS,
centrifuged at 2000 rpm for 5 minutes, and resuspended in 350µl RLT buffer. DNA
and RNA was extracted using All/Prep DNA/RNA mini kits (Qiagen). qPCR was
performed on 25ng genomic DNA using Power SYBR Green (Applied Biosystems) in
duplicate 20µl reactions. Primer sequences used were previously described. (Pengo
et al., 2013) Results were normalized to genomic BiP. RNA was isolated from 5x105
BMDmDCs and BMDpDCs using RNeasy mini kits (Qiagen), and cDNA was produced
using 250ng random primers (Invitrogen) with SuperScript II reverse transcriptase
(Invitrogen) per manufacturer’s protocol. Samples were diluted 1:5 and PCR was
performed in duplicate using Taqman gene expression assay systems (Applied
Biosystems) Irf7 (Mm00516791_g1), Il12b (Mm00434174_m1) were used with FAM
reporters. Mouse Actb and Gapdh were used as housekeeping controls with a VICMGB reporter. Data was analyzed on a 7300 Real-time PCR system (Applied
Biosystems).
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Chapter 3. Results
C.G. Weindel, L.J. Richey, S. Bolland, A. Mehta, J.F. Kearney, B.T. Huber, (2015) B cell
autophagy mediates TLR7-dependent autoimmunity and inflammation. Autophagy.

3.1 B cell autophagy is required for SLE induction in Tlr7.1 Tg
mice.
3.1.1 Tlr7.1 BCko mice lack the functional criteria for SLE
To study the role of autophagy in TLR7-mediated autoimmunity, I generated
cohorts of wild type (WT) and Tlr7.1 Tg mice with either intact or B cell-specific loss
of autophagy, mediated by a Cre-recombinase under the Cd19 gene promoter
(Cd19-Cre/Atg5f/f)(Miller et al., 2008), abbreviated BCko (see Table 2 for a summary
of the genotypes and abbreviations used for this cohort of mice).

Table 2. Breeding and nomenclature of Tlr7.1 BCko mice.

1.

Tlr7.1 Tg : Atg5f/+ ♂

x

Cd19-cre+/+: Atg5f/f ♀

Genotype

Group

Cd19-cre+/- : Atg5f/+

WT

Controls

Cd19-cre+/- : Atg5f/f

BCko

(Miller, 2008)

Tlr7.1 Tg : Cd19-cre+/-: Atg5f/+

Tlr7.1

(Deane, 2007)

Tlr7.1 Tg : Cd19-cre+/-: Atg5f/f

Tlr7.1 BCko

For the majority of parameters tested in this thesis BCko mice were
indistinguishable from WT mice and were accordingly grouped as controls. Unlike the
BCko mice the model mice, Tlr7.1 BCko, had a strikingly different phenotype from
that of Tlr7.1 Tg mice with functional autophagy; namely, these mice showed a

50

Figure 6. Loss of B cell autophagy increases the overall survival of Tlr7.1
mice. Tlr7.1 BCko mice live significantly longer than Tlr7.1 littermates with
functional autophagy. Survival curves of mice measured over 57 weeks. Tlr7.1 BCko
(n=11), Tlr7.1 (n=10). (*p<0.05, Mantel-Cox test)

significant increase in survival, with 55% living beyond one year, compared to a
median survival of only 25 weeks for Tlr7.1 Tg mice (Fig. 6).
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Importantly, the Tlr7.1 BCko mice lacked IgG ANA, as revealed by staining of
Hep2 slides (Fig. 7A, right panel; Table 3). In contrast, sera from Tlr7.1 Tg mice
produced a strong nucleolar pattern of ANA staining, indicating the presence of antiRNA IgG Abs (Fig. 7A, middle panel), as previously described (Deane et al., 2007;
Walsh et al., 2012). In addition, the Tlr7.1 BCko mice maintained normal serum IgG
(Fig. 7B). Importantly ANA were reduced in Tlr7.1 BCko mice for the duration of the
study, 14 months (Fig. 7C, right panel), and were decreased compared to WT B6
mice (Fig. 7C, left panel), which began to develop nuclear ANA between 6-8
months of age. Interestingly Tlr7.1 BCko mice did show a normal increase in total
IgG with age, similar to control mice (Fig. 7D), although the Ab specificity was
clearly different. This suggests that B cell autophagy is required for the increase in
IgG and production of anti-RNA IgG Abs in Tlr7.1 mice; however, B cell autophagy
does not affect natural serum IgG levels that increase with age.

Table 3. Summary of Hep2 ANA for Tlr7.1 BCko non-moribund mice.
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Figure 7. B cell autophagy is required for elevated IgG and anti-nuclear
antibody (ANA) production. Hep2 slides used to detect ANA in 3-5 month old mice
A. Sera were tested for IgG-ANA. Data are representative (mice 5 months, n=8 per
genotype). B. Total serum IgG was determined by ELISA. Results are based on at
least 6 mice per group. (**p<0.01, ***p<0.005, Kruskal-Wallis test with Dunn’s
post-test). C. Reduced IgG-ANA and D. normal serum IgG was also detected at 14
months of age. p value calculated by Mann-Whitney U test. Data are representative
of at least 5 mice per group.
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In addition to a reduction in serum IgG compared to Tlr7.1 mice, the kidneys
of Tlr7.1 BCko mice had lower lesion severity scores for glomerulonephritis (Fig.8A,
right panel, see Table 4 for summary of kidney pathology), as well as significantly
reduced IgG1 and IgG2b immune deposits (Fig. 8B, right panel). In agreement
with these data, both the kidneys and livers of these mice showed a reduction in
perivascular mononuclear cell infiltrates (Fig. 8C, upper and lower far right
panels), compared to Tlr7.1 Tg mice (Fig. 8C, middle panels). These data clearly
demonstrate that a loss of B cell autophagy results in a lack of immune deposits in
the glomeruli and thus reduced cellular infiltrates and kidney pathology. B cell
autophagy is therefore required for immune induction of SLE in Tlr7.1 Tg mice, as
was predicted.

Table 4. Summary of kidney pathology scoring for non-moribund mice between 3-5
months of age. (See methods section for a classification of scores.)
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Figure 8. Loss of B cell autophagy reduces kidney pathology and
mononuclear infiltrates. A. Representative image of PAS staining of glomeruli,
revealing severity of lesions (40x). B. IgG deposits detected by IHC (upper panels).
FITC anti-IgG1 (Green), RITC anti-IgG2b (Red). (A)= Control, (B)= Tlr7.1 (C)=
Tlr7.1

se contrast pictures. Courtesy of the

Kearney Lab. C. Representative H&E images of kidney (upper panels), and liver
(lower panels), showing mononuclear cell infiltrates (10X). Controls (n=7), Tlr7.1
(n=8), and Tlr7.1 BCko (n=8). Mice were non-moribund and between 3-5 months of
age.
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3.1.2 B cell autophagy moderates inflammatory cytokines and
peripheral activation.
A hallmark of SLE is chronic inflammation, with a signature pro-inflammatory
cytokine response centered on IFN (Obermoser and Pascual, 2010; Ohl and
Tenbrock, 2011). Because Tlr7.1 BCko mice lacked disease criteria for SLE, I
hypothesized that B cell autophagy might also be required for initiating the
production of inflammatory cytokines by other cell types. Increased tumor necrosis
factor (TNF) serum levels had been previously reported in moribund Tlr7.1 Tg mice
(Deane et al., 2007). I expanded these data by testing the cohort of mice at a nonmoribund state, using a highly sensitive multiplex immunoassay for the signature
pro-inflammatory cytokines observed in human lupus, in addition to cytokines
indicative of T cell activation and myeloid cell production and recruitment. These
cytokines, their major associated cell types, and SLE disease association, are listed in
Table 5. Most of the cytokines analyzed are either associated with disease
susceptibility and/or have a positive correlation with active disease in SLE patients.
As can be seen in Fig. 9A & B, IFN, IFNγ, interleukin (IL)-12p70, IL-5, as well
as granulocyte-macrophage colony-stimulating factor (GM-CSF) and granulocyte
colony-stimulating factor (G-CSF), were significantly elevated in Tlr7.1 Tg mice.
Remarkably, however, none of these pro-inflammatory cytokines, produced mainly
by macrophages and DCs, were significantly different in Tlr7.1 BCko compared to
control mice (Fig. 9A, B). Similarly, Tlr7.1 BCko mice had normal levels of the T cell
cytokines IL-2, IL-4, and IL-13, in contrast to Tlr7.1 mice, where these cytokines
were increased (Fig. 9C). Figure 2 and Table 5 show that most of the major
cytokines associated with positive disease activity and NETs are reduced in Tlr7.1
BCko mice, clearly indicating that they do not have active disease.
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Figure 9. Loss of B cell autophagy mitigates the production of proinflammatory cytokines. Sera from age-matched non-moribund mice between 3-5
months of age were tested for cytokines using multiplex immunoassay. Proinflammatory cytokines were elevated in Tlr7.1 mice. A. IFNα, IFNγ, IL-12p70, and
IL-5. B. G-CSF, GM-CSF. C. IL-2, IL-4, IL13; Results are based on at least 10 mice
per group. (#p<0.05 Kruskal-Wallis test, *p<0.05, **p<0.01, ***p<0.005, KruskalWallis with Dunn’s post-test)
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Table 5. Summary of Inflammatory cytokines analyzed by the array.

Cytokine Major associated cell types

SLE affiliation

References

IL-1α

SLE susceptibility

(Song et al., 2014)
(Song et al., 2014)

IL-1β

lymphocytes, granulocytes,
myeloid cells: upon stimulation
activated macrophages

IL-2

lymphocytes: T cells

SLE susceptibility,
+ active disease
disease activity

IL-4

Th2 cells

+ SLE patients

(Chun et al., 2007)
(Amerio et al., 2002)
(Amerio et al., 2002)

IL-5

Th2 cells, mast cells, B cells,
eosinophils
lymphocytes, myeloid cells:
upon stimulation
monocytes, regulatory
lymphocytes
DCs, macrophages:
upon stimulation
Th2 cells
myeloid cells, activated cells

+ SLE patients

(Pan et al., 2013)

SLE susceptibility,
+ disease activity
+ SLE patients

(Chun et al., 2007)

IL-6
IL-10
IL-12p70
IL13
IL-18
TNFα

G-CSF
GM-CSF
M-CSF
IFNα
IFNγ

macrophages, lymphocytes,
NK cells, neutrophils,
eosinophils
granulocytes, stem cells
macrophages, T cells, mast
cells, NK cells, fibroblasts
macrophages, stem cells
pDCs
NK cells, T cells

+ disease activity
+ disease activity
SLE susceptibility,
+ disease activity
+ disease activity

cell differentiation
studies, NETs
cell differentiation
studies, NETs
Lupus nephritis
+ disease activity
+ disease activity

(Chun et al., 2007; Pan
et al., 2013)
(Manolio et al., 2009)
(McCarthy et al., 2014)
(Amerio et al., 2002)
(Amerio et al., 2002)
(McCarthy et al., 2014)

(Armstrong et al., 2005)
(Armstrong et al., 2005)
(Tian et al., 2007)
(Hervier et al., 2011)
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Figure 10. Loss of B cell autophagy does not affect the serum levels of IL6
and IL10 in TLR7.1 Tg mice. A. IL-6 and anti-inflammatory IL-10 were elevated in
both Tlr7.1 and Tlr7.1 BCko mice. B. TNF was elevated sporadically in both Tlr7.1
and Tlr7.1 BCko mice. C. IL-18, IL-1β and IL-1 were not elevated in any of the
groups. Results are based on at least 10 mice per group. *p<0.05, **p<0.01,
***p<0.005 Kruskal-Wallis with Dunn’s post-test.
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On the other hand, both Tlr7.1 and Tlr7.1 BCko mice had elevated levels of
the prototype anti-inflammatory cytokine IL-10 (Fig. 10A), along with IL-6 and,
sporadically, TNF (Fig. 10B). There was no significant difference in IL-18, IL-1β, IL1, or IL-17 in any of the groups (Fig. 10C; data not shown). Overall, these data
confirm and expand our conclusion that autophagy in B cells is essential for initiating
lupus, as it is a prerequisite for the production of proinflammatory cytokines by other
cell types that have intact autophagy.
Because Tlr7.1 BCko mice possessed a reduction in circulating inflammatory
cytokines compared to Tlr7.1 mice, I hypothesized that likewise myeloid and
lymphoid populations, either produced or activated by these cytokines, would also be
normal. Accordingly, the peripheral LNs of Tlr7.1 BCko mice were not significantly
larger than controls, while Tlr7.1 mice showed indications of lymphadenopathy, as
previously described Fig. 11A (Buechler et al., 2013; Deane et al., 2007).
Peripheral blood analysis by flow cytometry showed that Tlr7.1 BCko mice did
not have a significant increase in mDCs, monocytes, macrophages, or neutrophils
(Fig. 11B). This is in agreement with the cytokine data that showed normal IL12p70 and myeloid colony stimulating factors G-CSF, and GM-CSF. In addition to
this, pDCs were also not elevated in Tlr7.1 BCko mice (Fig. 11C), correlating well
with the lack of increased serum IFN. Meanwhile Tlr7.1 mice possessed increased
mDCs, monocytes, and pDCs, as expected based on their initial characterization
(Deane et al., 2007). It was noted that, although not significant, mDCs and
monocytes were elevated in the peripheral blood of some of the Tlr7.1 BCko mice. It
is possible that this is due to the presence of increased Tlr7 expression in these cell
types, although alone it is not enough to promote the production of proinflammatory
cytokines.
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In addition to the myeloid cell populations in the peripheral blood, it was
important to determine whether B and T cells were activated, given their role in SLE
disease progression (Walsh et al., 2012), reviewed in (Shlomchik, 2009). It has been
shown that B cells are capable of activating T cells in the periphery prior to the
involvement of DCs as antigen presenting cells (Yan et al., 2006). In the peripheral
blood of young mice there was no significant indication of early T cell activation in
Tlr7.1 BCko mice (Fig. 11D). Consistent with this, no increase in early activation of
B cells was detected in Tlr7.1 BCko mice (Fig. 11E). Both cell populations were
elevated in Tlr7.1 Tg mice.
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Figure 11. B cell autophagy is required for myeloid expansion and
lymphocyte activation in the periphery. Representative LNs (superficial cervical)
A. were weighed and normalized as a percentage of body weight. Each point is
representative of an individual animal. Flow cytometry of peripheral blood. B. mDCs
(CD11c+ CD11b+ B220-), macrophages (CD11b+ GR1low/- CD11c- FSCmid/low SSChigh),
monocytes (CD11b+ GR1low/- CD11c- FSClow SSClow) and neutrophils (CD11b+ GR1+
CD11c-), and C. pDCs (CD11c+ PDCA-1+), Mice were non-moribund and 12-20 weeks
of age. D. Activated T cells (B220- CD3+ CD69+) and E. B cells (B220+ CD3- CD69+).
Mice were non-moribund and 7-12 weeks of age. (*p<0.05, **p<0.01, ***p<0.005
Kruskal-Wallis with Dunn’s post-test)
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3.1.3 Loss of B cell autophagy does not affect myeloid cell function
Because Tlr7.1 BCko mice had a reduction in serum inflammatory cytokines
compared to Tlr7.1 mice with working B cell autophagy, it was important to verify
that the macrophages, mDCs and pDCs from these mice were capable of mounting
an appropriate inflammatory response. Therefore, to confirm that no activation
defects were present, myeloid cells were isolated or derived from BM and were
stimulated in vitro with a panel of TLR agonists. Their cytokine production was
measured by enzyme-linked immunosorbent assay (ELISA) and qRT-PCR,
respectively. As can be seen from the ELISA data presented in Fig. 12A, peritoneal
macrophages (PEMs) had similar TNF and IL-6 production in response to CL097 and
LPS, TLR7 and TLR4 agonists, respectively. These cells also secreted comparable
levels of IFNβ in response to LPS (Fig. 12B). Likewise, BM-derived macrophages
(BMDMs) responded similarly to CL097, LPS, and CpG 2395, a Class C CpG TLR9
agonist (Fig. 12C).
Furthermore, BMD myeloid (m) and plasmacytoid (p) DCs from Tlr7.1 BCko mice
showed normal upregulation of Il12b transcripts (Fig. 13A), when stimulated with
TLR agonists. To determine if type 1 IFN signaling was intact in Tlr7.1 BCko mice, I
compared the expression of interferon regulatory factor 7 (Irf7), a transcription
factor that is phosphorylated and upregulated through a positive feedback loop upon
TLR activation (Honda et al., 2005). As can be seen in Fig. 13B (upper right
panel), expression of Irf7 was significantly increased in Tlr7.1 BCko BMDpDCs.
Thus, these cells do not have an intrinsic defect in the activation of TLR7 and the
production of inflammatory cytokines. Rather, in the Tlr7.1 BCko mice, they are not
activated in vivo, because the initial signal from B cells is lacking. These data
strongly imply that B cells are the initiators of inflammation in Tlr7.1 Tg mice, as has
been proposed previously (Walsh et al., 2012).

64

Figure 12. Macrophages from Tlr7.1 BCko mice make normal inflammatory
responses when stimulated in vitro. PEMs were activated with LPS (100ng/ml),
or CLO97 (5µg/ml) for 6 hours A. IL-6, TNF and B. IFNβ was measured by ELISA.
BMDMs were activated with LPS (100ng/ml), CLO97 (5µg/ml), or CpG 2395 (250nM)
for 24 hours. C. TNFα and IFNβ were measured by ELISA. Significance is in
comparison to unstimulated controls. Results are based on 3 mice per group.
(#p<0.05 One-way ANOVA, *p<0.05, **p<0.01, ***p<0.005, One-way ANOVA with
Tukey’s post-test)
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Figure 13. Tlr7.1 BCko BMDmDCs and BMDpDCs upregulate inflammatory
factors in response to TLR stimulation in vitro. BMDmDCs and BMDpDCs were
stimulated with LPS (10µg/ml), or CLO97 (1µg/ml) A. Il12b and B. Irf7 mRNA
transcripts were measured by qRT-PCR and compared to unstimulated cells using the
ΔΔ

CT method. Results are based on 3 mice per group. (*p<0.05, One-way ANOVA

with Tukey’s post-test)
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3.1.4 B cell autophagy is required for emergency myelopoiesis in
Tlr7.1 mice.
One of the notable characteristics of the Tlr7.1 Tg mouse line is a myeloid
expansion in the periphery, as previously shown in Fig. 11 (B, C). This expansion is
driven by emergency signals, which promote the rapid expansion of myeloid
progenitors in the BM. The factors that drive emergency myelopoiesis are not well
known; however, it has been shown that an induction of TLR signaling can shift BM
precursors to rapidly produce an output of myeloid effector cells to combat pathogen
invasion (reviewed in (Welner and Kincade, 2014)). It was shown in the Tlr7.1 Tg
mouse line that the unregulated signaling of TLR7 caused an increase in type I IFN
production. Together these signals drove the production of myeloid lineage cells in
the BM. The dependence on IFN/β was shown by crossing Tlr7.1 Tg mice to Ifnar-/which prevented the induction of emergency myelopoiesis.
Because Tlr7.1 BCko mice possessed a decrease in serum IFN compared to
Tlr7.1 Tg mice, I hypothesized that the BM of these mice would also show a
reduction in emergency myeloid cells. As can be seen in Fig. 14A (right panel),
Tlr7.1 BCko mice lack the large CD11blow/+ Gr1low/- population of cells (FACS plot
upper left quadrant), present in Tlr7.1 Tg mice (Fig. 14A (middle panel)). This
population constitutes monocytes and macrophages. As expected the total
percentages of BM cells show that Tlr7.1 mice possess a significant increase in
monocytes and macrophages over controls (Fig. 14B), while this increase was not
present in Tlr7.1 BCko mice. Likewise, Tlr7.1 BCko mice showed similar percentages
of neutrophils to controls (Fig. 14C), which typically constitute 20-30% of the BM.
Interestingly Tlr7.1 mice showed a decrease in this population, possibly due to a shift
in progenitors of the two populations. These data suggests that a loss of B cell
autophagy prevents emergency myelopoiesis in Tlr7.1 mice.
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Figure 14. Loss of B cell autophagy reduces IFNα mediated myelopoiesis in
the bone marrow of Tlr7.1 mice. Representative FACS plots of A. bone marrow
cells gated CD11c- B. total percentages of macrophages and monocytes (CD11cCD11b+ Gr1low/- ) and C. neutrophils (CD11c- CD11b+Gr1+). Mice were between 3-5
months of age. Data are representative of at least 6 mice per genotype. Results
(*p<0.05 **p<0.01, Kruskal-Wallis test with Dunn’s post-test).
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3.1.5 B cell autophagy is required for the TLR7-mediated loss of the
marginal zone
Another important indicator of disease in Tlr7.1 Tg mice is loss of B cells in
the marginal zone (MZB) and a concomitant increase in follicular B (FOB) cells, a
phenotype that is reproduced in WT mice immunized with TLR7 agonists (Amano et
al., 2005; Deane et al., 2007; Rubtsov et al., 2008). Although the factors responsible
for these changes in B cell localization and their contribution to disease pathogenesis
are not well understood, it is known that they are dependent on type 1 IFN (Giltiay
et al., 2013), similar to the emergency myelopoiesis seen in the BM of Tlr7.1 mice.
Since I had shown that IFN production is reduced in Tlr7.1 BCko mice and
myelopoiesis is normalized, I predicted that their MZ should be restored. As can be
seen in Fig. 15A & B, these mice had normal numbers of MZB cells. This was not
due to increased production of these cells, as evidenced by normal numbers of MZ
precursor (MZP) B cells (Fig. 15A & C). Similarly, transitional 1 B (T1B) cells were
not elevated in these mice (Fig. 15A & D). On the other hand, they had decreased
percentages of FOB cells, while their absolute numbers were unchanged (Fig. 15A &
E). To determine if the MZB cells in Tlr7.1 BCko mice were localized in the outer rim
of the splenic follicle as in WT mice, I examined frozen spleen sections by
immunohistochemistry (IHC). IgM+ B cells were present adjacent to MZ macrophages
in Tlr7.1 BCko (Fig. 15F, right panel, closed arrows) and control (left panel) mice,
while MZB cells were virtually absent in Tlr7.1 Tg mice (Fig. 15F, middle panel),
confirming published findings (Deane et al., 2007). These data imply that autophagy
is required for the TLR7-dependent activation of MZB cells that promotes their largescale exit from the MZ to the red pulp. Taken together with the reduction in
emergency myelopoiesis, these data suggest that Tlr7.1 BCko mice possess normal
type 1 IFN responses.
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Figure 15. B cell autophagy is required for the activation of marginal zone B
cells. B cell autophagy is required for the TLR7-mediated loss of the marginal zone.
A. Representative FACS plots of controls (upper), Tlr7.1 (middle), and Tlr7.1 BCko
(lower) mice, showing the gating for FOB, MZB, and MZP cells (left), as well as T1B
cells (right). B. Percentages (left) and absolute numbers (right) of MZB cells (B220 +
CD21mid CD23-). C. Absolute numbers of MZP cells (B220+ CD21hiCD23hi). D. T1B
cells (B220+CD21-CD23-CD24+IgM+). E. Percentages (left) and absolute numbers
(right) of FOB cells (B220+ CD21mid CD23mid). Each point represents an individual
animal. Data were obtained from 5 independent experiments. Mice were nonmoribund and between 3-5 months of age (*p<0.05 **p<0.01 Kruskal-Wallis test
with Dunn’s post-test). F. Fluorescent IHC of frozen spleen sections. B cells (IgM
red), T cell zone (CD4/CD8 green), MZ macrophages (MOMA-1 blue). IgM+ (red)
MZB cells are intermixed with (blue) MZ macrophages (white arrows). IgM hi cells
(bright red) are visible in the red pulp (open arrows) of Tlr7.1 and Tlr7.1 BCko mice.
White bar=100µm.
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3.1.6 Loss of B cell autophagy results in Hyper-IgM
It has been reported that BCko mice, immunized with conventional protein
antigen, have decreased IgM and IgG plasmablasts (Clarke et al., 2014; Conway et
al., 2013). However, we found that on a Tlr7.1 Tg background these mice had vastly
increased levels of IgMhigh plasmablasts in the red pulp of the spleen, similar to Tlr7.1
Tg mice (Fig. 15F, middle and right panels, open arrows). These data were
confirmed by flow cytometry (Fig. 16A), representative FACS plots showing
increased percentages of B220low CD138+ cells, and (Fig. 16B) absolute
quantification of splenic plasmablasts. Consistent with these observations, the serum
IgM levels of Tlr7.1 BCko mice were significantly increased compared to WT mice,
similar to Tlr7.1 Tg mice (Fig 16C), while no difference in IgA or IgG3 levels was
seen (Fig. 16D).
The presence of IgM-secreting B cells was further confirmed by enzyme-linked
immunospot (ELISpot) assay. As can be seen in Fig. 17A, Tlr7.1 BCko mice had
significantly higher numbers of IgM-secreting plasmablasts than BCko and Tlr7.1 Tg
mice. A selective accumulation of unrecombined Atg5 plasma cells has been reported
in the BM of BCko mice following immunization (Pengo et al., 2013). To determine if
the increase in IgM plasmablasts was a result of selective pressure, I compared Atg5
recombination in the DNA of splenic B cells and plasmablasts, measured by qPCR. No
increase in unrecombined Atg5 was detected in the plasmablasts of Tlr7.1 BCko mice
(Fig. 17B). Thus, these data imply that the presence of the Tlr7 transgene rescues
BCko B cells from death during differentiation into plasma cells. Consistent with this,
no difference in IgM mean spot size was seen by ELISpot between Tlr7.1 BCko and
Tlr7.1 Tg mice (Fig. 17C), indicating similar secretion rates by the plasmablasts of
the two strains.
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Figure 16. Tlr7.1 BCko mice retain elevated splenic IgMhigh plasmablasts.
Representative FACS plots of A. B220low CD138+ cells (plasmablasts). B. Absolute
numbers of plasmablasts. Each point represents an individual animal. ELISA for total
sera C. IgM and D. IgA and IgG3. Mice were between 3-5 months of age. Data are
representative of at least 6 mice per genotype. Results (*p<0.05 **p<0.01,
***p<0.005, Kruskal-Wallis test with Dunn’s post-test).
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Figure 17. Plasmablasts from Tlr7.1 BCko mice secrete normal amounts of
IgM and maintain the KO. A. ELISpot of isolated splenic B cells secreting IgM. ASC
numbers are shown relative to controls. (*p<0.05, one sample t-test **p<0.01,
Kruskal-Wallis test with Dunn’s post-test). B. qPCR for recombined and
unrecombined Atg5 was performed on isolated splenic pan-B cells and CD138+ cells.
Results are based on 4 mice per genotype C. Mean IgM spot size from ASCs was
calculated using an Immunospot analyzer.
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3.1.7 Atg5 ko B cells do not make RNA IgM auto-Abs, but respond
normally to TLR signals in vitro
Because Tlr7.1 BCko mice produced hyper-IgM serum levels, it was important
to determine the level of anti-RNA IgM. As presented in Fig. 18, anti-RNA-specific
IgM ELISA revealed a low concentration of these auto-Abs in the serum of Tlr7.1
BCko mice as in WT controls, although the former had 3-5 fold higher total IgM. In
contrast, sera from Tlr7.1 Tg mice showed a significant increase in anti-RNA IgM
compared to the control mice. Taken together with the ANA analyses described
previously (Fig. 7A, C), these data unambiguously show that auto-Abs against
nuclear antigens are not produced in the absence of B cell autophagy.
The substantial IgM response in the Tlr7.1 BCko mice was particularly surprising,
because a large fraction of serum IgM is produced by B1a cells, a B cell subset that
has been reported to be deficient in BCko mice (Conway et al., 2013; Miller et al.,
2008). I show here that these cells remain low in Tlr7.1 BCko mice (Fig. 19A). To
define the hyper-IgM response of these mice in more detail, I measured the antiphosphocholine (PC) Ab levels, bearing the T15 idiotype, a prototype germline IgM
secreted by B1a cells (Masmoudi et al., 1990). As can be seen in Fig. 19B, mice
lacking B cell autophagy had normal levels of anti-PC IgM, but significantly reduced
T15+ Abs, resulting in lower ratios of the T15 over the total anti-PC response, which
is consistent with their lower level of B1a cells.
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Figure 18. B cell autophagy is necessary for the production of anti-RNA IgM.
A. Anti-RNA IgM was measured by ELISA; Mice were between 3-5 months of age.
Results are based on at least 5 mice per genotype. (*p<0.05 **p<0.01,
***p<0.005, Kruskal-Wallis test with Dunn’s post-test).
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Figure 19. Tlr7.1 BCko mice retain the B1a cell defect of BCko mice and
possess reduced T15 idiotype. Flow cytometry of A. Peritoneal B1a (B220low CD5+
IgMhigh) cells (upper panel), and B1b cells (B220low CD5- IgMhigh) (lower panel),
showing the B1a defect present in Tlr7.1 BCko mice. (*p<0.05 **p<0.01,
***p<0.005, Kruskal-Wallis test with Dunn’s post-test). B. ELISA for anti-PC IgM
(top), anti-T15 IgM (middle), and the ratio of T15 to PC IgM (bottom). Courtesy of
the Kearney lab. (*p<0.05 sample T-test)
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TLR signaling in B cells results in the production of cytokines such as IL-6 and
IL-10 (Green et al., 2009). Therefore, to determine the responsiveness of B cells to
TLR ligands and confirm that Tlr7.1 B cells lacking autophagy did not have any
inherent defects, I compared the level of IL-6 and IL-10 production of B cells from
Tlr7.1 BCko and Tlr7.1 Tg mice in vitro following stimulation by a panel of TLR
ligands.
As can be seen from the ELISA data presented in Fig. 20A, no defect in
responsiveness was seen in the production of IL-6 from B cells of Tlr7.1 BCko mice
stimulated with TLR2, TLR4 and TLR7 agonists. Similarly, these B cells were able to
produce IL-10 in response to the same stimulation (Fig. 20A). In fact B cells from
Tlr7.1 BCko mice showed a significant increase in IL-10 production compared with
both controls and Tlr7.1 Tg mice stimulated similarly. This is interesting because
MZB and B1 cells have been shown to produce more IL-10 upon stimulation in vitro
(Barr et al., 2007); however, these populations were not significantly elevated in
Tlr7.1 BCko mice (Fig. 15B, 19A). Because the B cells of Tlr7.1 BCko mice showed
no defect in response to small molecule TLR7 ligands in vitro, this suggests that the
defect present in these cells occurs only in vivo, confirming my working hypothesis
that delivery of natural TLR7 ligands requires an intact autophagy machinery, and
this machinery is dispensable for other forms of stimulation.
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Figure 20. Tlr7.1 mice retain functional B cells upon loss of autophagy.
Isolated B cells were stimulated for 72 hours with CLO97 (1µg/ml), immiquimod
(1µg/ml), LPS (10µg/ml), or PAM2CSK4 (1µg/ml). Cytokine readouts for C. IL-6 and
D. IL-10 were determined by ELISA. Results are based on 3 mice per genotype.
Unless indicated, significance was determined relative to unstimulated controls
(*p<0.05, **p<0.01, ***p<0.005, One-way ANOVA with Tukey’s post-test).
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3.1.8 Tlr7.1 BCko mice present with anemic disease
It has been reported that Tlr7.1 Tg mice have anemia, and it is known that
type 1 and 2 IFNs, as well as TNF, play causative roles in autoimmune-mediated
hemolytic anemia and inhibition of erythropoiesis. Since Tlr7.1 BCko mice do not
mount an inflammatory response, I would expect them to be cured of anemia.
However, as can be seen in Fig. 21A, indirect Coomb’s for anti-rbc IgM auto-Abs
showed a similar reactivity in the presence or absence of B cell autophagy.
Subsequently both Tlr7.1 Tg, and Tlr7.1 BCko mice developed a depletion of rbcs and
anemia similarly, determined by hematocrit (Fig. 21B). Interestingly, it has been
previously shown that Tlr7.1 mice do not make anti-rbc IgG auto-Abs (Deane et al.,
2007). It is possible, therefore, that the anemia in both Tlr7.1 and Tlr7.1 BCko mice
is a product of hyper–IgM and nonspecific binding to rbcs or their precursors. I,
therefore, established that the BM of Tlr7.1 BCko mice contained normal numbers of
megakaryocytes and erythroid precursor Ter119+ cells, suggesting that anemia was
not caused by a deficiency in production of these cell types or by their depletion in
the BM (Fig. 21C & D).
These data suggest that the presence of TLR7 overexpression can promote
anemia through a B cell autophagy-independent mechanism that relies on the
production of hyper-IgM. The persistence of anemic disease in these mice is
interesting, because it suggests that autophagy is important for the formation of
anti-nuclear auto-Abs, but is dispensable for the production of Abs against platelets
and rbc.
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Figure 21. Lack of B cell autophagy is dispensable for anemia in Tlr7.1 mice.
A. Indirect Coomb’s assay for IgM, presence or absence of agglutination was
determined. B. rbc percentages shown by pcv. C. Representative H&E images of
megakaryocytes in the BM of controls (left panel), Tlr7.1 (center panel) and Tlr7.1
BCko mice (right panel), all 3-5 months of age. D. Flow cytometry, showing
percentages of BM erythroid lineage cells (Ter119+ CD11b-). (*p<0.05 **p<0.01,
***p<0.005, Kruskal-Wallis test with Dunn’s post-test).
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3.1.9 Lack of B cell autophagy enhances EMH
Because the Tlr7.1 BCko mice presented with early signs of anemia similar to
the Tlr7.1 Tg mice, but differed from those mice in the cellular composition of BM
(Fig. 14), as well as overall survival (Fig. 6), I looked for compensatory
mechanisms in organs other than the BM. I had observed that Tlr7.1 BCko mice
presented with splenomegaly similar to Tlr7.1 Tg littermates (Fig. 22A). Analysis by
flow cytometry revealed that while Tlr7.1 mice showed a more restricted myeloid
expansion, with the largest fold increase in pDCs, (Fig. 22B) and mDCs, (Fig. 22C)
over controls, Tlr7.1 BCko mice possessed an increase in both myeloid and
granulocyte cells (Fig. 22B, C). Further histological analyses of the spleens revealed
that Tlr7.1 BCko mice had a marked expansion of the red pulp (Fig. 23A, right
panel) that was more pronounced than in Tlr7.1 Tg (Fig. 23A, center panel) and
control mice (Fig. 23A, left panel). Within the red pulp of Tlr7.1 BCko mice,
increased erythropoiesis was present (Fig. 23B), as well as an increase in
megakaryocytes (megakaryocyte hyperplasia) (Fig. 23C). Spleen sections of Tlr7.1
BCko mice had more megakaryocytes (5-11/400x field) than Tlr7.1 Tg mice (110/400x field). In addition to the spleen, Tlr7.1 BCko mice had increased EMH in the
liver (Fig. 23D). The increase in both myeloid, granulocyte and erythroid cells in the
spleen of Tlr7.1 BCko mice was strikingly similar to the cellular composition of the
BM. Indeed as Tlr7.1 BCko mice aged this phenomenon became more pronounced;
where, at 14 months of age, osteocytes were present in the spleens of these mice
(Fig. 24A, lower panel), when compared to BM (Fig. 246B), the splenic bone
formations were visibly BM-like, with pockets surrounding hematopoietic precursors
(Fig. 24C).
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Figure 22. Tlr7.1 BCko mice possess splenomegaly. Spleens A. were weighed
and normalized as a percentage of body weight. Each point is representative of an
individual animal. Myeloid cell populations in the spleen were analyzed by flow
cytometry. B. pDCs (CD11c+ PDCA-1+), and C. mDCs(CD11c+ CD11b+ B220-),
macrophages(CD11b+ GR1low/- CD11c- FSCmid/low SSChigh), monocytes (CD11b+
GR1low/- CD11c- FSClow SSClow) and neutrophils (CD11b+ GR1+ CD11c-). Results
(*p<0.05 **p<0.01, ***p<0.005, Kruskal-Wallis test with Dunn’s post-test).
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Figure 23. Tlr7.1 BCko mice possess robust EMH in the spleen and liver.
Representative H&E analyses of spleen (A. – C.) and liver (D) sections reveal
elevated EMH in Tlr7.1 and Tlr7.1 BCko mice: control (left panel), Tlr7.1 (center
panel) and Tlr7.1 BCko mice (right panel), all 3-5 months of age. : A. Red pulp
expansion (4X); B. increased numbers of immature red blood cells (erythropoiesis)
(10X); (WP, white pulp; RP, red pulp); C. increased numbers of megakaryocytes
(yellow arrows) (20X). D. Cellular infiltrates (black arrows) in the liver of Tlr7.1 mice
vs. EMH foci in the liver of Tlr7.1 BCko mice (open arrows). Results are based on at
least 6 mice per group. White bar =100 µm.
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Figure 24. Bone growth occurs in the red pulp of the spleen as Tlr7.1 BCko
mice age. Representative images of H&E sections of splenic red pulp with osteocytes
present A.4x magnification. BM B. 10x magnification C. 20x magnification of spleen
showing erythroid and myeloid precursors. Yellow box (zoom) Mice were 14 months
of age. Results are based on at least 5 mice per group.
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Taken together, these data demonstrate that while Tlr7.1 BCko mice still have
anemia comparable to Tlr7.1 Tg mice, they compensate for it more effectively
through increased EMH. The combination of decreased inflammation with the
increase in EMH likely promotes the survival of these mice.
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C.G. Weindel, L.J. Richey, B.T. Huber, (2015) Autophagy restricts inflammasome
signaling and inflammation in a TLR7-mediated lupus model. Manuscript in
preparation.

3.2 A loss of autophagy in DCs augments inflammation in Tlr7.1
Tg mice
3.2.1 A lack of DC autophagy slows death in Tlr7.1 Tg mice
To further my study of the role of autophagy in TLR7-mediated autoimmunity,
I generated cohorts of WT and Tlr7.1 Tg mice with either intact or DC-specific loss of
autophagy, mediated by a Cre-recombinase under a transgene containing the Cd11c
gene promoter (Cd11c-Cre/Atg5f/f), abbreviated DCko (see Table 6, for a summary
of the genotypes and abbreviations used for this cohort of mice).
Table 6. Breeding strategy and genotypes produced to test the role of DC autophagy
on TLR7-mediated SLE.
1.

Tlr7.1 Tg : Atg5f/+ ♂

x

Cd11c-cre+/+: Atg5f/f ♀

Genotype

Group

Cd11c-cre+/- : Atg5f/+

WT

+/-

Cd11c-cre

: Atg5

f/f

Controls

DCko

Tlr7.1 Tg : Cd11c-cre+/-: Atg5f/+

Tlr7.1

Tlr7.1 Tg : Cd11c-cre+/-: Atg5f/f

Tlr7.1 DCko

(Deane, 2007)

Importantly, this Cre-recombinase has been shown to successfully recombine
floxed sequences in pDCs (Caton et al., 2007), which have a low expression of
CD11c. While DCko mice did not possess any pathological phenotype, they did show
slight differences from controls with working DC autophagy and were thus grouped
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Figure 25. Loss of DC autophagy initially provides Tlr7.1 mice with increased
survival. Survival curves of Tlr7.1 and Tlr7.1 DCko mice show an initial increase in
survival of Tlr7.1 DCko mice, followed by a sudden decline at 250 days. Curves of
mice measured over 57 weeks. Tlr7.1 DCko (n=9), Tlr7.1 (n=16). (*p<0.05, MantelCox test)
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accordingly. The Tlr7.1 DCko mice, on the other hand, possessed a phenotype
distinct from both controls and Tlr7.1 Tg littermates. Unlike Tlr7.1 Tg mice, Tlr7.1
DCko mice showed an initial increase in survival, followed by a sudden decline at
approximately 37 weeks of age (Fig. 25).

3.2.2 Tlr7.1 DCko mice possess autoantibodies and B cell activation
The sudden decline in Tlr7.1 DCko mice was surprising, considering the
successful amelioration of disease seen in the Tlr7.1 BCko mice and the critical role
of DCs, especially pDCs, in SLE disease progression (Rowland et al., 2014; Sisirak et
al., 2014). Because previous reports indicated that a decrease in pDC function
reduced auto-Ab production (Sisirak et al., 2014), I first quantified the serum levels
of ANAs to determine the B cell involvement in disease progression 10-15 weeks
prior to the decline in survival of Tlr7.1 DCko mice.
As can be seen in Figure 26, Tlr7.1 DCko mice possessed bright ANA with a
nucleolar pattern and an intense cytoplasmic staining, similar to that of Tlr7.1 Tg
mice with working DC autophagy (summarized in Table 7). This suggests that lack
of DC autophagy does not prevent autoreactivity in B cells or impair the production
of IgG auto-Abs with a Hep2 pattern indicative of anti-RNA.
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Figure 26. Loss of DC autophagy does not protect against autoantibody
production in Tlr7.1 mice. Hep2 slides used to detect ANA in 4-5 month old mice
Sera were tested for IgG-ANA. Data are representative (mice 5 months, n=4 per
genotype). Results are based on at least 4 mice per group.
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Table 7. Summary of ANA IgG for non-moribund mice at 3-5 months of age.

ANA

Controls

Tlr7.1

Tlr7.1 DCko

nuclear/
nucleolar

0

1

2

cytoplasmic

0

0

1

mixed

0

4

1

total

0/4

5/6

4/4

3.2.3 Loss of DC autophagy results in increased inflammatory
cytokine production in Tlr7.1 DCko mice.
Inflammatory cytokines produced by DCs, T cells, and macrophages have a
marked contribution to the disease progression of SLE. Because it was evident that
the initial increase in Tlr7.1 DCko survival was not due to the impairment of
autoreactive B cells, it was important to determine if the production of inflammatory
cytokines produced by these cell types were decreased in the Tlr7.1 DCko mice.
To determine the concentrations of serum cytokines, the same multiplex
immunoassay was utilized as previously described (see Table 5). The sera from nonmoribund mice at 16-20 weeks of age were tested for the presence of inflammatory
cytokines. Unexpectedly, serum levels of IFN were not significantly elevated
in Tlr7.1 DCko mice (Fig. 27A), along with GM-CSF. However, both were increased
in Tlr7.1 mice. Meanwhile, G-CSF and IL-12p70 were increased in Tlr7.1 DCko mice
(Fig. 27B), along with IL-5, IL-6 and IL-10 (Fig. 27C), similar to Tlr7.1 mice.
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Interestingly, DCko mice showed a sporadic increase in both IL-12p70 and IL-6,
although not significantly different from WT controls.
The Tlr7.1 DCko mice even surpassed Tlr7.1 littermates in their levels of
serum IL-18 and TNF (Fig. 28A), as well as IL-1β (Fig. 28B), although both Tlr7.1
and Tlr7.1 DCko mice showed no increase in IL-1. In addition to this, Tlr7.1 DCko
mice possessed elevated numbers of cytokines associated with T cell activation (Fig.
28C), suggesting that although IFN was not increased, there was no indication of a
reduction in other inflammatory cytokines or T cell involvement. This suggests that
while IFN may be a factor in the increased survival of Tlr7.1 DCko mice, it is not
affecting other indications of inflammation in the circulation of these mice.
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Figure 27. DC autophagy is required for elevated IFNα in the sera of Tlr7.1
mice. Cytokine immunoassay. Cytokines elevated in the sera of only Tlr7.1 mice. A.
IFNα, GM-CSF; as well as both Tlr7.1 and Tlr7.1 DCko mice. B. G-CSF, IL-12p70; C.
IL-5, IL-6, IL-10. Mice were between 4-5 months old. Results are based on at least 8
mice per group. (*p<0.05 **p<0.01, ***p<0.005, Kruskal-Wallis test with Dunn’s
post-test)
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Figure 28. Lack of DC autophagy increases pro-inflammatory cytokines in
the sera of Tlr7.1 mice. Sera from age-matched non-moribund mice between 4-5
months of age were tested for cytokines using multiplex immunoassay. Proinflammatory cytokines were elevated in Tlr7.1 DCko mice. A. IL-18 and TNF. B.
IL-1β (left panel) but not IL-1 (right panel) C. IFNγ, IL-2 and IL-4; Results are
based on at least 8 mice per group. (#p<0.05 Kruskal-Wallis test, *p<0.05,
**p<0.01, ***p<0.005, Kruskal-Wallis with Dunn’s post-test)
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3.2.4 A reduction in IFN does not restore the MZ, nor prevent
peripheral expansion in Tlr7.1 DCko mice.
Because Tlr7.1 DCko mice possessed a normal level of serum IFN it was
important to check if phenotypes dependent on type 1 IFNs were altered. As
previously shown, emergency myelopoiesis is prevented (Fig. 14), and MZB cells are
restored (Fig. 15) in Tlr7.1 BCko mice with reduced serum IFN. Therefore, I
expected to see a reduction in peripheral expansion of myeloid cells and a
restoration of MZB cell numbers in Tlr7.1 DCko mice.
As shown in Figure 29, Tlr7.1 DCko mice showed the opposite phenotype of
what was expected. Compared to Tlr7.1 Tg mice and controls, Tlr7.1 DCko possessed
a marked escalation in lymphadenopathy, with a significant increase in the weight of
cervical and inguinal LNs (Fig. 29A). The physical size of their LNs was associated
with a loss of architecture between the LN follicles and medulla (Fig. 29B). There
was also an increase in myeloid cell populations within the expanded LNs that
included neutrophils (Fig. 29C), this indicates that emergency myelopoiesis was not
reduced in Tlr7.1 DCko mice.
Similar to the results show in Figure 31, Tlr7.1 DCko mice did not have a
restoration of MZB cells. Representative FACS plots depicting MZB (B220+ CD21mid
CD23-) and FOB cells (B220+ CD21mid CD23mid) show the depletion in percentages of
total MZB cells (Fig. 30A). The absolute numbers of MZB and FOB cells also fail to
show a normalization of the two populations in the spleen (Fig. 30B, C). This
suggests that high levels of IFN are not required for these two phenotypes in Tlr7.1
DCko mice, which are likely being driven by other cellular factors.
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Figure 29. Tlr7.1 DCko mice possess lymphadenopathy. Representative LNs
(cervical and inguinal) A. were weighed and normalized as a percentage of body
weight. Each point is representative of an individual animal. H&E sections of B.
inguinal LN 4x in controls (left panel), Tlr7.1 (center panel) and Tlr7.1 BCDCko mice
(right panel). C. flow cytometry of myeloid cell influx into the LNs of Tlr7.1 DCko
mice. Mice were non-moribund and between 4-5 months of age. (*p<0.05 **p<0.01
Kruskal-Wallis test with Dunn’s post-test)
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Figure 30. Loss of DC autophagy does not restore the marginal zone in
Tlr7.1 mice. A. Representative FACS plots of controls (left), Tlr7.1 (middle), and
Tlr7.1 DCko (right) mice, showing the gating for FOB, and MZB cells B. Percentages
(left) and absolute numbers (right) of MZB cells (B220+ CD21mid CD23-). C.
Percentages (left) and absolute numbers (right) of FOB cells (B220 + CD21mid
CD23mid). Each point represents an individual animal. Data were obtained from 5
independent experiments. Mice were non-moribund and between 4-5 months of age.
(*p<0.05 **p<0.01 Kruskal-Wallis test with Dunn’s post-test)
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3.2.5 Tissue inflammation and neutrophil influx are present in Tlr7.1
DCko mice.
Given that Tlr7.1 DCko mice lacked IFN, but clearly possessed an
inflammatory phenotype, it was important to determine what causative factors were
promoting the enhanced lymphadenopathy. Because the multiplex immunoassay
showed that Tlr7.1 DCko mice had a significant increase in serum IL-18 compared to
Tlr7.1 Tg mice and WT controls, as well as increased TNF and IL-1β over controls,
unlike the Tlr7.1 Tg mice (Fig. 28), it is possible that the uncontrolled
inflammasome activity contributes to the pathogenesis of Tlr7.1 DCko mice.
Because inflammasome activation results in tissue damage and neutrophil
influx through IL-18 secretion (Leung et al., 2001), inflammation in the liver,
kidneys, spleen, and peripheral blood was determined by histology and flow
cytometry. H&E sections of the liver (Fig. 31A) clearly showed increased
inflammation in the Tlr7.1 DCko mice compared to Tlr7.1 Tg littermates.
Interestingly, however, the kidneys of the Tr7.1 DCko mice showed a decrease in
perivascular infiltrates compared to Tlr7.1 Tg mice with intact DC autophagy (Fig.
31B). It is possible that the reduction in infiltration of the kidneys is a result of
normal serum IFN in the Tlr7.1 DCko mice. Impairment of pDCs has been shown to
decrease kidney pathology in Tlr7-mediated SLE (Sisirak et al., 2014). Increased
myeloid cell and neutrophil influx in the peripheral blood (Fig. 31C) and spleen (Fig.
31D) of Tlr7.1 DCko mice was also enhanced, as determined by flow cytometry.
Taken together, these data suggest that the increased survival of Tlr7.1 DCko
mice is caused by the lack of elevated IFN. However, a loss of DC autophagy causes
inflammation through an alternative pathway, mediated by the overexpression of
TLR7.
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Figure 31. Tissue inflammation and neutrophil influx in Tlr7.1 DCko mice.
Representative H&E showing cellular infiltrates (black arrows) in the A. liver of Tlr7.1
mice (center), versus Tlr7.1 DCko mice (right) Flow cytometry summary of A. blood
and B. spleen showing elevated numbers of neutrophils (CD11c- CD11b+ Gr1+) and
monocytes (CD11c- CD11b+ Gr1low/-) in Tlr7.1 DCko mice. Mice were non-moribund
and between 4-5 months of age (*p<0.05 **p<0.01 Kruskal-Wallis test with Dunn’s
post-test).
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3.3 Autophagy in B cells and DCs controls inflammation
3.3.1 Tlr7.1 BCDCko mice succumb to early lethality
Because individually a B cell or DC loss of autophagy promoted the survival of
Tlr7.1 Tg mice either by ablating the SLE phenotype or through reduced IFN, it was
important to determine the combined effect on TLR7-mediated SLE. Therefore,
cohorts were generated with WT and Tlr7.1 Tg mice and the combined Cd19-cre ki,
and Cd11c-cre Tg (Cd19-cre: Cd11c-cre: Atg5f/f) BCDCko (see Table 8 for a
summary of the genotypes and abbreviations used for this cohort of mice).

Table 8. Breeding strategy and genotypes produced to test the role of B cell and DC
autophagy on TLR7-mediated SLE.
Tlr7.1 Tg : Atg5f/+ ♂

1.

x

Cd11c-cre+/+: Cd19-cre+/+: Atg5f/f ♀

Genotype

Group

Cd11c-cre+/-: Cd19-cre+/-: Atg5f/+

WT

Cd11c-cre+/-: Cd19-cre+/-: Atg5f/f

BCDCko

Tlr7.1 Tg : Cd11c-cre+/-: Cd19-cre+/-: Atg5f/+

Tlr7.1

Tlr7.1 Tg : Cd11c-cre+/-: Cd19-cre+/-: Atg5f/f

Tlr7.1 BCDCko

Controls

(Deane, 2007)

As expected, the double ko controls (BCDCko) mice did not have any
indication of a pathology phenotype. However, the combined loss of B cell and DC
autophagy failed to show any indication of increased survival that either ko
possessed individually (Fig. 32). This was surprising, because previous results
suggested that Tlr7.1 BCko mice did not make ANA and Tlr7.1 DCko mice lacked
elevated IFN.
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Figure 32. Loss of autophagy in both B cells and DCs results in early
lethality. Survival curves of Tlr7.1 and Tlr7.1 BCDCko mice show a similar lethality.
Curves of mice measured over 57 weeks. Tlr7.1 BCDCko (n=11), Tlr7.1 (n=16).
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3.3.2 Tlr7.1 BCDCko possess auto-Abs.
Because Tlr7.1 BCko mice failed to produce ANA, Hep2 slides were used to
determine if Tlr7.1 BCDCko mice were capable of making Abs against either nuclear
DNA or nucleolar RNA. Interestingly, at 12-14 weeks of age Tlr7.1 BCDCko mice
lacked nuclear and nucleolar staining on Hep2 slides (Fig. 33A right panel), unlike
their Tlr7.1 Tg littermates, whose Hep2 staining was either nuclear/nucleolar or
mixed (Fig. 33A middle panel). The same staining pattern was present in Tlr7.1
BCDCko moribund mice. The lack of nuclear/nucleolar Hep2 staining indicates that
Tlr7.1 BCDCko mice are not making auto-Abs against RNA-protein complexes,
commonly associated with the nucleus/nucleolus, such as anti-Sm, and anti-nRNP
Abs, commonly associated with SLE (Migliorini et al., 2005). See Table 9 for a
summary of the Hep2 staining.

Table 9. Summary of ANA IgG for non-moribund mice at 12-14 weeks of age (gray),
as well as moribund mice (pink)
ANA
nuclear/
nucleolar

Controls

Tlr7.1

Tlr7.1
BCDCko

Tlr7.1(m)

Tlr7.1
BCDCko(m)

0

2

0

3

0

cytoplasmic

0

0

5

0

4

mixed

0

2

0

1

0

total

0/4

4/5

5/5

4/4

4/4

Because Tlr7.1 BCDCko mice possessed positive Hep2 staining it was
important to further define their serum Ig levels. While both Tlr7.1 and Tlr7.1
BCDCko mice had slightly elevated serum IgM (Fig. 33B), The IgG of Tlr7.1 BCDCko
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mice was significantly more increased (Fig. 33C). Interestingly a larger percentage
of the IgG was of the IgG1 subtype for Tlr7.1 BCDCko mice, unlike their Tlr7.1
littermates (Fig. 33D). Serum IgG3 was similar for all mice (Fig. 33E).
Cytoplasmic Hep2 staining is often associated with auto-Abs against
organelles and cytoplasmic matrix proteins. Given the importance of autophagy in
maintaining cellular homeostasis, it is not entirely unexpected that Abs would be
made against damaged organelles in Tlr7.1 BCDCko mice. However, auto-Abs
against cytoplasmic RNA have also been documented and are dependent on TLR7
(Green et al., 2012). Therefore, because Tlr7.1 BCDCko possessed auto-Abs,
although not against nuclear/nucleolar constituents, and high serum IgG, it was
important to confirm that the IgG was not against RNA.
Unexpectedly, both BCDCko mice and Tlr7.1 BCDCko mice showed sporadic
increases in anti-RNA IgG (Fig. 33F). This was clearly distinct from the Tlr7.1 Tg
mice, which had a consistent increase in anti-RNA IgG Abs. The sporadic elevation
was also interesting, because BCDCko mice showed no indication of Hep2 positive
staining. Because yeast RNA was utilized as the substrate for the anti-RNA ELISA, it
is, therefore, possible that the sera from BCDCko and Tlr7.1 BCDCko mice are
reacting to an RNA substrate specific to yeast, not present on the Hep2 slides, which
are coated with mammalian cells. Ultimately, these data show that while Tlr7.1
BCDCko mice make anti-RNA Abs, it is not dependent on the presence of the Tlr7.1
Tg, and the Abs could be the result of an entirely different mechanism.
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Figure 33. Tlr7.1 BCDCko mice possess increased IgG and IgM serum levels
and a sporadic increase in anti-RNA IgG, independent of the Tlr7.1 Tg. Hep2
slides used to detect ANA in 12-14 week old mice A. Sera were tested for IgG-ANA.
Data are representative (n=8 per genotype). Total serum B. IgM, C. IgG and D.
IgG1 E. RNA-IgG was determined by ELISA. Results are based on at least 6 mice per
group. Mice were between 12-14 weeks of age. (*p<0.05, **p<0.01, ***p<0.005,
Kruskal-Wallis test with Dunn’s post-test).
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3.3.3 Tlr7.1 BCDCko mice have an increased myeloid expansion
Because Tlr7.1 BCDCko mice produced high IgG and IgM and possessed autoAbs, it was important to look for indications of B cell activation in the spleen and
periphery. Both the spleens (Fig. 34A) and LNs (Fig. 34B) of Tlr7.1 BCDCko mice
were significantly larger than those of controls and Tlr7.1 littermates. In addition,
the spleens of the Tlr7.1 BCDCko mice showed a complete loss of splenic
architecture, with both an expansion of the white pulp and red pulp (Fig. 34C right
panel), compared to Tlr7.1 mice (Fig. 34C center panel). The dramatic expansion in
Tlr7.1 BCDCko mice did not consist of B and T cells, rather the most elevated cell
populations were myeloid and granuloid and consisted of mDCs, monocytes,
macrophages, and neutrophils. The expanded populations were similar in the spleen
(Fig. 34D) and LNs (Fig. 34E).
The expanded cell populations also showed increased inflammatory markers;
most notably, inflammatory monocytes were increased in the spleen (Fig. 35A),
peritoneum (Fig. 35B), and peripheral blood (Fig. 35C), of Tlr7.1 BCDCko mice
compared to controls and Tlr7.1 Tg mice. Although not as expanded as the myeloid
cell populations, increased plasmablasts were also detected in the spleen, peripheral
blood and peritoneum of Tlr7.1 BCDCko mice; however, this was similar to the
expansion seen in the Tlr7.1 Tg line.
Because myeloid cells make up the predominant expanded population and
possess activation markers, it was likely that the phenotype of the Tlr7.1 BCDCko
mice was being driven by inflammatory myeloid cells. In addition, it appeared that
the loss of both B cell and DC autophagy had a combined effect on the splenomegaly
and lymphadenopathy of the Tlr7.1 BCDCko mice.
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Figure 34. Lack of B cell and DC autophagy results in increased
splenomegaly and a myeloid expansion in Tlr7.1 mice. Spleens A. and
representative LNs B. were weighed and normalized as a percentage of body weight.
Each point is representative of an individual animal. H&E sections of spleen C. white
pulp (wp) and red pulp (rp) in Controls (left panel), Tlr7.1 (center panel) and Tlr7.1
BCDCko mice (right panel). Myeloid cell populations in the D. spleen E. peripheral
blood and F. LNs were analyzed by flow cytometry. B cells(B220+ CD3-)
mDCs(CD11c+ CD11b+ B220-), monocytes/macrophages(CD11b+ GR1low/- CD11c-),
and neutrophils(CD11b+ GR1+ CD11c-). Results were based on at least 3
independent experiments with mice between 12-14 weeks of age. (*p<0.05
**p<0.01, ***p<0.005, Kruskal-Wallis test with Dunn’s post-test).
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Figure 35. Tlr7.1 BCDCko mice possess increased inflammatory cell
populations percentages of inflammatory monocytes in the A. LN and spleen as well
as absolute numbers of elevated neutrophils, B. and inflammatory monocytes, C. in
the peritoneum of Tlr7.1 BCDCko mice Results were based on at least 3 independent
experiments with mice between 12-14 weeks of age. (*p<0.05 **p<0.01,
***p<0.005, Kruskal-Wallis test with Dunn’s post-test).
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3.3.4 B cell and DC autophagy is important for controlling
inflammatory cytokine production
Because of the dramatic increase in inflammatory myeloid cells, and the
apparent contributory effect of both a B cell and DC ko of autophagy to the
pathogenesis of Tlr7.1 Tg mice, I hypothesized that inflammatory cytokines would be
further elevated in the Tlr7.1 BCDCko mice. To determine this, the sera from young
(12-14week) Tlr7.1 Tg and Tlr7.1 BCDCko mice were analyzed, using the same
parameters of the cytokine immunoassay (Table 5), to determine which
inflammatory cytokines were contributing to disease.
As seen in Figure 36A, Tlr7.1 BCDCko mice possessed a dramatic increase in
serum IL-18 and TNF, which would explain the early morbidity in these mice. In
addition to these inflammatory cytokines, IL-1β was significantly elevated over WT
mice, but not to the same extent (Fig. 36B); again, IL-1 was not increased. Tlr7.1
BCDCko mice also showed an early significant increase in IL-6, IL-4 and IFNγ (Fig.
36C) over WT mice, while Tlr7.1 Tg mice did not possess the same increase at this
time-point.
On the other hand, Tlr7.1 Tg mice had a significant increase in IL-5 and GCSF (Fig. 37A), while these cytokines were not increased in the Tlr7.1 BCDCko
mice. Interestingly IFN was elevated in both groups of mice (Fig. 37B), as were IL2, IL-10, and IL-12p70 (Fig. 37C).
Taken together these data suggest that the Tlr7.1 BCDCko mice possess a
severe inflammatory condition mediated by myeloid cells and cytokines. While IL-18
and TNF were elevated dramatically over Tlr7.1 DCko mice, IFN was only
marginally increased, suggesting that this cytokine is being upregulated secondarily
to the increase of these two cytokines.
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Figure 36. Lack of autophagy in B cells and DCs increases the production of
inflammatory cytokines in Tlr7.1 mice. Sera from age-matched non-moribund
mice between 12-14 weeks of age were tested for cytokines using multiplex
immunoassay. Pro-inflammatory cytokines were elevated in Tlr7.1 BCDCko mice. A.
IL-18, TNF, IL-1β, IL-1; B. IL-4, IL-6, IFNγ. Results are based on at least 8 mice
per genotype (*p<0.05 **p<0.01, ***p<0.005, Kruskal-Wallis test with Dunn’s
post-test).
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Figure 37. Tlr7.1 BCDCko mice have elevated serum cytokines including
IFNα similar to Tlr7.1 mice. Multiplex immunoassay for cytokines elevated only in
Tlr7.1 mice A. G-CSF, IL-5. Elevated in both Tlr7.1 and Tlr7.1 BCDCko mice B. IFN,
GM-CSF, C. IL-2, IL-10, IL-12p70. Mice were between 12-14 weeks of age. Results
are based on at least 8 mice per genotype (#p<0.05 Kruskal-Wallis test *p<0.05
**p<0.01, ***p<0.005, Kruskal-Wallis test with Dunn’s post-test).
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3.3.5 A loss of B cell and DC autophagy affects different organ
systems in Tlr7.1 Tg mice
The results obtained in the immunoassay pointed to increased inflammasome
activity as a major contributing factor to the inflammatory state of the Tlr7.1
BCDCko mice. Because the levels of IL-18 and TNF were dramatically increased in
Tlr7.1 BCDCko mice, I hypothesized that organ damage would also be increased,
showing the hallmarks of sepsis in the absence of infection. Therefore, to confirm
this inflammatory condition, it was critical to analyze its effect on multiple organ
systems, comparing Tlr7.1 BCDCko and Tlr7.1 Tg mice.
As expected, the kidneys of Tlr7.1 BCDCko mice scored higher on a pathology
index than those of Tlr7.1 Tg mice at 12-14 weeks, indicating elevated stress and
inflammation at this time-point (Fig. 38A, Table 10). However, the kidneys of
Tlr7.1 BCDCko mice did not continue to worsen with age, rather, they averaged
maintaining a similar pathology score, while Tlr7.1 Tg mice developed more severe
kidney pathology over time (Fig. 38B, Table 10). This was somewhat unexpected,
given the number of inflammatory cells and high level of cytokines in the TLR7.1
BCDCko mice.
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Table 10. Summary kidney pathology (PAS stain) lesion scoring for non-moribund
mice at 12-14 weeks of age, as well as moribund mice (classification of scores are
available in the methods section).
12-14 weeks

Kidney

Moribund

Score

Controls

Tlr7.1

1

5

3

Tlr7.1
BCDCko
0

0

Tlr7.1
BCDCko
2

2

0

3

7

1

3

3

0

1

3

3

0

3.5

0

0

0

2

1

4

0

0

0

2

1

Avg.

1

1.7

2.3

3.3

2.2

Tlr7.1

While the kidneys of Tlr7.1 BCDCko mice did not possess the expected
severity, the livers showed a dramatic increase in inflammation over Tlr7.1 Tg mice
(Fig. 38C), with increased mononuclear infiltrates and supurtive hepatitis, indicating
the degradation of liver cells by activated macrophages and neutrophils.
In addition to the severe liver disease present in Tlr7.1 BCDCko mice, there
were also clear indications of increased anemia. Hematocrit and whole blood analysis
showed reduction in total rbc numbers in the periphery (Fig. 39A,B), as well as
decreased platelets (Fig. 39C); additionally, reduced hemoglobin was present in the
rbcs (Fig. 39D), suggesting a possible defect in the BM. The BM did not show a
reduction in megakaryocytes (Fig. 39D); however, a massive induction of myeloid
cells was present. Therefore, it is not certain if the increased anemia is caused by
peripheral hemolysis or defect in the production of rbcs in the BM.
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Figure 38. Lack of autophagy in B cells and DCs decreases kidney lesion
severity overall, but increases liver inflammation. Representative image of PAS
staining of glomeruli, revealing severity of lesions (40x) in mice at A. 12-14 weeks of
age and in B. moribund mice 40X. Liver inflammation. C. Representative images
showing increased liver inflammation black arrows at 12-14 weeks in the spleens of
Tlr7.1 BCDCko mice.
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Figure 39. Loss of B cell and DC autophagy results in a more severe anemia
in Tlr7.1 mice. A. rbc percentages shown by pcv. Absolute number of B. rbcs and
C. platelets. D. rbc hemoglobin per dL of blood E. Representative H&E images of
megakaryocytes in the BM of controls (left panel), Tlr7.1 (center panel) and Tlr7.1
BCDCko mice (right panel), all 12-14 weeks of age. (*p<0.05 **p<0.01,
***p<0.005, Kruskal-Wallis test with Dunn’s post-test).
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3.4 Summary of key findings
Taken together, my data show that autophagy plays a complex role in the
pathogenesis of SLE. It is clear that B cell autophagy is critical for the induction of
SLE in this model system, and that a lack of B cell autophagy prevents the majority
of SLE symptoms. However, it appears that a DC ko of autophagy can have
potentially deleterious consequences.
A DC-specific loss of autophagy does increase survival of Tlr7.1 Tg mice,
likely due to the reduction in IFN production; however, a lack of autophagy in DCs
does not come without a fatal consequence. It appears that in Tlr7.1 DCko mice the
activation of inflammasomes is upregulated, and inflammation is promoted in the
absence of IFN, by inflammasome-mediated secretion of IL-18 and IL-1β. In
addition, TNF production is increased.
Interestingly, the combined ko of B cell and DC autophagy created a highly
inflammatory environment. Both Atg5 kos are contributing to the inflammation and
early lethality in Tlr7.1 Tg mice through a pathway that appears to involve the
inflammasome. Recently increased inflammasome activity has been noted in SLE
patients with a correlation to active disease (Kahlenberg and Kaplan, 2014);
however, very little information exists regarding the role of the inflammasome on
SLE disease progression. As of yet no defined mouse model systems exist to study
the effects and develop treatment strategies for inflammasome involvement in SLE.
Future implications for the study of autophagy, and its role in SLE will be discussed
in the next chapter.
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Chapter 4. Discussion
4.1 Loss of B cell autophagy ameliorates TLR7-mediated SLE
4.1.1 B cell autophagy is required for TLR7-mediated SLE
The data presented herein demonstrate that B cell autophagy is required for
the development of TLR7-mediated SLE; namely, the hallmarks of lupus, ANA and
chronic inflammation, did not develop in Tlr7.1 Tg mice in the absence of B cell
autophagy. As a consequence, glomerulonephritis was ameliorated, and overall
survival was dramatically improved. Importantly, no IFNα was present in the serum
of these mice, correlating with the reduced tissue infiltration by inflammatory cells.
Thus, for all intents and purposes, these mice were cured of SLE.
In addition to not developing an SLE-like disease, Tlr7.1 BCko mice possessed
numerous indications of a normal cellular phenotype and normal IFN responses,
which are typically hyper-reactive in SLE. One example of this was the restoration of
MZB cells in Tlr7.1 BCko mice. It is well established that MZB cells are depleted by
TLR7 activation and type 1 IFN production (Deane et al., 2007; Giltiay et al., 2013).
This is not surprising, considering MZB cells have high expression of Tlr7 and
respond to TLR7 agonists more strongly than other B cell subpopulations (Gururajan
et al., 2007). Typically Tlr7 upregulation and robust activation in B cells requires a
type 1 IFN feedback loop (Green et al., 2009). The observation that both MZB cell
numbers and localization to the outer rim of splenic follicles were restored in Tlr7.1
BCko mice indicates that this cell type was not activated. One possible explanation
for the lack of MZB activation was the normal levels of serum IFNα in these mice.
Regardless, these data show that the spontaneous activation of MZB cells mediated
by Tlr7 overexpression was dependent on B cell autophagy. The BM of Tlr7.1 BCko
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mice further validated normal IFNα responses. There, emergency myelopoiesis,
present in Tlr7.1 Tg mice, was restored to baseline upon ko of B cell autophagy.
Emergency myelopoiesis in Tlr7.1 Tg mice was shown to be dependent on IFN, as
an Ifnar ko also reduced the phenomenon in this line (Buechler et al., 2013).
It was important to look for an IFNα signature in the BM of Tlr7.1 BCko mice,
because the Cre-recombinase under the Cd19 promoter is expressed at the end of
the pro-pre B cell stage in the BM; therefore, prior to and during this stage B cells
have functioning autophagy, making the BM a likely location for a persisting SLE
phenotype. It has been shown that developing B cells of Tlr7.1 Tg mice are prone to
autoreactivity at the T1 stage, after the Cd19 promoter has already been turned on
(Giltiay et al., 2013). However, there is evidence that TLR7-dependent activation can
occur at some of the earliest stages of B cell development in the BM (Giltiay et al.,
2012; Giltiay et al., 2013; Han et al., 2014). A lack of B cell activation in the BM
suggests that at least in this model activation is not occurring during earliest stages
of B cell development. The lack of activation in these early B cells is likely due to
strain and housing differences; alternatively, activation could be occurring
sporadically in early developing B cells, but not in a sufficiently high frequency to
break tolerance.
It is important to note that in addition to IFNα, other inflammatory cytokines,
typically produced by DCs, macrophages and monocytes, were normal, although
autophagy remained intact in these cell types. This is in agreement with the
observation that DCs fail to expand or up-regulate MHC-II in Tlr7.1 Tg mice lacking B
cells (Walsh et al., 2012). It should also be noted that the inability of these cells to
secrete inflammatory cytokines was not caused by an internal defect, as PEMs and
BM-derived myeloid cell types responded normally to agonists in vitro. In fact
BMDpDCs from Tlr7.1 BCko mice showed a significantly increased type I IFN
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response following TLR7 stimulation, indicated by the upregulation of Irf7. In pDCs
Irf7 expression is constitutively high. The IRF7 protein is initially activated by
phosphorylation; it then translocates to the nucleus to act as a transcription factor,
and its expression is further upregulated through a positive feedback loop (Honda et
al., 2005). It is interesting that the pDCs of Tlr7.1 Tg mice with intact autophagy did
not show an increased expression of Irf7 following CLO97 stimulation, similar to
Tlr7.1 BCko mice. One explanation for this is the emergency myelopoiesis present in
the BM of Tlr7.1 Tg mice, which would likely alter the pool of pDC precursors; it has
been shown that multiple DC progenitors are present in the BM, possessing different
capacities for differentiation (Tan and O'Neill, 2007). Alternatively, other factors
caused by increased IFNα and activated cells in the BM of Tlr7.1 Tg mice could lead
cell death and stress during differentiation, resulting in a pool of DCs that fail to
respond efficiently to stimulation (Cao et al., 2009). Regardless, it is clear that
myeloid lineage cells, especially pDCs, from Tlr7.1 BCko mice are capable of
stimulation and cytokine production in vitro, but were not autoreactive in these mice
in vivo.
Cytokines associated with T cell activation were also normal in Tlr7.1 BCko
mice, including cytokines associated with Th1 and Th2 cell differentiation.
Furthermore, circulating T cells from TLr7.1 BCko mice did not have an increase in
the early activation marker CD69 which was present in T cells from Tlr7.1 Tg mice
with functional autophagy. While increased Th17 cells and serum IL-17 have been
associated with SLE (Mok et al., 2010), there was no indication of elevated IL-17 in
any of the mice tested here. Thus, it does not appear that IL-17 contributes to the
pathogenesis in the Tlr7.1 Tg line. This is in agreement with previous work that IL-17
is dispensable for disease progression in Tlr7.1 Tg mice (Walsh et al., 2012).
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The fact that loss of B cell autophagy results in a lack of ANA and normal IgG
levels, restoration of the MZ, normal type 1 and 2 IFN levels, and an overall decrease
in inflammatory cytokines in Tlr7.1 Tg mice implies that autophagosome action in B
cells is essential for earliest stages of TLR7 activation in vivo and, thus, SLE inception
and is required for subsequent recruitment of other cell types, such as T cells and
DCs.
Based on the results obtained in these model mice, I propose that a high level
of TLR7 in B cells leads to an early stimulation state by endogenous RNA, likely
endogenous retroviral elements (Perl et al., 2010), by an autophagy-dependent
mechanism. This event could occur far in advance of any other symptoms.
Ultimately, this activation step would result in further amplification of TLR7
expression and B cell activation over time. It has been reported that overexpression
of RNase A in Tlr7.1 Tg mice increased survival and reduced organ inflammation.
However, high levels of RNAse A did not mitigate anti-RNA auto-Ab production,
although it did reduce circulating RNA and alter IgG subtypes (Sun et al., 2013). It is
interesting that a reduction in extracellular RNA and RNA-ICs did not reduce the
production of anti-RNA auto-Abs in Tlr7.1 Tg mice, suggesting that B cells in these
mice could have already undergone an autophagy dependent priming step,
predisposing them for autoimmunity. Figure 40 shows a working model of the steps
required for self-reactive B cell activation, leading to TLR7-mediated SLE
development, followed by disease progression.
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Figure 40. The role of autophagy in self-reactive B cell activation
In this model autophagy is important for two steps involved in B cell activation
leading to SLE. A. A self-reactive naive B cell upregulates functional TLR7 to the
endosome through an autophagy dependent mechanism. This upregulation could be
through either a shift in trafficking of the endosomal TLR, or through the delivery of
endogenous ligand, such as retroviral elements, to the TLR7 containing endosome
(Zeng et al., 2014). B. This primed B cell later encounters self-antigen and
differentiates into a plasma cell, which requires autophagy for survival. C. Ab
secretion results in the formation of immune complexes, and activation of DCs
especially pDCs and macrophages (Chan et al., 2012b)D. The secretion of
inflammatory cytokines in particular IFN results the in the activation of mDCs, T
cells and neutrophils, contributing to the development of SLE.
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Importantly, we observed that circulating B cells in the blood of young Tlr7.1 Tg, but
not Tlr7.1 BCko mice, expressed the activation marker CD69. It is likely that an early
activation step is required for the preferential stimulation of autoreactive B cells,
secreting auto-Abs. Since these cells bear anti-RNA Ig, they deliver further ligand to
TLR7 and, thus, receive additional signals, allowing them to differentiate into auto-Ab
secreting plasma cells.
It has recently been shown in pDCs and macrophages that LC3-associated
phagocytosis (LAP) is required for the delivery of large DNA immune complexes to
TLR9 (Henault et al., 2012). Although the presence of LAP has not been
demonstrated in B cells so far, it is possible that this complex could mediate the
delivery of RNA immune complexes to TLR7 as well. Since both autophagosome and
LAP assembly require ATG5, our experimental system cannot formally discern which
type of phagosome is responsible for the TLR7-mediated activation of autoreactive B
cells.

4.1.2 Tlr7.1 BCko mice possess hyper-IgM serum levels.
Paradoxically, Tlr7.1 BCko mice presented with very high levels of IgMsecreting plasma cells and corresponding serum IgM, even superseding those seen in
Tlr7.1 Tg mice. Importantly, the increased IgM was not due to increased production
of IgM per cell which has been associated with ER stress (Pengo and Cenci, 2013).
This is particularly surprising, since a defect in plasmablast survival had been
reported in BCko mice, immunized with protein antigens (Conway et al., 2013;
Pengo et al., 2013). Thus, it is possible that other factors, corollary to Tlr7
overexpression in the absence of B cell autophagy, such as increased apoptotic
debris from dying cells, are responsible for the hyper-IgM seen in the serum of these
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mice. The exact mechanism leading to this phenomenon remains to be elucidated.
However, the fact that these high levels of IgM did not contain anti-RNA auto-Abs
provides additional credibility of our working hypothesis that B cell autophagy is
required for the production of ANA, resulting in autoimmunity.
Autophagy in DCs has been shown to be involved in presentation of
exogenous antigen to CD4 T cells, leading to priming of these cells (Lee et al., 2010;
Paludan et al., 2005; Schmid et al., 2007). However, soluble antigens, such as
haptens, seem to be exempt from this requirement. This fits well with the
observation that presentation of nuclear antigen is prevented in B cells from Tlr7.1
BCko mice, as seen by the lack of anti-RNA auto-Abs in these mice. On the other
hand, these cells still receive ample signals in vivo, leading to their rescue from
death and differentiation into plasmablasts, reflected in the high level of IgM
secreting cells. Interestingly it has been shown in B cells that the physical form of a
TLR ligand affects the contribution of TLRs to TD Ab responses (Hou et al., 2011). By
using Myd88 ko mice it was shown that MyD88 was required for DCs, but not B cells,
to enhance TD Ab responses, when a soluble TLR9 ligand was used as adjuvant for a
protein antigen. When a TLR9 ligand was contained in a virus-like particle or when
mice were immunized with dead RNA virus, MyD88 was required in B cells to
augment the TD IgG response. Importantly, it has been demonstrated that B cell
MyD88 and TLR7 were not required for IgM and IgG1 production and plasmablast
formation following immunization with RNA virus (Hou et al., 2011). Similarly, during
chronic viral infection B cell intrinsic TLR7 signaling is required for the production of
full-fledged plasma cells during the later stages of infection, but not GC B cells and
early plasmablasts (Clingan and Matloubian, 2013). Therefore I propose this model
summarizing the requirements of ATG5 on TLR7 signaling and Ab response in B cells
for the Tlr7.1 BCko mice Figure. 41. It is important to note that the elevated levels
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Figure 41. TLR7 and autophagy requirements for B cell signaling and Ig
production
Upon encounter of antigen such as a soluble ligand, B cells are capable of
differentiating into short-lived plasmablasts independent of intrinsic endosomal TLRs
(Hou et al., 2011), and autophagy. However, in order for differentiation into long
lived plasma cells found in the BM, B cells require both intrinsic endosomal TLR
stimulation and autophagy.
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of plasmablasts only occurred with overexpression of Tlr7, and was therefore
dependent on the Tlr7.1 Tg. However, in the Tlr7.1 BCko mice, the plasmablast
phenotype is likely being driven by the overexpression of Tlr7 in other cell types
rather than it’s activation in B cells.

4.1.3 Tlr7.1 BCko mice have anemic disease.
In addition to high IgM levels, Tlr7.1 BCko mice developed anemia, similar to
Tlr7.1 Tg mice. It has been shown that type 1 and 2 IFNs, as well as TNFα, play
causative roles in autoimmune-mediated hemolytic anemia and inhibition of
erythropoiesis (de Bruin et al., 2014; Libregts et al., 2011; Zhuang et al., 2014).
However, these inflammatory cytokines were normal in Tlr7.1 BCko mice. In contrast
to the lack of ANA in these mice, they had some anti-erythrocyte Abs. Thus, it is
possible that erythrocyte-associated epitopes elicited a hemolytic Ab response that
was not dependent on autophagy. Alternatively, the hemolytic anemia could have
been due to cross-reactive Abs associated with the already elevated circulating IgM
in these mice. Important unanswered questions remain, including the cause of the
pervasive hemolytic anemia, as well as the role of IgM in its initiation and
progression. This is especially relevant, considering that anemia is one of the most
common hematological malignancies associated with SLE and its etiology is poorly
understood.
The lack of type 1 & 2 IFNs in Tlr7.1 BCko mice suggests that these mice
could be able to compensate for anemia more effectively than Tlr7.1 Tg mice. In
agreement with this assumption, the spleens and the livers of these mice presented
signs of a robust EMH response, such as an increase in megakaryocytes, the
producers of thrombocytes, and erythrocyte precursors. In addition, most myeloid
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cell populations were elevated in the spleens of Tlr7.1 BCko mice. Interestingly, the
cellular expansion in the red pulp of Tlr7.1 BCko mice strongly resembled the cellular
composition of the BM, instead of the spleen. This phenotype became more
noticeable over time. Indeed, as Tlr7.1 BCko mice aged, eventually their spleens
began to develop osteocytes, emulating the structure of long bones surrounding
clusters of cells whose populations resembled erythroid, lymphocyte, and myeloid
progenitors.
The presence of bone growth in the spleen has also been documented in mice
overexpressing IL-5 (Macias et al., 2001). Notably, however, this cytokine was not
significantly elevated in the sera of Tlr7.1 BCko mice at 20 weeks of age. This does
not exclude the possibility that IL-5 becomes elevated in TLr7.1 BCko mice with age.
IL-5 promotes Ig production, B cell growth, and eosinophil activation. Tlr7.1 BCko
mice did not show increased numbers of eosinophils, which are easily identified by
their brick red appearance upon staining with eosin. A lack of activated/expanded
eosinophils in Tlr7.1 BCko mice suggests that this cell type is not responsible for the
increased bone formation. Therefore, our data suggest that the bone formation in
the spleen is being caused by a B cell intrinsic factor, dependent on both the loss of
ATG5 and overexpression of Tlr7. In this model osteogenic precursors are either
being mobilized in the BM and eventually make their way to the site of the spleen, or
are being recruited to the spleen directly by chemokines or other soluble factors. It
would be interesting to survey the spleens of Tlr7.1 BCko mice to look for growth
factors associated with osteogenic progenitors and recruitment. In addition
differentiation assays performed on the splenocytes of Tlr7.1 BCko mice might also
show an increased capacity to differentiate into osteoblast lineage cells.
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4.2 Loss of DC autophagy augments inflammation
4.2.1 Tlr7.1 DCko mice retain a lupus-like phenotype.
The data described show that, while a loss of DC autophagy imparts an
increased survival for several months, ultimately Tlr7.1 DCko mice succumb to a
lupus-like disease that includes production of ANA, elevated numbers of neutrophils,
tissue inflammation, and lymphadenopathy. Interestingly, Tlr7.1 DCko mice do not
have high serum IFNα, which could be an explanation for their initially extended
longevity compared to Tlr7.1 Tg mice. Importantly, Tlr7.1 DCko mice have elevated
inflammatory cytokines that are normal in the sera of Tlr7.1 mice. These cytokines
are not directly associated with TLR7 signaling and suggest that an alternative
pathway, such as the inflammasome, is contributing to disease progression in these
mice.
Given that Tlr7.1 DCko mice possess B cells with functional autophagy, it is
not entirely surprising that ANAs are present in the sera of these mice. However, it
does show that DC autophagy is dispensable for production of ANA. Furthermore, it
indicates that B cells are the driving force in SLE development. Importantly, both
Tlr7.1 DCko and Tlr7.1 Tg mice possessed similar Hep2 staining patterns, indicative
of the Tlr7.1 Tg line and anti-RNA auto-Ab production. One notable difference is that
sera from some Tlr7.1 DCko mice led to a strong cytoplasmic Hep2 staining pattern.
This increased cytoplasmic staining suggests that Tlr7.1 DCko mice have increased
Abs against cellular components specific for the cytoplasm. The exact specificity of
these Abs still remains to be determined. Previous reports have indicated that diffuse
Hep2 staining across the cytoplasm suggests Abs against cytoplasmic RNA (Lau et
al., 2005). This would suggest that ATG5 and autophagy are not required for the
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recognition of nucleic acids by TLR7 in DCs. Alternatively, there are other PRRs in the
cytoplasm that sense both DNA and RNA; it is possible that in the absence of
autophagy these pathways are elevated. Although ATG5 is critical for MHC-II
processing and presentation by DCs, it has also been shown that cytoplasmic
components can be degraded by the proteasome and presented on MHC-I in the
absence of autophagy (Paludan et al., 2005). Therefore, in the absence of DC
autophagy, increased cellular debris processed and presented on MHC-I could lead to
T cell activation and the production of proinflammatory cytokines.
In addition to pronounced Hep2 staining, Tlr7.1 DCko mice showed elevated
liver inflammation, similar to Tlr7.1 Tg mice with functioning DC autophagy. Both
Tlr7.1 Tg and, TLR7.1 DCko mice had reduced percentages of MZB cells, indicating
that this cell population was activated in these mice. Taken together, these data
suggest that, while B cell autophagy plays a role in the production of autoantibodies
and progression of disease, DC autophagy seems to control excess inflammation,
preventing tissue inflammation and curbing production of auto-Abs and ANA.

4.2.3 Tlr7.1 DCko mice lack elevated IFNα.
Interestingly, the sera of Tlr7.1 DCko mice had normal levels of IFNα;
however, most other cytokines were elevated in these mice over controls, including T
effector cytokines such as IFNγ, and inflammatory cytokines IL-6, IL-12p70, and
TNFα. This is surprising, because IFNα has been strongly associated with SLE
progression and active disease. In fact, IFNα has been considered a central driving
force in SLE pathogenesis. Previously it has been shown in the Tlr7.1 Tg mouse
model that ko of the Ifnar reduces disease (Buechler et al., 2013; Giltiay et al.,
2013). Another autoimmune mouse model dependent on Tlr7 overexpression had
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similar results; namely, MRL.Faslpr mice develop SLE mediated by TLR7 and TLR9
signaling (Nickerson et al., 2010). Importantly, MRL.Faslpr Tlr9-/- mice with intact Tlr7
had exacerbated disease manifestations, including renal disease and increased
serum IFNα, likely due to the further increased expression of Tlr7 in these mice
(Christensen et al., 2006), a phenotype similar to that in the Tlr7.1 Tg line. Disease
in MRL.Faslpr Tlr9-/- mice was ameliorated upon backcrossing these mice to the Ifnar-/line, showing that the renal disease and anti-RNA Abs were dependent on type 1 IFN
(Nickerson et al., 2013). However, anti-nucleosome and anti-Sm auto-Ab levels were
not affected. Interestingly, in another study using the MRL.Faslpr mouse strain
disease progression was dependent on type 2 IFNs rather than type 1 (Hron and
Peng, 2004), and reducing IFNγ ameliorated disease in this model. It is not
surprising that a loss of type 2 IFNs would reduce disease, considering that IFNγ is
produced by activated T cells and induces MHC expression, as well as macrophage
activation. These studies show that TLR-dependent SLE can progress in the absence
of IFNα, if pathogenesis is driven by other proinflammatory cytokines. Therefore,
blocking IFNα may be more effective early in disease progression than later on after
SLE has fully progressed. This consideration is important, because blocking IFNα is
considered a viable treatment option for SLE patients (reviewed in (Kirou and
Gkrouzman, 2013)).
Moreover, it is important to consider that most mouse models that block IFNα
do so genetically, by ablating the Ifnar, thereby preventing cells from responding to
IFNα. While Tlr7.1 DCko mice did not show a significant elevation in serum IFNα, it is
possible that this cytokine is elevated in individual tissues at low levels, sufficient to
engage functional IFNAR receptors. This is especially important when considering
that Tlr7.1 DCko mice still have a reduction in percentages of MZB cells, which is
dependent on type 1 IFN production.
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The reduction in serum IFNα in Tlr7.1 DCko mice compared to Tlr7.1 Tg mice
also suggests that autophagy is critical for the production of IFNα in DCs, especially
pDCs, the primary producers of this inflammatory cytokine. Unfortunately, the
dynamics of TLR7 signaling in pDCs have been difficult to study due to a lack of
mAbs against TLR7. However, it has been shown that IFNα production through TLR9
activation in pDCs and macrophages is dependent on non-canonical autophagy,
where endolysosomal components and pH dictate either an inflammatory cytokine or
type 1 IFN response (Henault et al., 2012; Sasai et al., 2010). It is possible that this
is also true for TLR7 in pDCS, and a loss of Atg5 is causing a perturbance in the
trafficking and maturation of endolysosomes, resulting in an IFNα production defect
in Tlr7.1 DCko mice. In addition to IFN production, autophagy is important for other
immune responses dependent on compartmentalization. In mDCs it has been shown
that autophagy is required for MHC-II antigen presentation. Here an autophagy
defect caused a delay in lysosome fusion and reduced cathepsin recruitment to MHCII compartments (Lee et al., 2010), although cytokine production, including IL-6 and
TNF was intact.

4.2.2 Tlr7.1 DCko mice have increased inflammation.
While Tlr7.1 DCko mice possessed splenomegaly similar to Tlr7.1 mice, their
LNs were significantly larger, suggesting an increase in lymphadenopathy. This
included an overall loss of normal LN architecture with an increase in infiltrating cells.
Although all cell populations were elevated in the lymph nodes of Tlr7.1 DCko mice,
the cells that accounted for most of the increase were monocytes and macrophages,
suggesting a paracrine response. This is also supported by the influx of monocytes/
macrophages and neutrophils present in the peripheral blood and LNs of Tlr7.1 DCko
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mice. It is likely that the lymphadenopathy and elevated numbers of neutrophils are
being driven by cytokines other than IFN that are elevated in Tlr7.1 DCko mice. For
example, IL-18, which was significantly elevated over both controls and Tlr7.1 Tg
mice, can act in conjunction with IL-12p70 to promote the production of other
inflammatory cytokines (Guo et al., 2012). IL-18 has also been shown to activate
neutrophils and promote their influx to sites of cellular damage (Leung et al., 2001).
While neutrophils are often associated with a positive feedback loop involving IFN,
their activation is not dependent on type 1 IFN production.
It is well understood that autophagy regulates numerous aspects of the
inflammasome pathway. It is, therefore, likely that the increased IL-18, IL-1, and
inflammation in Tlr7.1 DCko mice are a product of an imbalance in this cellular
pathway. Numerous metabolic and danger signals regulated by autophagy converge
on the inflammasome. In addition, autophagy has been shown to recycle
inflammasome components to limit signaling and to target pro-IL-1β for degradation
(Harris et al., 2011). Either type of perturbation could result in the phenotype
present in Tlr7.1 DCko mice. However, the answer may not be entirely
straightforward, considering that autophagy, or ATG5, can also positively contribute
to a spike in secretion of IL-1β following inflammasome activation through a noncanonical secretion pathway (Dupont et al., 2011). This autophagy-dependent
secretion only accounts for an acute release of IL-1β following inflammasome
activation, and, therefore, only partially explains the moderate increase in IL-1β seen
in the Tlr7.1 DCko mice. However, a lack of autophagy could be preventing the
substantial secretion of IL-1β following inflammasome activation, but not affecting
constitutive release. Meanwhile IL-18, which is robustly increased in Tlr7.1 DCko
mice, does not appear limited by a lack of autophagy in this model system. It was
also notable that IL10, which has been shown to downregulate inflammasome
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components (Gopinathan et al., 2012), was elevated in Tlr7.1 DCko mice.
Importantly, a lack of NLRP3 also results in a deficiency of IL10, which can result in
inflammation and an imbalance in the homeostasis of the intestines (Hirota et al.,
2011). TLR7 overexpression and activation combined with a loss of autophagy are
driving the over production of the inflammasome. In this context the presence of
IL10 is unable to curb inflammation. How this system becomes dysregulated to
promote disease progression, remains an important unanswered question. A lack of
autophagy results in a loss of cellular homeostasis, it is still unknown how the
inflammasome is initiated in this context. Additionally, while it is known that the
inflammasome can contribute to SLE pathogenesis, very little is understood
regarding its activation in SLE. Therefore, the Tlr7.1 DCko mouse line could provide
exciting insights into inflammasome activation in the context of SLE.
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4.3 Loss of autophagy in both B cells and DCs results in a highly
inflammatory state.
4.3.1 Tlr7.1 BCDCko mice have inflammatory disease.
While a loss of B cell autophagy prevents SLE, and a DC loss of autophagy
slows disease progression initially, a combined loss of autophagy in both B cells and
DCs unexpectedly caused a more severe disease phenotype in Tlr7.1 Tg mice.
Importantly IL-18, TNF and IL-1β were all significantly elevated in the sera of Tlr7.1
BCDCko mice, suggesting that a highly inflammatory condition, similar to sterile
sepsis, caused the severe lethality in these mice.
It was expected that a B cell ko of autophagy would prevent or reduce the
late inflammation seen in the Tlr7.1 DCko mice; however, the opposite was true, as
these mice succumbed to a severe inflammatory condition at a rate similar to Tlr7.1
Tg littermates. Importantly, although the survival curves of Tlr7.1 BCDCko and
Tlr7.1 mice were similar, the inflammation present was notably different. At 12-14
weeks of age Tlr7.1 BCDCko mice showed increased splenomegaly and
lymphadenopathy, as well as increased liver inflammation and EMH, and higher
numbers of inflammatory cell populations, including inflammatory monocytes and
neutrophils. These inflammatory cell populations were present in the spleen, blood,
LNs and peritoneal cavities compared to Tlr7.1 Tg mice.
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4.3.2 Tlr7.1 BCDCko mice have increased anemia, but
decreased kidney pathology.
As previously mentioned, several features of the inflammation in Tlr7.1
BCDCko mice were distinct from that in Tlr7.1 mice, including the significant increase
in anemia in the former. This is interesting, as both Tlr7.1 BCko and Tlr7.1 DCko
possessed signs of anemia; thus, it is possible that a loss of autophagy in both cell
types exacerbates anemic disease. The increase in anemia could also explain the
increase in EMH present in Tlr7.1 BCDCko mice. However, because elevated
cytokines including type 1 and 2 IFNs inhibit EMH, it is interesting that it persists in
the Tlr7.1 BCDCko mice. It was previously proposed that the increased EMH present
in Tlr7.1 BCko mice was caused by their lack of circulating cytokines. Given that
Tlr7.1 BCDCko mice have robust EMH in the presence of elevated cytokines, it is
likely that other factors are driving EMH in these mice.
In addition to the differences in anemia, Tlr7.1 BCDCko mice also showed an
interesting kidney phenotype. Initially at 12-14 weeks of age, they possessed a mildmoderate pathology score, while Tlr7.1 Tg littermates showed very little indication of
any kidney pathology. However, while other disease phenotypes progressed, the
kidneys of Tlr7.1 BCDCko mice did not become more affected. Meanwhile, the kidney
pathology of Tlr7.1 Tg mice increased with disease becoming progressively severe.
This suggests that the severe inflammatory condition in Tlr7.1 BCDCko mice is
distinct from that of Tlr7.1 Tg mice, with different organ systems involved.
One potential explanation for the distinct disease phenotypes is differences in
Ab specificity between the two groups of mice. Tlr7.1 BCDCko mice did have
elevated IgG, similar if not greater than that of Tlr7.1 Tg mice. However, IgG1 was
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more prevalent in Tlr7.1 BCDCko mice than in Tlr7.1 Tg mice. When anti-RNA IgG
levels were determined, it was surprising to see that BCDCko mice and Tlr7.1
BCDCko mice possessed a similar wide distribution of anti-RNA-IgG with a large
standard deviation, while Tlr7.1 Tg mice showed a consistent increase in anti-RNAIgG. In agreement with the ELISA data, staining patterns in Hep2 cells were also
distinct. Hep2 staining showed that sera from Tlr7.1 BCDCko mice possessed IgG
auto-Abs and a strong cytoplasmic pattern; however, nuclear and nucleolar staining
was excluded, unlike that of Tlr7.1 mice. This suggests that while Tlr7.1 BCDCko
mice do make Abs against nucleotides, they are not making Abs against nucleotides
in nuclear complexes, such as anti-Sm or anti-nRNP auto-Abs, which are commonly
associated with SLE. It is well established that Ig subtypes and auto-Abs can have
different pathological effects. Therefore, the differences in Ab specificity and affinity
between Tlr7.1 BCDCko and Tlr7.1 Tg mice could result in different IC deposition in
the kidneys and the different phenotypes in these mice.

4.3.3 Inflammasome involvement in the lethality of Tlr7.1
BCDCko mice.
It was notable that serum IL-18 and TNF were considerably higher in
Tlr7.1 BCDCko mice over Tlr7.1 Tg littermates. These cytokines were also increased
over the levels seen in Tlr7.1 DCko mice. Consistent with the increase in cytokines,
Tlr7.1 BCDCko mice also showed greater lethality compared to Tlr7.1 DCko mice.
These phenotypic differences suggest that a loss of B cell autophagy actively
contributed to the inflammation in Tlr7.1 mice lacking both B cell and DC autophagy.
The presence of an even greater increase in IL-18, as well as IL-1 in the sera of
Tlr7.1 BCDCko mice indicates that inflammasome activation is further elevated and
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contributing to the increased inflammation. Although IL-18 was not significantly
elevated in Tlr7.1 BCko mice, a B cell ko of Atg5 could still be contributing to the
inflammation in Tlr7.1 BCDCko mice through the inflammasome pathway. A survival
defect has been clearly documented in stimulated B cells lacking autophagy. While
Tlr7 overexpression increased the survival of B cells shown by the accumulation of
IgM+ B cells and normal IgM secretion on a per cell basis, it is likely that these
autophagy deficient B cells develop cellular stress, which could include activators of
the inflammasome pathway.
Alternatively, because IgM and IgG1 are more often associated with shortlived plasmablasts, these cells could be dying normally and further augmenting the
inflammation already present due to a lack of DC autophagy. Consistent with this,
Tlr7.1 BCko mice did possess elevated IL-6 and a sporadic elevation in TNF, which
could be the product of elevated macrophage activity.
Additionally, it is interesting that in the Tlr7.1 BCDCko mice serum IFN is
significantly increased over controls. It is possible that the IFN production defect
present in both Tlr7.1 BCko and Tlr7.1 DCko mice is being circumvented by an
alternative pathway. It has been shown that in the absence of autophagy RLR
signaling is elevated due to an increase in mitochondrial damage and ROS (Tal et al.,
2009). ATG5 has also been shown to negatively regulate RLRs through a direct
interaction with RIG-1 and IPS-1 (Jounai et al., 2007). Therefore, the combined loss
of autophagy in B cells and DCs could break a threshold for RLR activation and
subsequent IFN production. Additionally, IL-18 secretion has been shown to occur
following RLR stimulation due to caspase activation (Rintahaka et al., 2008),
providing an alternative explanation for the high serum levels of this cytokine.
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4.4 Overall Conclusions.
Studying the Tlr7.1 BCko line provides new insights into effective treatment
strategies of SLE, given that numerous SLE cases have been described with genetic
predisposition to enhanced TLR7 signaling (Garcia-Ortiz et al., 2010; Kawasaki et al.,
2011; Lee et al., 2012; Shen et al., 2010; Tian et al., 2012). The data clearly
indicate that at least one arm of the auto-Ab response, ANA, is completely
dependent on intact autophagy in B cells. This is particularly important, because
anti-nucleotide immune complexes are thought to be the main malefactor in Lupus
Nephritis. Thus, targeted ablation of B cell autophagy could provide an effective
treatment strategy for patients with SLE, according to the results described here. In
addition, it will be important to study whether disruption of autophagy in B cells
ameliorates other autoimmune diseases associated with anti-nuclear Ab production,
such as scleroderma and Sjögren's syndrome.
It is clear that a loss of autophagy in DCs did not have this same protective
effect as a loss of B cell autophagy. While a loss of autophagy only in DCs did curb
the lethal Tlr7.1 phenotype initially, possibly due to decreased IFNα production, the
mice did succumb to an inflammatory condition that eventually surpassed the
protection bestowed by reduced IFN It is interesting that a loss of autophagy in
both B cells and DCs created a highly inflammatory condition in the Tlr7.1 Tg mice.
More work is clearly needed to discern the contributing effects causing this
inflammatory state. In other model systems, autophagy has been shown to restrain
cytoplasmic PRRs, such as RLRs, and prevent inflammasome activation. Given the
cellular outputs and phenotype of the Tlr7.1 BCDCko mice, inflammasome signaling
and/or the activation of cytoplasmic PRRs could be involved in disease pathogenesis.
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Ultimately the work described herein shows that autophagy plays an intricate
role in SLE disease progression, having different effects depending on the cellular
context. Because Tlr7.1 DCko mice showed an initial improvement in survival, but
later succumbed to inflammatory disease, it is also possible that autophagy may
have a causative role early in SLE progression, while later in SLE disease progression
autophagy becomes protective, preventing the accumulation of damaged organelles,
inflammasomes, thereby restricting inflammation. Thus, it appears that a loss of
autophagy can prevent disease early on by blocking B cell activation, while it can
promote disease later on by allowing the accumulation of inflammatory factors.
Figure 42 depicts this model, where autophagy promotes SLE at the earliest stages
of disease, but later protects the body from an accumulation of inflammatory factors
and end organ damage.
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Figure 42. Model for the role of autophagy in TLR7 mediated SLE
pathogenesis.
Multiple factors contribute to the onset of SLE including genetic predisposition and
environmental triggers. Prior to the development of SLE B cells are primed by an
autophagy dependent mechanism driven by these factors. Once B cells have been
primed they are prone to later activation. Eventually primed B cells capable of
recognizing self-ligand become activated, and RNA immune complexes are formed.
This leads to activation of the innate immune system and a repeating cycle.
Eventually immune complexes increase and clinical symptoms develop. SLE disease
is then amplified by type 1 IFNs, NETs and the inflammasome to result in end organ
damage. Starred boxes indicate steps that are either facilitated, or dependent on
autophagy. Boxes marked by an X represent pathways that are prevented by
functional autophagy. This model is an adaptation from the proposal of (Liu and
Davidson, 2012)
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4.5 Future Directions.
My work has given several important insights into the role of both B cell and
DC autophagy in TLR7-mediated SLE pathogenesis; however, some unanswered
questions still remain. To begin with, Tlr7.1 BCko mice present an interesting
phenotype, where SLE appears completely eliminated, while other ancillary
phenotypes still exist. The mechanism by which a loss of B cell autophagy averts SLE
development has not been fully defined. I have proposed that an early autophagydependent event could be important for a TLR7-mediated loss of tolerance. It has
been shown that TLR7 upregulation in B cells is dependent on VISA (Xu et al., 2012),
a protein complex involved in the RIG-I pathway to which ATG5 directly binds. It
would be interesting to explore the possibility that while ATG5 is regulating RLR
signaling, it is also controlling the upregulation of TLR7 in B cells. The concept that
autophagy, or ATG5, has a dual regulatory role between RLRs and TLRR7 is
especially interesting, because RLRs and TLR7 both sense RNA, and it is known that
autophagy is critical for the recognition of exogenous retroviruses by TLR7.
Unfortunately, many of the experiments to test these interactions are limited
by a lack of a validated monoclonal mAb against TLR7. However, this relationship
can still be addressed by looking at RIG-1 pathway components before and after B
cell stimulation of TLR7 by various agonists, including IFN, and comparing the
results of WT, Tlr7.1, and Tlr7.1 BCko mice. Later experiments could include
breeding the Tlr7.1 line to VISA-/- mice. VISA-/- mice are deficient in TLR7 signaling
either through a defect in TLR7 localization to the endosome following stimulation, or
a failure to upregulate Tlr7 expression following stimulation. If the defect in VISA -/mice is due to a failure increase Tlr7 expression, the Tlr7.1 Tg should prevent this
defect.
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It would also be interesting to see if a B cell ko of autophagy can ameliorate
other TLR7-mediated lupus or autoimmune models, such as the MRL.Fas

lpr

Tlr9-/- line.

The way in which TLR7 and 9 regulate each other is not well understood. It is known that
the two receptors compete for UNC93B1. Again, if autophagy, or ATG5, is critical for the
initial upregulation of functional TLR7, a B cell KO of ATG5 would potentially ameliorate
the symptoms in these mice.
Additionally, how Tlr7 overexpression rescues the post-stimulation survival
defect in BCko mice requires further investigation. Comparing ER stress, IgM
secretion, Blimp-1, and XBP-1 levels in Tlr7.1 BCko mice and Tlr7.1 Tg mice after in
vitro B cell stimulation, would provide an excellent follow up for this question.
Measuring and comparing the basal levels of ER stress, the UPR, and proteosome
activity in Tlr7.1 and Tlr7.1 BCko mice compared to controls could also be
informative. The defect described in BCko mice indicates that autophagy is necessary
to maintain homeostasis following stimulation, because at this time proteasome
activity is low and transcription is high. It is possible that Tlr7 overexpression could
prevent the downregulation of the proteasome or increase ER stress and remodeling
prior to activation, ultimately, changing the requirements or allowing the cells to
compensate more effectively following stimulation.
As previously mentioned, it has been shown that in pDCs TLR9-dependent
IFNα production requires ATG5 for steps tightly regulated by trafficking to different
endosomal compartments. While it is likely that TLR7 stimulation in pDCs has a
similar requirement based on the data herein, an in vitro follow up is necessary to
confirm these initial findings. Therefore, it would be interesting to extend the BM
derivation assays to pDCs in Tlr7.1 DCko and Tlr7.1 BCDCko mice to verify that the
lack of IFN is indeed a cell intrinsic defect. Again these studies are limited by a lack
of mAb to TLR7. However, the components of the early and late endosomes are
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relatively well described. Therefore, by looking at AP-3, a protein required for late
IFNendosome formation, by immunofluorescence the presence of a defect in
endolysosome formation could be easily visualized.
In addition, to explore the possibility that RIG-1 or the inflammasome is
driving inflammation in Tlr7.1 BCDCko mice, it would be necessary confirm the
presence of cytoplasmic PRR and/ or inflammasome activation. This would include
looking for increased phosphorylation of RIG-1 pathway proteins, such as the
adapter protein MAVS, as well as looking for pro-caspase 1 and cleaved caspase 1. It
is also important to note that autophagy has been shown to regulate numerous types
of inflammasomes. Therefore, it would be important to look for the upregulation of
several different inflammasome constituents in the mDCs and B cells of Tlr7.1
BCDCko mice, such as NLRP3 and AIM2.
Finally, the results obtained from the Tlr7.1 DCko and Tlr7.1 BCDCko mice
pose the interesting hypothesis that autophagy is crucial for initiating SLE; however,
once an autoimmune reaction has been induced, autophagy plays a protective role
by restraining the inflammatory response. The lack of SLE in Tlr7.1 BCko mice
indicates that autophagy is important for the induction of the disease. However, in
Tlr7.1 DCko mice although disease is initially stalled, SLE increases over time,
eventually leading to lethality in these mice. Because BCko mice are known to have
B-1 cell defects, it would be important to validate this hypothesis by repeating the
work done in the Tlr7.1 BCko mice using a tamoxifen-inducible Cre under the Cd19
promoter. This would allow for a temporal B cell specific ablation of ATG5 before the
onset of SLE. To test if autophagy restricts inflammation later in disease progression
an inducible Cre could be used to ablate ATG5 systemically. In this case, increased
IL-18 production and neutrophil influx would be expected due to a lack of autophagy
and deregulation of cellular homeostasis.
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