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ABSTRACT:
Toll-like receptors (TLRs) are critical sensors in the recognition of microbial
pathogens that activate the innate immune system and subsequently direct
adaptive immune responses. CpG motif-containing oligodeoxynucleotides (CpG
ODNs) mimic the immunostimulatory properties of bacterial DNA in innate and
adaptive immune cells through toll-like receptor 9 (TLR9) signaling. Whether all
cell types that express TLR9 exploit identical activation pathways is not known.
Not all anatomical sites are equally susceptible to microbial exposure and celltypes that survey these sites for possible infection may well employ distinct
mechanisms to sense the presence of pathogenic invaders. In a similar vein, the
extent to which genetic differences might contribute to TLR9-driven responses
remains to be explored as well.
There are approximately 450 established laboratory inbred mouse strains.
These strains can be classified into two groups based on their origin. Classical
inbred strains were derived from fancy mice during the twentieth century while
wild-derived laboratory strains were derived directly from wild-caught mice. There
are three major subspecies, Mus musculus musculus, Mus musculus castaneus
and Mus musculus domesticus, which diverged about a million years ago.
Hybridization between M. m. musculus and M. m. castaneus resulted in the Mus
musculus molossinus subspecies. Here we have used an evolutionarily divergent
wild-derived mouse strain, MOLF/Ei (M. m. molossinus), to uncover novel genes
and examine their roles in CpG ODN activation of peritoneal macrophages. While
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peritoneal macrophages from standard laboratory mouse strains are responsive
to CpG DNA activation, peritoneal macrophages from the wild-derived inbred
mouse strain, MOLF/Ei, are hypo-responsive. We have used a forward genetic
approach to analyze the CpG response in peritoneal macrophages from N2
backcross mice. Our genome-wide linkage studies show a role for the mannose
receptor, C type 1 (Mrc1) in CpG trafficking in wild-derived MOLF/Ei peritoneal
macrophages. Additional mapping studies also show a critical role for cathepsin
L (Ctsl) in TLR9–driven responses in primary mouse peritoneal macrophages.
These findings reveal novel functions for MRC1 and CTSL and demonstrate that
wild-derived mice are useful for understanding naturally occurring regulators of
inflammatory responses in innate immune pathways.
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Forward Genetic Analysis of the CpG Hypo-response
in Wild-derived MOLF/Ei Mice

CHAPTER 1: INTRODUCTION
The degree of complexity in physiological systems among organisms is a
reflection of the diverse evolutionary pressures encountered by all living things.
The immune system is no less an example of such variety. An immune response
is triggered as a host defense mechanism against potential pathogenic invaders.
The immune system is intricately designed to discriminate between foreign and
“self” molecules. However there are examples of dysregulation, which can lead to
immunopathology and inflict deleterious effects on the host. Invertebrate animals,
plants and even bacteria utilize host defense mechanisms that are considered
“immuno-protective” but the vertebrate immune system is far more complex and
dynamic.
The functional immune response is classically divided into two related
activities: recognition and response. The initial recognition of pathogens is largely
sensed by innate immune cells that are equipped with a variety of germ-line
encoded receptors that recognize a wide-range of pathogen-derived molecules
and host-derived substances that can be released due to tissue damage. These
innate receptors are highly conserved and have not been adapted or edited by
previous exposure to pathogens. Extraordinarily, the innate immune system
provides the first line of defense in host protection against a diverse population of
pathogens with relatively limited receptor repertoire. All the while, innate receptor
activation must have some level of specificity in order for proper priming of the
adaptive arm of the immune system.
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The innate immune response can be broadly described by a few key
features. Initial activation of innate receptors leads to the immediate induction of
numerous genes involved in directing antimicrobial effector functions. Defensins
are an example of gene products induced by innate immune receptor activation.
Β-defensins are produced in response to innate immune receptor activation and
secreted to kill microorganisms by forming multimeric pores in their membranes.
Inflammatory cytokines and chemokines are also induced in response to innate
receptor activation, such as TNF-α, IL-8 and IL-6. Additionally, co-stimulatory
molecules such as CD80/CD86 are upregulated through transcriptional activation
by innate receptor activation. In addition to the induction of key antimicrobial
gene products, innate immune receptor activation leads to a rapid increase in
pathogen phagocytosis. Phagocytic receptors, such as MARCO, are responsible
for clearing pathogens and internalizing them for delivery into lysosomal
compartments. Once internalized, pathogens can also be killed by exposure to
oxidases and other anti-microbial enzymes. Further processing of pathogens is
achieved through proteolytic processing by endolysosomal proteases, which are
responsible for producing pathogen-derived peptides for presentation on MHC
molecules.
Pathogen recognition and response is further achieved by the adaptive immune
system, commonly referred to as humoral and cell-mediated immunity. Unlike the
immediate (i.e. within minutes) innate immune response, the adaptive response
requires more time (i.e. days) to respond to a new antigenic challenge. In
addition, adaptive immune cell receptors have antigenic specificity. B and T
lymphocytes are able to generate diverse antigen receptors through random
gene rearrangement of receptor gene segments. While B lymphocytes have the
capacity to somatically adapt to antigenic challenge, T lymphocytes do not
undergo further receptor editing in response to antigen. However, both B and T
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lymphocytes retain immunological memory resulting in a more robust, efficient
secondary immune response to previously exposed antigens.
Nonetheless, without proper activation of the innate immune system the
adaptive response is not optimally executed, therefore a dynamic coordination of
signals and cues between innate and adaptive immune cells is critical for proper
immune function.
Here I will summarize the key cell types and receptors involved in innate
immune function and activation. I will mainly focus on innate immune receptors,
particularly Toll-like receptors, and the role they play in macrophage activation in
innate responses. In addition I will include my thesis summary and goals and
discuss our interrogation of toll-like receptor signaling through the use of forward
genetics in wild-derived MOLF/Ei mice.
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Innate Immune inflammatory response
Sterile tissue damage and invading microorganisms may induce an inflammatory
response during which soluble mediators and cellular components in
vascularized tissues work in a systematic manner in an attempt to contain and
eliminate the agents causing physical distress. A molecular component of a
microbe, such as LPS, may initiate an inflammatory response upon activation
with its cell surface receptor, Toll-like receptor 4. The end goal of inflammation is
to direct specific innate and adaptive immune responses to contain and clear the
foreign invader. The hallmark characteristics of inflammation were first described
by Cornelius Celsus during the first century, with four cardinal clinical signs: pain,
heat, redness and swelling. During the second century, another physician, Galen,
added a fifth clinical sign: loss of function. In 1793, John Hunter was the first to
appreciate inflammation as a host defense response as opposed to a disease
process (Paul, 2003). In the 1870s, Julius Cohnheim provided the first
microscopic descriptions of the inflammatory process in his examination of the
extravasation of leukocytes from blood vessels in the inflamed mesentery of the
frog (Heidland et al., 2009). In the 1880s Elie Mechnikoff carried out studies
examining the role of phagocytosis and phagocytic immune cells, which won him
the Nobel Prize in medicine in 1908, shared with Paul Ehrlich.
The work of these early pioneering scientists undoubtedly laid the
foundation for our understanding of the inflammatory process. More recent
studies over the last 50 years have deepened our understanding for the role of
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soluble factors such as interleukins, chemokines and interferons in mediating the
pro-inflammatory response.
Inflammation can be categorized into acute and chronic responses. Acute
inflammation is rapid and short-lived, resolving within minutes to days while
chronic inflammation may result when acute inflammation persists either due to
incomplete clearance of the initial inflammatory agent or as a result of multiple
inflammatory events occurring in the same location.
There are several paths that can activate the inflammatory response
which are primarily dependent on the portal of entry for the pathogen. In contrast,
tissue damage itself can directly initiate a response by activation of the
complement pathway. In general, inflammatory responses are initiated by
chemical agents produced by tissue-resident macrophages that are activated by
inflammatory stimuli.
There are several key physiological changes that encompass acute
inflammation. First, vasodilation of the arterioles and capillary beds result in an
increase in blood flow. The characteristic heat and redness at the foci of the
inflammation are a result of the increase in blood flow. In addition, vascular
permeabilization is increased due to the contraction of endothelial cells that line
the venules, which widen the intercellular junctions and allow the passage of
plasma proteins and extravasation of leukocytes. This increased vascular
permeability contributes to the hallmark pain and swelling symptoms of
inflammation (Paul, 2003).
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The recruitment and activation of leukocytes, primarily neuotrophils, is
another key feature of inflammation. Circulating neutrophils in the blood stream
are activated and recruited to sites of inflammation by several key chemotactic
agents such as IL-8, TNF-α, leukotriene B4, and C5a (Oppenheim et al., 1993).
Activated neutrophils are primed to carry out their effector functions to
phagocytose and degranulate foreign or damaged material (Smith, 1994).
Finally, fever is one of the last hallmark features of acute inflammation.
Fever is the least understood of these features but it is known that both cytokine
production, such as IL-1 and IL-6, and prostaglandin synthesis, primarily PGE2,
act on the hypothalamus to increase body temperature (Kindt et al., 2007).
While acute inflammation is characterized by an influx in neutrophils,
during chronic inflammation there is an accumulation of lymphocytes and
macrophages and the growth of fibroblasts and vascular tissue. One of the major
consequences of chronic inflammation can be the formation of tissue
granulomas. There are several diseases and conditions that can predispose an
individual to granuloma formation. Tuberculosis and schistosomiasis can both
result in tissue granuloma formation in the lungs and liver (Chensue et al., 1995;
Di Perri et al., 1999). Wegener’s granulomatosis is a chronic granulomatous
disease that is caused by the autoimmune effects of antineutrophil cytoplasmic
antibodies primarily in the lungs and kidneys (Frigui et al., 2009). Although
chronic inflammation continues to exhibit many of the key features of acute
inflammation there are clearly other consequences that can arise from chronic
inflammatory assault, exemplified by granuloma formation.
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While inflammation is critical to host defense mechanisms, dysregulation
of these responses can result in significant tissue damage and even death.
Therefore regulation, execution and maintenance of these effects are imperative
to host defenses. Furthermore, understanding the pathways and mechanisms
that initiate inflammatory responses and the cell-types that execute these actions
are critical for identifying new potential targets to treat inflammatory diseases
(O'Neill, 2006).
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Macrophages and innate immunity
Macrophages encompass a family of mononuclear cells that are localized
throughout the whole body within and outside of lymphoid organs. Macrophages
vary in phenotype and life span depending on their origin and localization. Within
tissues macrophages are critical to both homeostasis and immuno-surveillance.
Resident macrophages can be long-lived and generate signals that affect growth,
differentiation and death of other cells that reside in the tissue. In fetal
development, mature macrophages proliferate actively during tissue remodeling
in organs (Gordon and Taylor, 2005). However in adults, mature macrophages
are not known to extensively proliferate except in specialized niches.
Macrophages vary significantly in cell surface phenotype and function depending
on the localization and microenvironment signals, and recently the heterogeneity
of these cells is starting to be appreciated and understood.
Circulating monocytes originate in the bone marrow and a common
myeloid progenitor is shared with neutrophils. The presence of the growth factor,
macrophage colony-stimulating factor (M-CSF) determines the fate of precursor
cells to monocytes. Once released into the peripheral blood, monocytes typically
circulate for several days before entering tissues to replenish needed cell
populations such as tissue-resident macrophages as well as dendritic cells and
osteoclasts based on recruitment signals. In humans, approximately 5-10% of
peripheral blood leukocytes are monocytes and are diverse in morphology,
degree of granularity and size and often confused with granulocytes,
lymphocytes, dendritic cells and natural killer cells due to their extreme
8

phenotypic variation. (Gordon and Taylor, 2005). Nevertheless, these cells can
be divided into two general monocyte subsets: inflammatory and resident
monocytes based on phenotypic markers and cell fate and function.
Based on antigenic markers, murine monocytes are identified by their
F4/80+CD11b+ phenotype and can be further categorized into subsets by the
expression of CCR2, CD62L and CX3CR1 (Gordon and Taylor, 2005). The F4/80
marker is a transmembrane protein that is a member of the adhesion-GPCR
family. CD11b, also known as integrin alpha M (ITGAM), is a subunit of the
heterodimeric integrin alpha-M beta-2 molecule, also commonly known as Mac-1
or complement receptor 3. Mac-1 mediates inflammation by regulating leukocyte
adhesion and migration and also through the activation of the complement
system. CCR2 is the receptor that binds monocyte chemoattractant protein-1
(CCL2), a chemokine that mediates monocyte chemotaxis during inflammatory
responses. CD62L, also known as L-selectin, is a cell adhesion molecule critical
for homing and trafficking of cells. CX3CR1 is the receptor to CX3CL1, also
known as fractalkine, a chemokine involved lymphocyte cellular adhesion and
migration and critical for monocyte homeostasis and survival.
CCR2+CD62L+ CX3CR1lo monocytes are known as the inflammatory
subset and CCR2-CD62L- CX3CR1hi are considered resident monocytes.
Geissmann et al. elegantly showed through functional studies using adoptively
transferred GFP+ monocytes from Cx3cr1-knock-in mice that
CCR2+CD62L+CX3CR1loLy6C+ monocytes are short-lived and rapidly recruited to
sites of experimentally induced inflammation. Upon recruitment to sites of
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inflammation, CX3CR1lo monocytes upregulate expression of CD11c and MHC
class II. Furthermore some of these cells were recovered in draining lymph
nodes highly suggesting that they may have differentiated into DCs. CD11c, also
known as integrin alpha X, is highly expressed on dendritic cells. Alternatively,
CCR2-CD62L- CX3CR1hiLy6C- monocytes persisted longer in transferred animals
and these cells were recovered in the lungs, spleen, liver, brain and blood in the
recipients. Furthermore, some of the recovered donor cells acquired a CD11c+
MHC class II+ DC-like phenotype (Geissmann et al., 2003). The observation that
CCR2- monocytes can enter tissues and acquire DC-like phenotypes under
steady-state conditions is consistent with the observation that human
CD14+CD16+ monocytes (the human resident monocyte subset equivalent)
preferentially differentiate into DCs in an in vitro transendothelial-migration model
(Randolph et al., 1998; Randolph et al., 2002).
Geisseman et al. identified Ly6C (which is part of the epitope of GR1, a
GPI-linked myeloid differentiation marker) as an additional marker to CCR2+
monocytes in mice. Interestingly, subsequent studies have shown that there is a
Ly6Cmid monocyte population with an intermediate phenotypic state that is
predisposed to differentiate into DCs (Qu et al., 2004; Sunderkotter et al., 2004).
The similarities between human and mouse monocyte subsets indicate that this
system is conserved and executes a critically important role in immune functions.
The heterogeneity and plasticity among the subsets is a testament to the
important roles these cells play in eliciting and directing a variety of immune
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functions in response to any number of stimuli and cues from the
microenvironment.
Inflammatory monocyte-derived macrophages are often classified based
on phenotypes associated with activation states based on in vitro experiments.
Classical activation of macrophages (formally termed M1) can be induced by
LPS and IFN-γ and have increased production of iNOS and reactive oxygen
species, increased MHC-II expression and increased antigen presentation and
microbicidal killing. Alternative activation (formally termed M2) results from IL-4
and IL-13, these macrophages exhibit increased endocytic activity, increased
expression of mannose receptor, increased tissue repair and cell growth and
increased parasite killing in many Th2 cell-dominated infections such as those by
helminths and leishmania. Tissue repair and collagen remodeling can be
mediated by IL-10, IL-4 and IL-13 (Gordon and Martinez).
Recently, Jenkins et al. showed that in mice, alternatively activated
macrophages locally proliferate in response to helminth infection or IL-4
sitmulation and no input blood monocytes are required in the expansion of these
cells (Jenkins et al., 2011). This observation is the first example showing local
proliferation of macrophages in response to inflammation that is independent of
monocyte recruitment. While much still remains unknown with regard to
monocyte and macrophage dynamics, it is clear that these cells serve a central
function in the surveillance against microbial assault through sensing of
pathogenic molecules by several innate receptors.
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There is now a clearer picture and appreciation for monocyte
heterogeneity however there remain many unknowns with regard to the
generation of macrophage and dendritic cell populations and the dynamics of
circulating precursors to these populations. For example, whether there are
lineage-committed monocyte precursors or precursors that are randomly
selected to replenish local macrophage populations is unknown. Furthermore, it
is also not known whether terminally differentiated cells are functionally flexible
and able to alter their phenotype in response to changes in their local
environments.
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Toll-like receptors and other innate immune receptors
Lipopolysaccharide (LPS), a component of the outer wall of gram-negative
bacteria is one of the best-known examples of an endotoxin. LPS is widely used
in studies of inflammation for its ability to strongly elicit a response. In the early
1960s, an LPS-unresponsive mouse strain, C3H/HeJ, was observed. In the
following years many studies aimed to identify the “Lps gene.” However, it was
not until a team of scientists led by Bruce Beutler some 30 years later was the
Lps gene identified through positional cloning. Poltorak et al. discovered that the
genetic lesion responsible for the LPS defect in C3H/HeJ mice was due to a point
mutation in the Tlr4 gene that resulted in a substitution of proline for histidine at
position 712 (Poltorak et al., 1998). The discovery that Toll-like receptor 4 (TLR4)
was the signal transducing receptor responsible for LPS was confirmed in Tlr4
knockout mice (Hoshino et al., 1999). The toll-like receptors are named for their
homology to the Toll protein, which was first discovered for its role in the dorsalventral axis in the embryonic development of Drosophila melanogaster. In 1996
Jules Hoffman and his colleagues discovered the antifungal properties of the Toll
protein in the fruit fly and thus linked Toll with Drosophila immune defense
(Lemaitre et al., 1996). The discovery of TLR4 was the first example of an innate
receptor that sensed a specific microbial component and prompted the
investigation for other Toll homologues that may also be receptors that recognize
other specific pathogenic molecular components.
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TLRs are type I membrane receptors with ectodomains composed of
leucine-rich repeats (LRRs) that are involved in ligand recognition with a
transmembrane region and a cytosolic Toll-IL-1 receptor (TIR) domain. The TIR
domain interacts with the TIR domains found on downstream adaptor proteins
MyD88, TIRAP, TRIF and TRAM. To date 10 human and 12 mouse TLRs have
been identified. TLR1-TLR9 are conserved between the two species while mouse
TLR10 is non-functional due to a retroviral insertion and TLR11-TLR13 have
been lost in the human genome (Kawai and Akira, 2010; Kawai and Akira, 2011;
Trinchieri and Sher, 2007). TLR1, TLR2, TLR4, TLR5, TLR6 and TLR11 are
localized on the cell surface and recognize microbial membrane components
such as lipids, proteins and lipoproteins, all exterior features of pathogens. TLR3,
TLR7, TLR8, and TLR9 are nucleic acid sensing receptors localized within
intracellular compartments (Kawai and Akira, 2011). TLR13, an orphan receptor,
was recently found to recognize bacterial 23S ribosomal RNA (Oldenburg et al.,
2012). The intracellular localization of these receptors enables them to sample
endolysosomal compartments for infected cells or pathogens that may have been
taken up and digested. In contrast, cellular nucleic acids that may be in the
extracellular environment are rapidly degraded by nucleases and under normal
physiological settings does not access intracellular compartments (Kawai and
Akira, 2011). The sequestration of nucleic acid sensing TLRs elegantly shows
another mechanism by which the immune system has evolved to protect the host
from “self” versus “non-self” immune-activation (Barton et al., 2006). Figure 1
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summarizes the known receptors and their ligands, receptor localization and
adapter proteins.
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Figure 1. Toll-like Receptors and Ligands
TLR1, TLR2, TLR4, TLR5 and TLR11 are localized on the cell surface while
TLR3, TLR7, TLR8 and TLR9 are localized within intracellular compartments.
TLR ligand engagement induces a conformation change that allows the receptors
to hetero- or homodimerize. Following receptor ligation, adaptor proteins such as
MyD88, TIRAP, TRIF and TRAM are recruited to activate downstream signaling
pathways resulting in the induction of inflammatory cytokine production or type I
IFN.
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Intracellular TLR processing
In order to survey the extracellular milieu for signs of infection, cells internalize
microbes into the endocytic pathway. Internalization of extracellular particles is
achieved a number of ways, for example through phagocytosis, receptormediated endocytosis and macropinocytosis (Blasius and Beutler, 2010; Conner
and Schmid, 2003). Regardless of the mechanism of internalization, vesicles
quickly fuse with recycling or early endosomes. Subsequent sorting of the cargo
into late endosomes and lysosomes continue processing of the contents through
acidification, which are crucial to protease functions and material break-down.
Intracellular TLR3, TLR7, TLR8 and TLR9, and most likely TLR13 are
expressed within the endoplasmic reticulum (ER), though activation is thought to
only occur within acidified lysosomal compartments because responses are
abrogated in the presence of anti-acidifcation reagents. While it was initially
thought that the majority of these TLRs are ER resident and quickly recruited to
lysosomes by translocation it was subsequently found that endosomal TLRs
traffic from the ER via the common secretory pathway through the Golgi before
taking up residence in the endolysosomes prior to stimulation (Blasius and
Beutler, 2010; Chockalingam et al., 2009). Several chaperones are associated
with efficient translocation of ER TLRs. Gp96 is a protein-folding chaperone for
TLRs, and functions as a V-shaped dimer that requires intact ER Ca2+ stores and
N-glycosylation for TLR interaction. UNC93B1 is another chaperone protein that
associates with the transmembrane domain of TLR3, TLR7, TLR9 and TLR13
and mediates the translocation of these intracellular TLRs from the ER to the

17

endolysosomes (Brinkmann et al., 2007; Kim et al., 2008). Using a forward
genetic approach, the role of this protein was implicated in TLR localization when
a homozygous mutation in this gene led to a phenotype that was unresponsive to
TLR3, TLR7 and TLR9 ligands, rendering a “triple defect” phenotype in these
mice (Tabeta et al., 2006).
As previously mentioned, endosomal acidification is required for TLR3,
TLR7 and TLR9 activation to purified ligands, however acidification is also critical
in the disassembly of microbes and other engulfed cellular contents for proper
break-down and processing. Furthermore, it has recently been shown that
endosomal acidification contributes to the processing of the TLRs themselves
within endolysosomes. TLR9 ectodomain is proteolytically cleaved by pH
sensitive proteases and multiple proteases have been implicated in this process
including cathepsins and asparagine endopeptidases (Asagiri et al., 2008; Ewald
et al.; Ewald et al., 2011; Ewald et al., 2008; Matsumoto et al., 2008; Park et al.,
2008; Sepulveda et al., 2009). Based on other similar roles of proteases in
cellular processes, such as MHC II invariant chain degradation, there is likely a
redundancy in protease utilization and there may exist predominant proteases
that are cell-type dependent.
Intracellular TLRs represent a unique system to detect infection by nucleic
acid recognition. The compartmentalization of TLRs distinguishes which ligands
are recognized and also shapes the nature of the downstream signals generated
in response to receptor activation. Recent studies such as intracellular receptor
processing, have led to discoveries that are starting to uncover the complex
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regulatory system that exists to ensure proper localization of both ligands and
receptors.
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Other innate receptors
Although TLRs play a central role in the initiation of immune responses against
microbes and are the primary focus of the studies presented in my thesis, there
are many other innate receptors that are involved in pathogen detection and
inflammatory responses. There are several families of membrane receptors that
are known for their dual role in homeostatic phagocytosis and pathogen uptake
and sensing. MARCO is a member of the class A scavenger receptor family and
can bind both gram positive and negative bacteria (Gordon, 2002). Dectin-1 is a
C-type lectin receptor that recognizes β-1,3-glucan expressed by fungal
pathogens such as C. albicans and Aspergillus fumigatus (Taylor et al., 2007).
The mannose receptor is a well characterized endocytic receptor that binds
mannosylated proteins and can bind M. tuberculosis, C. albicans and Leishmania
spp. (Geijtenbeek and Gringhuis, 2009). In addition, there are several families of
cytoplasmic receptors such as the RIG-I-like receptors (RLRs) and Nod-like
receptors (NLRs). The RLRs are RNA helicases that detect RNA viruses through
the RIG-I, Mda5 and LGP2 receptors to produce type I IFN (Kawai and Akira,
2011). There are more than 20 members in the NLR family. Several NLR
members, such as NALP1 and NALP3, are components of the inflammasome
along with ASC and Caspase-1 to mediate the processing of pro-IL-1β to mature
IL-1β that is secreted (Kawai and Akira, 2010). The inflammasome is a
multiprotein oligomer that promotes the maturation of IL-β and IL-18 and has
been implicated in cell pyroptosis, an inflammation induced programmed cell
death. AIM2 is a cytosolic dsDNA sensor that binds to ASC to form the AIM2
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inflammasome, secreting IL-1β when activated (Hornung et al., 2009). Growing
evidence now highlights the importance of the cooperation between TLRs and
other innate receptors in mounting the most effective immune response (Kawai
and Akira, 2011; Trinchieri and Sher, 2007).
TLR signaling and cytokine production
As depicted in Figure 1, all TLRs, except TLR3, depend at least in part, on the
MyD88 adaptor protein for downstream signaling events. Some TLRs, such as
TLR5, TLR7 and TLR9, only depend on MyD88. Upon ligand binding to the
ectodomain of the TLR, a conformational change is induced which promotes the
recruitment of adaptor proteins through the TIR domain on the cytoplasmic tail of
the receptor (Latz et al., 2007). Downstream signaling is carried out by the
interaction between the TIR domains on the adaptor protein and the TLR. Not
surprisingly, certain mutations in MyD88 affect TLR specificity while other parts of
the protein are responsible for downstream signaling events (Jiang et al., 2006).
A summary of the MyD88 dependent signal transduction events
downstream of TLR9 is depicted in Figure 2. The N-terminal death domain (DD)
on MyD88 interacts with the DD on IL-1R-associated kinase-4 (IRAK4), which
then phosphorylates IRAK1 and IRAK2 (Kawagoe et al., 2008). All three of these
IRAKs are phosphorylated upon TLR activation, however the exact order remains
unclear. Although IRAK4 seems to play a predominant role as IRAK4 kinase null
knockin mice exhibit attenuated TLR signaling and fail to recruit IRAK1 (Kawagoe
et al., 2007). IRAK2 has also been shown to interact with MyD88 through its DD
and directly bind TRAF6 (Muzio et al., 1997). IRAK4 is thought to phosphorylate
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IRAK1 and IRAK2, which induces their autophosphorylation activity.
Hyperphosphorylated IRAK1 and IRAK2 dissociate from the adaptor complex
and subsequently associate with TRAF6 and induce its activation by promoting
autoubiquitination of K63-linked polyubiquitin chains (Keating et al., 2007).
Polyubiquitinated TRAF6 then acts as a scaffold for the recruitment of TAK1binding proteins 1 and 2 (TAB1 and TAB2), which bind transforming growth
factor-β activated kinase-1 (TAK1). TAB2 bridges the polyubiquitin chains on
TRAF6 and NEMO. TRAF6 then catalyzes the transfer of K63-linked
polyubiquitin chains onto TAK1. TAK1 is activated by autophosphorylation, this
event is facilitated by TAB1 (Sakurai et al., 2000). TAB2 and TAB3 bind K63linked ubiquitin chains, which is required for their activation of TAK1 (Kanayama
et al., 2004).
TAK1 is then capable of activating the mitogen-activated protein kinase
(MAPK) cascade as well as the NF-κB pathway. TAK1 is a MAP kinase kinase
kinase (MAPKKK) and phosphorylates MKK3 and MKK6, along with MKK4 and
MKK7. Ultimately, c-Jun N-terminal kinases (JNKs) and p38 kinases are
activated and there is likely considerable crosstalk between these MAP kinase
pathways during activation (Symons et al., 2006). Activation of the NF-κB
pathway is achieved through the IKK complex. The IKK subunit NEMO has been
identified as a target of TRAF6 ubiquitin ligase activity and leads to the activation
of IKK (Deng et al., 2000). TAK1 also activates IKKβ, which phosphorylate IκB
proteins. These inhibitory proteins are subsequently polyubiquitinated and
degraded by the 26S proteasome, leading to nuclear translocation of NF-κB. This
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pathway is called the ‘canonical pathway’ of TLR-induced NF-κB activation. In
addition, IKKs phosphorylate p105, a member of the NF-κB family, which signals
the processing of p105 to p50 and releases Tpl2, also known as MAP3K8 (Belich
et al., 1999). MAP3K8 activates MKK1 and MKK2, which activate the
extracellular signal regulated kinases (ERK1/2) and JNKs.
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Figure 2. MyD88 dependent TLR9 signaling
The TIR domain on the cytoplasmic tail of TLR9 recruits MyD88. MyD88 interacts
with the IRAK family of kinases through their death domains, leading to
autoubiquitination of TRAF6. TRAF6 further ubiquitinates TAK1 and NEMO,
leading to NF-kB and MAP kinase activation and subsequent transcription of
proinflammatory cytokines. In the case of pDCs, MyD88 can activate the IRF
pathway leading to Type I IFN production. Figure data are adapted from data
reviewed in (Blasius and Beutler, 2010).
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While MyD88-deficient mice were highly resistant to LPS-induced shock,
their macrophages were still capable of activating the NF-κB and MAP kinase
pathways, leading to the speculation of a MyD88 independent pathway (Kawai et
al., 1999). TRIF was identified independently through a BLAST homology search
and an ENU mutagenesis screen for the Lps2 gene and was reported to function
in the MyD88 independent arm of TLR3 and TLR4 signaling (Hoebe et al., 2003;
Yamamoto et al., 2003). TLR3 uses the TRIF adaptor protein exclusively which
was revealed in studies of Lps2 mice, in which TLR3 signaling was completely
abrogated in TRIF mutant mice (Hoebe et al., 2003). In TLR3 signaling, TRIF
associates with TRAF3 and TRAF6 along with receptor-interacting proteins 1 and
3 (RIP1 and RIP3). TRAF6 and RIP1 with TRADD and TAK1 activate the NF-κB
and MAP kinase pathways to initiate proinflammatory cytokine production and
TRAF3 activates IRF3 through TBK1 and IKKε, leading to IFNβ production
(Blasius and Beutler, 2010). With respect to TLR4 signaling, TRIF functions in
conjunction with TRAM which serves as a sorting protein (Barton and Kagan,
2009). TRAM contains a carboxy-terminal TIR domain and N-terminal localization
motif with a phosphoinositide-binding domain and a myristoylation site. Although
TRAM is considered a sorting adaptor, it appears that the membrane-binding
activity of TRAM is necessary for TRIF-dependent signal transduction by TLR4
(Kagan et al., 2008; Rowe et al., 2006).
TIRAP was identified based on homology to MyD88, and is also aptly
called MyD88 adaptor like protein (MAL), was shown to interact specifically with
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TLR2 and TLR4 (Fitzgerald et al., 2001; Horng et al., 2002; Horng et al., 2001;
Yamamoto et al., 2002). The localization domain of TIRAP contains a
phosphoinositide-binding module that selectively interacts with PtdIns(4,5)P2,
which functions to recruit TIRAP to actin-rich regions of the plasma membrane
(Kagan and Medzhitov, 2006). The main function of TIRAP is to recruit MyD88 to
the appropriate TLRs and therefore functions as a localization adaptor protein.
Furthermore, TIRAP does not appear to function without MyD88 but rather they
act as a functional pair (Barton and Kagan, 2009).
TLR4 activation by LPS reveals yet another layer of spatial-temporal
regulation of TLR biology. Following LPS activation of TLR4 both MyD88/TIRAP
and TRIF/TRAM signaling pathways are initiated, however it appears that these
signaling pathways are sequentially activated in different cellular compartments.
LPS initially binds TLR4 at the plasma membrane and recruits TIRAP-MyD88 to
trigger proinflammatory cytokine production. LPS additionally promotes the
endocytosis of TLR4 (Kagan et al., 2008; Tanimura et al., 2008), which is
controlled by CD14 (Zanoni et al., 2011). Internalization of TLR4 promotes the
production of type I IFN through TRIF/TRAM signaling (Kagan et al., 2008). All
other IFN-inducing TLRs also signal from intracellular endolysosomes. TLR4
remarkably showcases the many intriguing aspects of TLR biology.
Transcriptional regulation of cytokine genes
One of the major outcomes from TLR signaling events is cytokine production that
results from transcription factor recruitment and transcriptional induction of
responsive genes. Innate immune cells produce and secrete cytokines as
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chemical signals to direct and modulate immune responses. In response to TLR
activation the cytokines produced are primarily involved in mediating acute phase
inflammatory responses, as already discussed.
All TLR signaling pathways culminate in the activation of NF-κB
transcription factors. Fuctional NF-κB transcription factors consist of dimeric
subunits that contain Rel-homology domains (RHD) and bind to discrete DNA
sequences known as κB sites present in promoter and enhancer regions of
numerous genes inducing transcriptional activation. There are five members of
the NF-κB family: RelA (p65), RelB, C-Rel, p105 (NF-κB1 precursor of p50), and
p100 (NF-κB2, precursor of p52). These subunits form homo- or hetero- dimers
through their RHD to regulate gene expression. In addition to their RHD, RelA,
RelB and C-Rel contain transactivation domains, allowing them to further
facilitate gene transcription through the recruitment of other transcription factors
and coactivators to promoters. The most frequently activated form of NF-κB in
TLR signaling is the RelA or p65/p50 heterodimer (Kawai and Akira, 2007). The
p65/p50 heterodimer is sequestered in the cytoplasm of the cell in an inactive
form through its interaction with IκB proteins –in unstimulated conditions.
Unprocessed p100 and p105 can also function as IκB proteins through the
association of C-terminal ankyrin repeats with p50, C-Rel or Rel-A subunits.
Inducible processing of p100 is primarily regulated by NF-κB inducing kinase
(NIK) and IKKα and is referred to as the non-canonical NF-κB pathway (Sun,
2011). Processing of p105 on the other hand is regulated differently. Constitutive
proteolytic generation of p50 from its precursor p105 is mediated by
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ubiquitination and the 26S proteasome. Alternatively, following activation of the
NF-κB pathway, p105 is phosphorylated by the IKK complex and rapidly
degraded by the proteasome (Salmeron et al., 2001). This process
predominantly results in accelerated p105 degradation, rather than increased
p50 processing, resulting in nuclear translocation of Rel subunits (Belich et al.,
1999).
TLR activation leads to the phosphorylation of specific serine residues on
IκB proteins by IKKα/β. The IKK complex is comprised of the two catalytic
proteins IKKα and IKKβ, along with a regulatory component, NEMO.
Phosphorylated IκB is subsequently degraded by the proteasome, a process
mediated by K48-linked polyubiquitination, allowing nuclear-translocation of NFκB. This pathway is referred to as the ‘canonical pathway’ and is utilized in TLR
signaling for inflammatory cytokine induction. Generally, most cytokine and
chemokine promoters rely on p50/p65 and p50/C-Rel heterodimers, such as IL-6,
TNF-α, IL12p40 and Cxcl1/KC (Kawai and Akira, 2007; Sun and Ley, 2008).
Interestingly, p50/p50 homodimers, which lack the transcriptional activation
domain, can bind to κB sites and act as transcriptional repressors (Ishikawa et
al., 1998).
In addition to NF-κB activation, MAP kinases are activated following TLR
stimulation. The MAP kinase signaling pathways are comprised of a three-tiered
activation pathway that is initiated by the activation of a serine-threonine protein
kinase, MAP3K, which phosphorylates and activates a dual-specific kinase,
MAP2K, that in turn phosphorylates and activates a MAP kinase on both the
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threonine and tyrosine residues on the activation loop. In TLR signaling, the
predominant MAP3K is TAK1, which is activated upstream by TRAF6. Ultimately
the three main MAP kinase families activated are ERK1/2, JNK and p38 (Symons
et al., 2006). Upon receptor activation, these kinase proteins regulate cytokine
production through the induction of transcription and additionally by regulating
the stability of cytokine transcripts.
One of the primary consequences initiated by the activation of p38, JNK
and ERK1/2 is the induction of activation protein 1 (AP-1) transcription factors.
AP-1 is a dimer composed of JUN and FOS proteins and is required for
transcriptional activation of many inflammatory cytokines such as IL-6, TNFα and
IL-12 (Kawai and Akira, 2006). JUN proteins are constitutively present and can
be phosphorylated by JNK, greatly enhancing their transcriptional activation
potential (Derijard et al., 1994). However, FOS proteins are not present in resting
cells and require transcriptional activation through MAP kinases (Cavigelli et al.,
1995).
MAP kinases additionally modulate cytokine production through posttranscriptional regulation. mRNA transcripts from many proinflammatory cytokine
genes contain clusters of adenine and uridine-rich elements (AREs) found in the
3’ untranslated regions (UTRs). AREs recruit several different binding proteins
that can either positively or negatively regulate mRNA stability and/or translation.
Tristetraprolin (TTP) is a protein that binds to AREs through zinc-finger-mediated
interactions and causes mRNA instability. TTP targets transcripts for destruction
through direct interactions with several components of the mRNA decay
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machinery. TTP can bind to the AREs on several cytokines, including IL-6,
CXCL1, IL-2, IL-10 and TNF-α (Anderson, 2010). MAPKAP kinase 2 (MK2)
stabilizes TTP and lowers its affinity for AREs and therefore augments mRNA
transcript stability of TTP targets (Chrestensen et al., 2004). MK2 is a substrate
of p38, and the MK2/p38 cascade is involved in regulating TNF-α, IL-8, GM-CSF
and Cox-2 transcripts (Anderson, 2010; Neininger et al., 2002). Using a mutationbased screen of the IL-6 3’UTR, p38 was found to directly bind to regions of the
UTR that could either stabilize or promote degradation of IL-6 mRNA transcript
through interactions with AU-rich elements within IL-6 3’ UTR (56-173) (Zhao et
al., 2008). Although p38 has been shown to be critically important in mRNA
transcript stability, JNK is also capable of promoting transcript stability
(Anderson, 2010; Kumar et al., 2003).
Negative regulators of TLR signaling
While regulatory systems such as TLR localization, processing and posttranscriptional regulation are in place to maintain efficient control of inflammatory
responses there are several additional regulatory proteins. Dissociation of
adaptor complexes is one of the major regulators of TLR signaling (Kondo et al.,
2012). Many of these proteins are derived from splice variants of downstream
signaling and adaptor proteins. For example, a splice variant of MyD88, MyD88s,
can negatively regulate TLR signaling by interacting with IRAK4 to diminish IRAK
activation (Burns et al., 2003; Janssens et al., 2003). MyD88s lacks the short
intermediate domain and therefore cannot recruit IRAK4 to the receptor complex
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of MyD88 and IRAK1. This prevents IRAK4-mediated IRAK1 phosphorylation; in
this way MyD88s exerts a dominant negative effect on TLR activation (Burns et
al., 2003). In addition, a splice variant of TRAM, known as TAG, is recruited to
RAB7-positive late endosomes to promote TLR4 degradation and interrupt the
TRIF/TRAM signaling pathway (Palsson-McDermott et al., 2009). IRAK2 has four
known isoforms, two of which IRAK2C and IRAK2D, when overexpressed inhibit
NF-κB activation (Hardy and O'Neill, 2004). Another member of the IRAK family,
IRAKM is a negative regulator of TLR that exists as a single gene product.
IRAKM prevents the dissociation of IRAK1 from the MyD88 complex, thus
inhibiting its ability to bind to TRAF6 (Kobayashi et al., 2002). Dissociation of
signaling complexes is also achieved through modifications of these proteins. For
example, a deubiquitinating enzyme, A20, attenuates TLR signaling through the
removal of K63-linked ubiquitin molecules on TRAF6 (Boone et al., 2004) and
recently an orphan nuclear receptor, SHP, was identified to inhibit TRAF6
ubiquitination and negatively regulate TLR signaling (Yuk et al., 2011).
Another major mechanism of negative regulation is through the
degradation of signaling proteins. Suppressor of cytokine signaling (SOCS)
proteins, which are E3 ubiquitin ligases, are well characterized negative
regulators that promote degradation of TIRAP and TRAF proteins (Yoshimura et
al., 2007). TRIM30α promotes the degradation of TAB2 and TAB3 and thus
inhibits NF-κB activation (Shi et al., 2008). PDLIM2 promotes K48polyubiquitination of NF-κB p65 and sequesters it to 26S proteasome enriched
intracellular areas (Tanaka et al., 2007). The degradation of signaling proteins by
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the ubiquitin-proteasome pathway is crucial for regulating TLR-induced
inflammatory responses and further demonstrates the dynamic regulatory
systems of TLR biology.
Genetic analysis of innate immunity
In genetics, phenomena come first and they are the ultimate source of inquiry
into a biological puzzle. Therefore, classical genetic methods are driven by
phenotypes rather than hypotheses. The forward genetic approach to biological
problems and questions is unbiased and is not based on broad speculation of
how a biological system may operate. Rather, genetic exploration begins with no
preconceptions and hypotheses are the outcome of genetic investigation rather
than the starting point. Genetic studies lead to testable hypotheses that aim to
decipher the mechanism of how a gene functions in a given phenotype (Beutler
et al., 2007). The forward genetic method utilizes genetic variation between
individuals, which can be naturally occurring or experimentally introduced. Once
a phenotype is identified it is screened for heritability. Heritability of a phenotype
tracks its penetrance due to genetic variation. For example, if a phenotype were
dominantly inherited, F1 hybrid mice would exhibit the phenotype observed in the
original parental strain from which it was identified. Conversely, if a phenotype
were recessively inherited, then the phenotype would not be seen in F1 hybrids.
The number of genes involved in the phenotype and epistatic interactions of
these genes are also contributing factors of phenotype heritability. Genetic
assortment through meiotic recombination is used to identify the underlying
genetic basis for the difference in phenotype observed. Forward genetic analyses
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have led to several important discoveries about the innate immune system,
including the identification of TLR4 as the first sensor of microbial molecules
(Poltorak et al., 1998).
Contrary to forward genetics, reverse genetics takes a “gene first”
approach. A hypothesis is generated about the potential function of a gene and
through experimental manipulation the function of the gene is assessed.
Experimental manipulations include gene targeting to knock out the expression,
modifications to create mutants, additionally genes can be overexpressed
through genomic insertion. One of the strengths of reverse genetics is speed. If a
family of proteins is hypothesized to be involved in a specific pathway, gene
targeting can be an effective and relatively fast way to test that hypothesis. Of
course, one of the major limitations here is that there must be some preceding
knowledge about the gene(s) in order to formulate the hypothesis. The discovery
of TLR4 is perhaps a prime example of how forward and reverse genetics can
work exquisitely complementary to one another. Following the identification of
TLR4, which was discovered using forward genetic methods through positional
cloning, numerous other TLRs were identified using homology-based gene
targeting approaches through the development of multiple TLR knockout mice
(Kawai and Akira, 2010).
Forward genetics: method and analysis
Forward genetic methods rely on the identification of genes associated with an
observed phenotype through genetic recombination. Inbred mouse strains are
often used in mapping strategies because mice within the same strain are
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genetically homogenous. Genetic variety is generated when two different inbred
parental strains are mated to produce an F1 generation. F1 mice will have a
single copy of each chromosome from each parental strain. Homologous
recombination events during meiosis results in gametes with assorted genotypes
in a single chromosome in an F1 mouse. F1 mice are commonly mated with
other F1 mice, in an intercross to generate F2 mice or F1 mice can be
backcrossed to one of the parental strains to produce an N2 generation. Because
of homologous recombination that occurred during meiosis to produce the
gametes, each progeny generated in F2 and N2 mice are genetically unique.
Once genetically varied mice are produced, they are screened for their
phenotypic response and their genotypes are determined along various loci
throughout the genome using microsatellite markers or single-nucleotide
polymorphisms (SNPs). If there is an association between the phenotype and
genotype at a given locus, then the trait is considered linked. Once linkage is
determined, candidate genes can start to be identified. The significance and
resolution of mapping and linkage scores are determined by the number of
meioses and the penetrance of the trait/phenotype (Beutler et al., 2007; Peters et
al., 2007).
Quantitative trait locus (QTL) analysis studies are designed to examine
the association of a phenotype to loci. A linkage score is assigned based upon
their association with statistically significant deviation from the sample set mean
(Flint et al., 2005). The use of this approach has greatly improved the ability to
genetically map complex traits that are influenced by multiple genes and as well
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as epistatic interactions and environmental genetic influences (Peters et al.,
2007). Although QTL analyses facilitate the identification of statistically significant
linkage associations, identifying genes within these intervals is complicated by
the polygenic nature of many complex traits (Flint et al., 2005).
A random germline mutagen, N-ethyl-N-nitrosourea (ENU) is another
method used to generate germline mutations. ENU induces base pair substitution
changes at a frequency of about 1 per million base pairs, mainly through A to T
or A to G changes (Beutler et al., 2007). One of the major advantages to using
ENU mutagenesis is that most phenovariants are monogenic and therefore
amenable to genetic mapping and positional cloning.
Wild-derived mice: a reservoir of genetic diversity
Genetic diversity is fundamentally required in forward genetic studies in order to
identify variable phenotypes between mouse strains or within a diverse
population. While human populations contain a vast amount of phenotypic
variation, mapping causal mutations is extremely difficult unless a phenotype has
been identified in a large family with many affected individuals or a phenotype
has arisen from a single mutation within an extended population of people
(Hoebe et al., 2006). Classical inbred mouse strains have historically proven to
be useful in mapping immunological traits, however such mutations are rare and
are not always discovered if they do arise. Unfortunately, the genetic diversity is
limited among classical laboratory strains as they were established from a
relatively limited number of founding mice early in the twentieth century (Frazer
et al., 2007; Wade et al., 2002). The limitation in genetic diversity among inbred
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strains has made genetic studies difficult and therefore led to a proactive
approach to create phenotypes through the use of germline mutagens such as
ENU. ENU mutagenesis screens have led to many new discoveries of gene
functions in immunology and continue to do so. While ENU screens are fairly
comprehensive one of the shortcomings to this approach is that complex
processes that have multiple proteins involved in redundant pathways may be
hard to identify. In addition, ENU screens do not allow for the comparison
between unique gene networks, which often co-evolve under selective pressure
and is more readily identified by comparing evolutionarily distant individuals. This
can only be achieved through the use of mouse strains with more genetic
diversity that arose through natural evolution.
The Mus. musculus species diverged into three subspecies about a million
years ago along geographical boundaries: Mus. musculus musculus (Eastern
Europe, Russia, Northern China), Mus. musculus castaneus (Western Asia,
Southeastern Asia, Southern China), and Mus. musculus domesticus (Western
Europe). The Mus. musculus molossinus subspecies is a hybrid that arose
between M. m. musculus and M. m. castaenus in Japan approximately 10,000
years ago. The ancestors that established classical laboratory inbred strains
were ‘fancy’ mice bred by hobbyists for coat color and behavior starting in the
eighteenth century in Europe and Asia which resulted in the mixing of subspecific
genomes (Beck et al., 2000). Although the founder mice used to establish
classical laboratory strains are predominantly of the M. m. domesticus
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subspecies, their historical background led to minor genomic contributions from
other subspecies.
The subspecific genomic contribution of several inbred mouse strains was
determined using high throughput SNP analysis (Frazer et al., 2007; Yang et al.,
2007). These findings are summarized in Table 1. The genomes of classical
strains are overwhelmingly of M. m. domesticus origin (~90%) and M. m.
musculus has the second largest genomic contribution (~10%) and very minor
contributions from M. m. castaneus (< ~1%). On the contrary, the genomic
contribution of the wild-derived inbred strain, MOLF/Ei, was predominantly of M.
m. musculus origin. Wild-derived inbred strains are representative of “wild” mice
because they were more recently isolated and captured from the wild from
various geographic locations and established into inbred strains by brother x
sister matings. Not surprisingly, the subspecific genomic contributions are vastly
different in wild-derived mouse strains compared to classical strains (Frazer et
al., 2007; Yang et al., 2007). Most importantly the divergence of wild-derived
mice provides genetic diversity in an evolutionary appropriate context.
Furthermore, studying immune responses in wild-derived mice is additionally
relevant because these mice have been subjected to host defenses in their
natural environments. Our laboratory has been successful at using wild-derived
mice in forward genetic screens to identify novel regulators of TLR signaling
(Conner et al., 2010; Conner et al., 2008; Conner et al., 2009). Numerous other
investigators have used wild-derived mice as well to examine host defense
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mechanisms, such as in the case of Salmonella typhimurium (Sebastiani et al.,
2002) as well as TNF-induced septic shock (Staelens et al., 2002).
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Table 1: Percentage of subspecies genomic contribution in laboratory
strains

From: Yang, H., T.A. Bell, G.A. Churchill, and F. Pardo-Manuel de Villena. 2007. On the subspecific origin of
the laboratory mouse. Nat Genet 39:1100-1107.
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Thesis summary and goals
Appropriate activation of TLRs is paramount to successful host defenses against
pathogens. While much is known about regulatory mechanisms that control TLR
responses, there are still many pathways that remain largely unknown or lack
clarity. For example, intracellular TLRs have an added layer of regulatory means
due to their cellular localization, which ensures proper receptor activation by
appropriate ligands. CpG-motif containing DNA activates TLR9 in endolysosomal
compartments. The proteins involved in ligand uptake and delivery are largely
unknown and it is generally thought of as a redundant system with multiple
proteins involved. In addition, TLR9 undergoes a series of processing steps in
the course of its transport from the endoplasmic reticulum to the golgi then to
endolysosomal compartments. There it is cleaved by resident endolysosomal
proteases. Several proteases have been implicated in this process but cell typespecific differences may exist and be functionally relevant. In the course of TLR9
activation, there are many steps in the process of ligand uptake to receptor
activation that remain to be characterized in further detail.
The goal of the work presented here is to contribute to our understanding
of the proteins and pathways involved in CpG DNA-induced TLR9 activation
through the use of forward genetic studies in wild-derived mice. Identification and
characterization of the CpG hypo-response phenotype in the wild-derived
MOLF/Ei mouse strain is described in Chapter 3. Forward genetic studies were
then performed using multiple genetic strategies in Chapter 4. These genetic
studies led to the identification of two loci that were associated with the CpG
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hypo-response in wild-derived MOLF/Ei mice which are further characterized in
in Chapters 5 and 6.
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CHAPTER2: MATERIALS AND METHODS
Mice. C57BL/6, SPRET/Ei, CZECH/Ei, MOLF/Ei, MSM/Ms and CAST/Ei mice
were obtained from Jackson Laboratories. TLR9-/- mice were generously
provided by Dr. A. Marshak-Rothstein (University of Massachusetts). MRC1-/were kindly provided by Dr. S. Levitz (University of Massachusetts). TLR9GFP
mice belong to Dr. H. Ploegh (MIT Whitehead Institute).
All mice, except TLR9GFP, were housed in pathogen-free facilities at Tufts
University School of Medicine. All procedures were performed in compliance with
the rules and regulations of Tufts University/Tufts Medical Center Institutional
Animal Care and Use Committee (IACUC).

Isolation of primary cells. Peritoneal macrophages were isolated from mice 610 weeks of age. Cells were obtained by injection with 1ml of 3% thioglycollate,
3-5 days after injection, the peritoneal cavitiy was lavaged with cold PBS and
cells were suspended in DMEM with 10% FBS (Atlas Biologicals), 1% pen/strep
(Invitrogen). Cells were plated and incubated overnight at 37oC, 5% CO2 before
phenotypic analysis. Bone marrow cells were isolated by washing femurs with
cold RPMI, cells were then centrifuged for 10 minutes at 1000 rpm. Cell pellets
were resuspended in L1 conditioned media (RPMI with L-glutamine, 20% FBS,
28% L1 conditioned media, 1% pen/strep) to mature bone marrow-derived
macrophages or J558-GM-CSF conditioned media (RPMI with L-glutamine, 10%
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FBS, 3.3% J558 conditioned media, 1% pen/strep) to mature bone marrowderived dendritic cells.
MEFs were isolated from 13.5 day mouse embryos by trypsinization after head
and liver removal.

Cell lines. HEK 293T cells and L1 cells were obtained from Dr. R. Isberg (Tufts)
and grown in DMEM, 10% FBS, 1% pen/strep. RAW264.7 mouse macrophage
cell line was purchased from ATCC and grown in DMEM, 10% FBS, 1%
pen/strep.

TLR agonists. Salmonella minnesota Re595 LPS was purchased from Sigma.
Poly I:C was obtained from GE Healthcare. Loxoribine, Imiquimod (R837),
CL097, endotoxin-free bacterial DNA were all purchased from Invivogen. CpG
ODNs were synthesized from Integrated DNA Technologies, including Alexa
Fluor labeled oligos. Plasmodium falciparum CpG DNA ODN (pfCpG) were
kindly provided by Dr. K. Fitzgerald (University of Massachusettts).

TLR response phenotyping. For ELISA analysis, 200,000 cells were plated/well
in a 48-well tissue culture plate. Following activation with TLR agonist containing
media for 6 hours, supernatants were collected to measure cytokine production.
Cytokine protein concentrations were measured using ELISA kits purchased from
R&D; IL-6 (DY406), TNFα (DY410), CXCL1/KC (DY453). For mRNA analysis,
500,000 cells were plated/well in a 24-well tissue culture plate. After stimulation
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with TLR agonist containing media, cells were lysed with TRIzol (Invitrogen).
After RNA extraction, cDNA was synthesized and real time PCR assays were run
to analyze cytokine mRNA expression levels (see detailed description below).
Cells were plated the day prior to activation for all assays.
Genetic mapping and analysis. Peritoneal macrophages were elicited from 612 week old mice and phenotyped as described above. Genomic DNA was
isolated from the tails of all mice using DirectPCR (Tail) lysis protocol (Viagen)
according to the manufacturer’s protocol. Genome-wide genotyping was
performed using 2-3 known polymorphic microsatellite markers per chromosome
using primers obtained from the Jackson Laboratories Mouse Genome
Informatics (http://www.informatics.jax.org) website. Genotyping reactions were
amplified using JumpStart Red Taq (Sigma) and PCR products were resolved on
a 3% agarose gel to determine the haplotype. Quantitative trait loci analysis was
performed by inputting the genotypic and phenotypic data into the QTX software
(Manly, KF, Cudmore, Jr, RH, Meer, JM (2001), www.mapmanager.org).

RNA extraction and Real-Time PCR. Cells were lysed with TRIzol and RNA
was extracted according to the manufacturer’s instructions (Invitrogen). cDNA
was synthesized using M-MuLV reverse transcriptase, RNase inhibitor, random
primers 9, and dNTPs (New England BioLabs). cDNA was analyzed for mRNA
expression levels using SYBR green and TaqMan probe-based gene expression
analyses (ABI applied biosystems). Gapdh specific primer sets were used to
normalize the expression value for the genes of interest.
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DNA sequencing. Genomic DNA or cDNA was amplified using Phusion HighFidelity DNA polymerase (New England BioLabs) and gel extracted (Qiagen).
DNA was sequenced from gene specific or plasmid specific primers using an ABI
3130XL DNA sequencer at the Tufts University Core Facility.

Cloning and Plasmids. shRNA plasmids were purchased from Open
Biosystems and are in the pLKO.1 vector. The Mrc1 targeting shRNA vector
used in all the studies was clone ID TRCN0000054797. The Ctsl targeting
shRNA vector was clone ID TRCN0000030582. A GFP targeting shRNA hairpin
was used as a control, addgene #12273.

Lentiviral transduction. Lentiviral particles were generated by transfecting the
shRNA expression construct (pKLO.1 vector) along with packaging constructs
psPAX2 (lentivirus packaging)and pMD2.G (VSV G) into HEK293-T cells using
X-tremeGENE9 DNA transfection reagent or FUGENE 6 (Roche). Supernatants
were collected 48 and 72 hours after transfection and pooled together before
0.45 µM filtered. Cells were transduced by incubation with lentiviral supernatant
for 24 hours. BMDMs were infected on day 4 of maturation and puromycin
selection began on day 6 at a 3ug/mL concentration for 24 hours. Following
selection, cells were recovered for 48 hours before assays were conducted.
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Luciferase promoter assay. The Mrc1 promoter region was amplied from
genomic DNA to include the GT repeat deletion area from the indicated mouse
strains and cloned into the pGL4.20 luciferase vector (Promega). RAW264.7
cells were stably transfected with the constructs using FUGENE 6 transfection
reagent (Roche). Cells were activated with CpG for 2 hours and luciferase was
quantified as a measure of promoter activity.
I must thank I. Smirnova for generously performing the luciferase experiment.

Microarray analysis. Total RNA was harvested from peritoneal macrophages
that were unstimulated and activated with 200nM CpG for 4 hours using TRIzol.
Total RNA was then quantified and 100ng was used for GeneChip analysis with
Affymetrix GeneChip Mouse Gene 1.0 ST array chips (Affymetrix, cat# 520558).
Chips were labeled in accordance to the manufacturer’s instructions. Briefly,
RNA was reverse-transcribed to produce cDNA from which anti-sense RNA was
produced. After purification, anti-sense RNA was used to generate sense strand
cDNA. The cDNA was then fragmented, labeled, and hybridized to the chips.
Microarray data was analysed using GeneSpring GX software.

Antibodies. Phosphorylated and total p38, ERK, JNK, p105 and IKKα/β
antibodies were purchased from cell signaling. EEA-1 and LAMP-1 antibodies
were purchased from Abcam. Mannose receptor antibody was a gift from the U.
Von Andrian laboratory. Alexa Fluor conjugated secondary antibodies and Alexa
Fluor conjugated streptavidin antibodies were purchased from Molecular Probes.
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Cathepsin L antiserum was kindly provided by H. Ploegh. HRP-linked secondary
antibodies were purchased from cell signaling.

FACS analysis. For CpG uptake analysis, cells were incubated with biotinylated
or Alexa Fluor labeled CpG for 30 min at 37oC. Cells were washed with cold PBS
three times and then lightly fixed in 0.5% PFA and resuspended in PBS with 5%
FBS.
Some of these experiments were generously conducted in collaboration with E.A.
Moseman from the U. von Andrian laboratory.

Western blot analysis. Following TLR activation cells were washed with cold
PBS 3 times and lysed on ice with cytoplasmic lysis buffer (50mM Tris pH8,
150mM NaCl, 2mM EDTA, 1% Triton-X100, 1mM Na Vanadate, 10mM NaF,
protease inhibitor cocktail) for 10 minutes. Lysates were then transferred to
microcentrifuge tubes and centrifuged for 10 minutes at 4oC at 13,000 rpm.
Supernatants were transferred and mixed with Laemmli sample buffer and boiled
for 10 minutes. Protein lysates were resolved on a 4-12% gradient Bis-Tris SDS
gel (Novex Invitrogen) using MOPS buffer and transferred onto a nitrocellulose
membrane. Membranes were incubated with protein specific antibodies and
detected using chemiluminescence ECL substrate (Pierce).
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Measuring Cathepsin L protease activity (DCG-04 immunoprecipitation).
Cell lysates were prepared using lysis buffer (50mM sodium acetate pH5, 5 mM
MgCl2, 0.5% NP-40). 25-50ug protein were incubated with 10uM DCG-04 (kindly
provided by H. Ploegh) for 60 min at 37oC to assay cysteine protease activity.
Lysates were then immunoprecipitated with SA-agarose. Samples were analyzed
by 12% SDS-PAGE.
Some of these experiments were generously conducted in collaboration with A.
Avalos from the H. Ploegh laboratory.

Pulse-Chase analysis. Cells were starved for 30 minutes in medium lacking
methionine and cysteine and were then labeled with 1 mCi/ml
[35S]methionine/cysteine (1175 Ci/mmol; PerkinElmer Life Sciences) at 37 °C as
indicated and chased with full DMEM supplemented with nonradiolabeled
methionine (2.5 mm) and cysteine (0.5 mm) at 37 °C for the indicated times.
Cells were lysed in 0.5% NP40m, unless indicated otherwise.
Immunoprecipitations were performed using 30 µl of immobilized rProtein A (IPA
300, Repligen) with the relevant antibodies for 3 h at 4 °C with gentle agitation.
Immune complexes were eluted by boiling in reducing sample buffer, subjected
to SDS-PAGE (10%), and visualized by autoradiography.
These experiments were generously conducted in collaboration with J. Claessen
from the H. Ploegh laboratory.
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Confocal imaging. Images were collected with an Olympus Fluoview BX50WI
inverted microscope and 10×/0.4 numerical aperture (NA), 20×/0.5 NA or
60×/1.42 NA objectives. Images were analyzed using Volocity software
(Improvision) and Photoshop CS3 (Adobe).
These experiments were generously conducted in collaboration with E.A.
Moseman from the U. von Andrian laboratory.

49

CHAPTER 3: PHENOTYPIC CHARACTERIZATION OF
THE CPG HYPO-RESPONSE IN MOLF/EI MICE
Identification of the CpG hypo-response phenotype in MOLF/Ei peritoneal
macrophages
The molecular mechanisms and pathways involved in intracellular TLR ligand
delivery and trafficking remains largely unknown especially in comparison to their
extracellular TLR counter parts. Intracellular TLRs are thought to be the primary
TLRs that detect viral infections through the recognition of nucleic acid motifs. In
experimental systems, synthetic oligonucleotides and synthetic analogs are used
to mimic the immunostimulatory properties of natural TLR3, TLR7, TLR8 and
TLR9 ligands. It is generally thought that the pathways involved in ligand uptake
and trafficking are shared among all of the intracellular TLRs as ligand specific
receptors have yet to be identified.
In these studies, we took a forward genetics approach to study novel
mechanisms that may be involved in intracellular TLR responses. We chose to
screen TLR response phenotypes in primary peritoneal macrophages in wildderived inbreds strains in comparison to the classical strain, C57BL/6. In animal
models, brewer thioglycollate medium is often used to elicit and enrich for mouse
peritoneal macrophages. Intraperitoneal injection of thioglycollate leads to the
recruitment of peritoneal macrophages that are not activated (Leijh et al., 1984).
Studies have shown that advanced glycation endproducts, which are highly
concentrated in thioglycollate medium, are chemotactic for macrophages
(Kirstein et al., 1990; Li et al., 1997). Thioglycollate was used to elicit
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macrophages into the peritoneal cavity and greater than 80% of these cells stain
positive for the macrophage marker, F4/80 (Figure 3). The percentage of F4/80
positive cells increases upon thioglycollate recruitment of macrophages
compared to steady-state populations (Figure 3A and 3B). MOLF/EI peritoneal
macrophages also comparably stain for F4/80 though their staining pattern is
quite different (Figure 3C).
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Figure 3. F4/80 staining of thioglycollate elicited peritoneal cells
The majority of cells elicited by thioglycollate injection stain positive for the
macrophage marker, F4/80. (A) Peritoneal cells were harvested from naïve
C57BL/6 mice that were not injected with thioglycollate. (B and C) Peritoneal
cells were harvested from mice 3 days after injection with thioglycollate. Data are
representative of two independent experiments.
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Next, the CpG-driven cytokine response was screened in peritoneal
macrophages from several wild-derived inbred strains compared to the classical
strain, C57BL/6 (B6). TLR9 activation was measured by TNF-α cytokine
secretion 4 hours after stimulation with CpG. Peritoneal macrophages from all
mouse strains were responsive to CpG activation except macrophages from the
MOLF/Ei mouse strain which exhibited a hypo-response to CpG with minimal
levels of TNF-α secretion detected (Figure 4). The low levels of TNF-α were
specific to MOLF/Ei as macrophages from other wild-derived strains were CpGresponsive.
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Figure 4. MOLF/Ei peritoneal macrophages are hypo-responsive in TNF-α
production in response to CpG
Peritoneal macrophages from several wild-derived inbred strains and the
classical strain, C57BL/6, were activated with 200nM CpG for 4 hours,
supernatants were then collected to measure TNF-α cytokine production by
ELISA. Data are representative of two independent experiments.
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In order to investigate whether the hypo-responsive phenotype observed
was due to a delay in cytokine kinetics, C57BL/6 and MOLF/Ei peritoneal
macrophages were activated in a time course dependent manner and mRNA
cytokine levels were measured by real-time PCR. Furthermore, we wanted to
explore whether the deficiency observed was TNF-α specific, so in addition to
measuring the TNF-α response, we also measured IL-6 and CXCL1/KC cytokine
production following CpG activation. Peritoneal macrophages were activated for
1 hour, 2 hours and 4 hours and harvested for RNA extraction and cDNA
synthesis following each time point. Cytokine mRNA levels were measured by
real-time PCR. In parallel, additional samples were activated for 6 hours with
CpG, and measured for cytokine secretion by ELISA. Peritoneal macrophages
from C57BL/6 mice produced robust levels of cytokine in response to CpG
activation, in a time-course dependent manner (Figure 5A), which was confirmed
at the protein level when measured by ELISA (Figure 5B). Meanwhile MOLF/Ei
peritoneal macrophages did not produce cytokines in response to CpG activation
when measured at the mRNA and protein levels (Figure 5).
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Figure 5. MOLF/Ei peritoneal macrophages are hypo-responsive in IL-6,
TNF and CXCL1/KC cytokine production in response to CpG
(A) Peritoneal macrophages were stimulated with 200nM CpG for 1, 2
and 4 hours. Cytokine mRNA levels were measured using real-time PCR.
(B) Peritoneal macrophages were stimulated with 200nM CpG for 6 hours,
supernatants were then collected to measure IL-6, TNF-α and CXCL1 cytokine
production by ELISA. Data are representative of three independent experiments.
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Since evolutionary pressures would likely not support a global defect in TLR
activation in a wild-derived mouse strain, we next sought to examine TLR
activation by various ligands. In particular, we wanted to know whether MOLF/Ei
peritoneal macrophages are unresponsive to all endosomal TLR agonists.
Activation of TLR3, TLR7, TLR8 and TLR9 require ligand delivery and
subsequent acidification through the endolysosomal pathway (Blasius and
Beutler, 2010). Therefore I reasoned that if the MOLF/Ei peritoneal macrophage
defect resides within this general pathway, activation of all endosomal ligands
should be affected. IL-6 production by peritoneal macrophages was measured in
response to several agonists: poly(I:C) (TLR3 agonist), Imiquimod and Loxoribine
(TLR7 agonists), CL097 (TLR7 and TLR8 agonist), and E.coli DNA (TLR9
agonist). In addition, macrophages were activated with LPS (TLR4 agonist) to
assess whether the deficiency is restricted to endosomal TLRs or globally
affected all TLRs. IL-6 cytokine response was robust following activation by LPS
and all endosomal TLR agonists tested, including the TLR9 agonist E. coli DNA,
but failed to elicit IL-6 production using CpG DNA (Figure 6A). In fact, MOLF/Ei
peritoneal macrophages are even hyper-responsive in comparison with C57BL/6,
a trait that has been extensively studied in our laboratory and mapped to the
Irak2 locus in MOLF/Ei macrophages (Conner et al., 2010; Conner et al., 2008;
Conner et al., 2009). MOLF/Ei cells differentially regulate pro- and antiinflammatory isoforms of Irak2: MOLF/Ei peritoneal macrophages almost
exclusively express the pro-inflammatory isoform of Irak2 which leads to the
preferential production of IL-6 upon TLR engagement, with the notable exception
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of CpG DNA-driven responses. MOLF/Ei peritoneal macrophages are thus
unresponsive to synthetic bacterial DNA, including A-type and C-type CpG ODN,
and CpG ODN designed from CG dinucleotide regions in the Plasmodium
falciparum (pfCpG) genome but are fully responsive to bacterial DNA derived
from E. coli (Figure 6A and 6B). Furthermore, activation with higher
concentrations of CpG DNA ODNs did not induce cytokine responses. In order to
confirm that the bacterial DNA was endotoxin-free, peritoneal macrophages from
TLR9 deficient animals were activated. IL-6 was produced in response to E. coli
DNA from C57BL/6 and MOLF/Ei but not TLR9 deficient macrophages (Figure
6C). The synthetic CpG DNA used in our studies, also known as CpG ODN
1668, is a 20 base pair oligonucleotide comprised of unmethylated CG
dinucleotide sequences with phosphorothioate linkages. TLR9 recognizes the
dinucleotide CG sequence embedded in conserved motifs which are four times
less abundant (and mostly methylated) in mammalian genomic DNA compared to
bacterial and viral DNA. The observation that MOLF/Ei peritoneal macrophages
can discriminate between synthetic CpG ODN and bacterial CpG DNA as a TLR9
activator is unprecedented and challenges the notion that CpG DNA ODN is a
physiologically relevant TLR9 agonist. We are not aware of other studies that
show a primary mouse peritoneal macrophage to be capable of distinguishing
between a natural and synthetic TLR9 ligand.
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Figure 6. MOLF/Ei peritoneal macrophage defect is restricted to CpG ODN
activation
(A) Peritoneal macrophages were activated for 6 hours and IL-6
production was measured by ELISA with poly (I:C) (10ug/mL), Loxoribine (1mM),
Imiquimod (5ug/mL), CL097 (1ug/mL), E.coli DNA (10ug/mL), LPS 100ng/mL,
CpG (200nM). (B) Peritoneal macrophages were activated with CpG ODN typeA, type-B and type-C and CpG ODN derived from genomic
sequences of Plasmodium falciparum and LPS for 6 hours. IL-6 cytokine
response was measured by ELISA. (C) Peritoneal macrophages were activated
for 6 hours with E. coli DNA (10ug/mL) and IL-6 cytokine response was
measured by ELISA. Data are representative of three independent experiments.
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Characterization of the CpG hypo-response in MOLF/EI macrophages
The activation of TLR9 by either natural or synthetic ligands requires several
known steps involved in ligand internalization. Natural ligands for TLR9 include
both bacterial and viral DNA which activate TLR9 by various pathways. In
general, intact microbes are taken up by cells through the endocytic pathway
which may occur through receptor-mediated endocytosis, phagocytosis or nonspecific fluid phase endocytosis (Blasius and Beutler, 2010). In contrast,
replicated viruses may bud into endosomes and traffic through the endosomal
pathway on their way to being released from the cell wall (Wang et al., 2006).
Alternatively, viruses can fuse with the plasma membrane and be incorporated
into endosomes during viral replication through autophagy (Lee et al., 2007). The
pathway that leads to cellular activation of TLR9 in physiological settings is
clearly dependent on the type of microbe and route of infection.
Cellular uptake of synthetic CpG ODNs is thought to be sequence
independent but aided by the backbone modification, where phosphodiester
deoxyribose backbones are much less efficient than phosphorothioate linked
oligos in cellular up take (Heeg et al., 2008). Therefore phosphorothioatestabilized ODNs are used in most studies of CpG DNA-induced TLR9 activation.
The receptors involved in mediating uptake of exogenous DNA remain uncertain
for both naturally-derived pathogenic DNA and synthetic ODNs. Nevertheless,
one recent study did find that a soluble co-factor, granulin, assists in the uptake
and endosomal delivery of CpG DNA (Park et al., 2011). It is also believed that
length of DNA is critically important for efficient uptake and immunostimulatory
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activity (Roberts et al., 2005). To investigate whether MOLF/Ei peritoneal
macrophages are capable of internalization of CpG DNA, we incubated
macrophages with Alexa Fluor labeled CpG DNA and observed that CpG DNA
uptake was similar between C57BL/6 and MOLF/Ei macrophages (Figure 7).
Using a one-color system we were not able to discern whether CpG was
internalized or simply binding to the exterior of cells. Therefore we used a twocolor streptavidin system with biotinylated CpG to examine whether CpG is
located on the interior or exterior of peritoneal macrophages. In addition to using
two colors of streptavidin to label biotinylated CpG, we also included a
permeabilization step to allow us to discern the localization of CpG in these cells.
Three conditions were set-up for labeling CpG that would determine its
localization. Condition 1 would measure total (inside and outside) CpG, condition
2 would label inside versus outside CpG and condition 3 would only label CpG
localized on the outside of cells (see step by step experimental procedure in
Figure 8). We found that CpG binds to both the interior and exterior of peritoneal
macrophages in both C57BL/6 and MOLF/Ei mice, although MOLF/Ei
macrophages appear to have slightly more external CpG bound than C57BL/6
(Figure 8).

61

Figure 7. CpG uptake in peritoneal macrophages
Peritoneal macrophages were treated with 200nM CpG-3’Alexa Fluor 488 for 1
hour at 37oC and examined for CpG uptake (blue) using FACS analysis.
Cells incubated on ice with labeled CpG were used as a negative control (black).
Data are representative of three independent experiments.
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Figure 8. Inside versus outside CpG uptake in peritoneal macrophages
Peritoneal macrophages were incubated with biotinylated CpG for 20
minutes and treated according to the experimental conditions described. FACS
analysis was used to determine CpG localization. Data are representative of
three independent experiments.
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Following uptake and internalization, CpG DNA rapidly moves into
endolysosomal compartments, where subsequent acidification is critical for TLR9
activation. We reasoned that the defect did not fall within the endosomal
acidification process because all other endosomal TLRs were activated by their
respective ligands. Confocal microscopy was used to examine the
compartmentalization of intracellular CpG. In MOLF/Ei peritoneal macrophages
CpG DNA does not localize to either EEA-1 positive early endosomes or LAMP-1
positive late endosomes (Figure 9). CpG DNA appears undistributed within
MOLF/Ei peritoneal macrophage compartments rather than in the punctate
pattern expected for endolysosomal localization, as seen in C57BL/6
macrophages. These data suggest that the MOLF/EI CpG hypo-response is due
to improper intracellular trafficking.
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Figure 9. Intracellular CpG localization in peritoneal macrophages
Peritoneal macrophages were incubated with 200nM CpG-3’Alexa Fluor 488 for
20 min at 37oC and then fixed for 10 min in 4% PFA. Colocalization was
visualized by labeling endosomal compartments with EEA-1 and LAMP-1
antibodies and Alexa Fluor 647 labeled secondary antibodies. DAPI staining was
used to label nuclei. Data are representative of five independent experiments.
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CpG-ODN complexed with cationic liposomes composed of DOTAP can
enforce endosomal delivery of these complexes to activate TLR9 (Honda et al.,
2005; Yasuda et al., 2005; Yotsumoto et al., 2008). If MOLF/Ei macrophages are
unresponsive to CpG DNA due to a defect of ligand trafficking to endosomal
compartments, then DOTAP delivery of CpG DNA should rescue the cytokine
response downstream of TLR9 activation. MOLF/Ei peritoneal macrophages
were activated with CpG-ODN complexed with DOTAP in order to bypass
endolysosomal trafficking and directly deliver CpG DNA to TLR9. While MOLF/Ei
peritoneal macrophages activated with uncomplexed CpG DNA produce minimal
amounts of IL-6, macrophages stimulated by CpG DNA complexed with DOTAP
produce IL-6 cytokine levels comparable to C57BL/6 (Figure 10).
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Figure 10. DOTAP delivery of CpG in peritoneal macrophages
Peritoneal macrophages were transfected with 200nM CpG complexed with
DOTAP for 24 hours. Supernatants were then collected and IL-6 cytokine was
measured by ELISA. Data are representative of three independent experiments.
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MOLF/EI BMDM and BMDC are responsive to CpG DNA
We next wanted to examine whether the CpG hypo-response can be observed in
other myeloid cell populations or is restricted only to peritoneal macrophages.
We matured macrophages and dendritic cells from C57BL/6 and MOLF/Ei bone
marrow and activated them with TLR agonists. MOLF/Ei bone marrow derivedmacrophages (BMDMs) and bone marrow-derived dendritic cells (BMDCs)
produce cytokines in response to CpG and other TLR stimulation (Figure 11). We
next examined TLR9-mediated activation of MAP kinase and NF-κB activation
following CpG stimulation using western blot analysis. We observed differences
in the kinetics of MAP kinase activation, specifically ERK and JNK activation
were not sustained as long in MOLF/Ei BMDMs as compared to C57BL/6
BMDMs, whereas p38 activation was more comparable between the strains
(Figure 12A). Phosphorylation of p105 was similar between C57BL/6 and
MOLF/Ei while pIKKα/β was not sustained in MOLF/Ei compared to C57BL/6
(Figure 12B). Collectively theses data suggest that while MOLF/Ei BMDCs and
BMDMs are responsive to CpG the key signaling pathways are differentially
regulated between the strains due to genetic differences.
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Figure 11. BMDM and BMDC CpG response
(A) BMDMs were activated with 200nM CpG, 5ug/mL Imiquimod or
100ng/mL LPS for 6 hours, cytokine responses were measured by ELISA.
(B) BMDCs were activated for 6 hours with CpG and IL-6 response was
measured by ELISA. Data are representative of three independent experiments.
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Figure 12. Signal transduction analysis in BMDM
(A) MAP kinase pathways were examined in protein lysates from C57BL/6 and
MOLF/Ei BMDMs after activation with 200nM CpG. (B) NF-κB pathway proteins
were examined after CpG activation in C57BL/6 and MOLF/Ei BMDMs. Data are
representative of three independent experiments.
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MOLF/Ei mice respond to CpG in vivo
Although the focus of our inquiries centers on the CpG response in
macrophages, we wanted to extend our characterization of the CpG hyporesponsive phenotype in vivo. Serum IL-6 levels were measured 4 hours after
intraperitoneal injection of 20 ug of CpG. Comparable levels of serum IL-6 were
detected following CpG injection between C57BL/6 and MOLF/Ei mice (Figure
13). We next wanted to assess shock-mediated death by CpG in C57BL/6 and
MOLF/Ei mice by using the well-established D-galactosamine (D-GalN) model.
D-GalN treatment leads to hepatocyte sensitization and subsequent TLR-induced
proinflammatory cytokine production leads to liver injury and death. Interestingly,
we observed that by 16 hours post injection of CpG+D-GalN, all C57BL/6 mice
succumbed to liver injury and death while all MOLF/Ei mice were still alive and by
72 hours after injection, 75% of the MOLF/Ei mice were still alive (Figure 14).
Therefore, MOLF/Ei mice appear to be more resistant to CpG-induced shockmediate death compared to C57BL/6 mice. Although a more thorough in vivo
assessment would determine which cell type(s) respond to CpG and are more
critical in the pathways involved in shock-mediated death, it is not surprising that
there are responsive cell types because MOLF/Ei BMDMs and BMDCs are also
CpG responsive (Figure 11). Collectively these observations show that immune
cells from MOLF/Ei mice are capable of responding to CpG and likely have
systemic regulatory networks that are genetically distinct compared to C57BL/6.
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Figure 13. MOLF/Ei mice respond to CpG in vivo
C57BL/6 and MOLF/Ei mice were challenged intraperitoneally with 20ug
CpG. Serum IL-6 levels were measured 4 hours after injection by ELISA.
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Figure 14. MOLF/Ei mice are more resistant than C57BL/6 to CpG-induced
liver damage in vivo
C57BL/6 and MOLF/Ei mice were sensitized to liver damage by Dgalactosamine and treated with 20ug of CpG. Viability was assessed at 16 hours
and 72 hours post injection.
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Conclusions
The data presented here describe a novel phenotype that is unique to a wildderived inbred strain, MOLF/Ei, compared to other wild-derived strains and the
classical inbred strain, C57BL/6. Peritoneal macrophages from MOLF/Ei are
hypo-responsive to CpG DNA activation while completely responsive to TLR3,
TLR7, TLR8 and TLR4 agonists. Furthermore, the CpG DNA ODN defect is not
dose dependent as even higher concentrations of ODNs were not capable of
inducing a cytokine response in MOLF/Ei peritoneal macrophages. Intriguingly,
MOLF/Ei peritoneal macrophages are activated by another TLR9 agonist, E. coli
DNA. Microscopy data shows that CpG DNA is internalized by MOLF/Ei
macrophages but does not correctly traffic into endolysosomal compartments.
The uniqueness of this defect suggests there are different trafficking receptors
utilized by endosomal TLR ligands and these trafficking receptors can
discriminate between synthetic and natural TLR9 ligands. DOTAP delivery of
CpG DNA rescued the defect, again supporting the notion that MOLF/Ei
peritoneal macrophages do not traffic CpG correctly to activate TLR9.
Meanwhile, MOLF/Ei BMDMs and BMDCs are responsive to CpG activation –
these cells were produced by in vitro differentiation of bone marrow cells with cell
lineage specific growth factors, a process that undoubtedly leads to some degree
of genetic reprogramming which may account for phenotypic changes.
Nevertheless, there are CpG responsive cell types in naïve MOLF/Ei mice as
demonstrated by in vivo serum cytokine production in response to CpG injection.
The novelty of the CpG hypo-response that is unique to MOLF/Ei peritoneal
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macrophages affords us a model to use in forward genetic studies that will aim to
uncover pathways and mechanisms involved in CpG DNA-driven cytokine
responses of TLR9 activation.
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CHAPTER 4: GENETIC MAPPING OF THE CPG HYPORESPONSE IN MOLF/EI MICE: IDENTIFICATION OF TWO
LOCI INVOLVED IN CPG-DRIVEN RESPONSES
In Chapter 3 I identified and characterized a novel TLR hypo-responsive
phenotype in peritoneal macrophages from a wild-derived MOLF/Ei inbred
mouse strain. MOLF/Ei mice belong to a different Mus musculus subspecies from
classical laboratory strains and are more than one million years divergent.
Nonetheless these strains can be crossed with classical strains thus producing
genetically diverse progeny. I therefore took a forward genetic approach to
dissect the underlying genetic basis for the CpG hypo-responsive phenotype in
MOLF/Ei mice.
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Genetic characterization of the MOLF/Ei CpG hypo-response
In order to examine the pattern of inheritance for the CpG hypo-responsive trait,
we examined changes in gene expression upon CpG stimulation in F1 (C57BL/6
x MOLF/Ei) and C57BL/6 peritoneal macrophages. We used microarray analysis
to examine genome-wide changes in gene-expression following CpG stimulation
in an unbiased way. Analysis of the F1 phenotype is a fundamental component of
classical genetic analysis, which can establish the genetic character of the trait
as well as its mode of inheritance. We found that several genes were either
selectively downregulated or their expression levels did not change over baseline
in F1 hybrids compared to C57BL/6 following CpG activation. Notably, IL-α,
Ptgs2 and Cxcl1 were all selectively downregulated in F1 compared to C57BL/6
macrophages following CpG activation (Figure 15). In addition, we used
microarray analysis to select the most informative cytokines for use as our
phenotypic read-outs in our mapping studies.
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Figure 15. Microarray heat map of CpG activated C57BL/6 and F1 peritoneal
macrophages
Peritoneal macrophages from C57BL/6 and F1 (C57BL/6 x MOLF/Ei) were
activated with 200nM CpG for 4 hours and RNA was harvested for microarray
analysis. Heat map shows a representative list of genes that were selectively upregulated or down-regulated or did not change above basal expression levels.
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To validate the cytokine candidates and explore the penetrance of the
hypo-responsive trait, we performed real-time PCR, which was further confirmed
by ELISA to measure cytokine production in response to CpG stimulation in F1
hybrids (C57BL/6 x MOLF/Ei) compared to each of the parental strains. We
observed a difference in CpG responses in macrophages from F1 hybrids,
depending on the cytokine analyzed. F1 macrophages produced negligible
amounts of TNF-α, IL-12p40 and IL-10 cytokine mRNA following CpG activation
at various times while producing a more moderate amount of IL-6 mRNA (Figure
16A). When we measured TNF-α and Cxcl1/KC protein responses evoked by
CpG in F1 (C57BL/6 x MOLF/Ei), cytokine levels were below the detection limit,
recapitulating the phenotype observed in the MOLF/Ei parental response.
However, when we measured IL-6 production, F1 mice produced a more
intermediate cytokine response compared to each of the parental strains (Figure
16B). We reasoned that IL-6 mRNA and protein were detected upon CpG
stimulation in F1 macrophages because of the contribution of the MOLF/Ei proinflammatory Irak2 allele, which preferentially induces IL-6 production. Given that
C57BL/6 contributes half of the genome of F1 hybrids, any gene(s) involved in
CpG sensing or signaling would contribute to a permissive phenotype, which is
more readily measured by IL-6 production. These conclusions are also supported
by the IL-6 specific hyper-response we observe in MOLF/Ei macrophages
following activation with other TLR agonists (Figure 6). Collectively this data
suggests that the cytokine chosen as the CpG phenotype read-out may be
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critical in determining whether dominant or recessive genes are revealed in the
subsequent mapping studies.
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Figure 16. Inflammatory cytokine production in peritoneal macrophages
from C57BL/6, MOLF/Ei and F1 (C57BL/6xMOLF/Ei) mice
(A) Cytokine production in response to 200nM CpG activation was measured
by real time PCR using taqman based probes. (B) Cytokine production was
measured using ELISA 6 hours after activation with 200nM CpG. Data are
representative of three independent experiments.
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Furthermore, we have observed a skewing of F1 CpG responses in the
signaling pathway upstream of cytokine production. Peritoneal macrophages
from C57BL/6 and F1 mice were stimulated with CpG and activation of MAP
kinases was analyzed by immunoblot. Upon CpG activation, we saw no
phosphorylation of ERK and JNK in F1 macrophages, but phosphorylation of p38
was readily detected (Figure 17). This confirms our earlier observation that
IRAK2 specifically hyper-activates p38 MAP kinases, but not ERK and JNK
kinases, which leads to excessive production of IL-6. It has been reported that
p38 directly stabilizes and enhances the production of IL-6 transcripts (Zhao et
al., 2008).
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Figure 17. Analysis of the CpG signal transduction pathway in C57BL/6 and
F1 peritoneal macrophages
Peritoneal macrophages from C57BL/6 and F1 (C57BL/6xMOLF/Ei) were
activated with 200nM CpG and MAP kinase pathways were examined by western
blot analysis. Data are representative of two independent experiments.
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QTL analysis of CpG hypo-responsiveness
Because F1 analysis revealed that the hypo-responsiveness to CpG seen in
MOLF/Ei is a heritable trait, we used a forward genetics approach to analyze the
CpG response. The differential cytokine phenotype observed in F1 mice
suggests that multiple genes are likely involved in CpG-induced cytokine
responses. Furthermore, given the high degree of genetic polymorphism
between wild-derived and classical inbred strains, it is expected that the CpGdefect is a complex trait that is conferred by multiple genes. The chosen cytokine
used as the phenotypic read-out will largely influence mode of transmission of
the trait and determine whether dominant or recessive genes are revealed in our
genetic studies. Genome-wide QTL analysis was performed by generating N2
backcross mice with varying degrees of genetic contributions from both strains of
mice. All mice are phenotyped and genotyped for all chromosomes and linkage
analysis is performed using the QTX software program (Figure 18).
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Figure 18. Experimental outline for genome-wide QTL linkage analysis
Phenotyping of peritoneal macrophages from N2 mice is conducted by examining
cytokine production in response to CpG activation. Genome-wide genotyping is
performed by PCR analysis of polymorphic microsatellite markers. Amplified
PCR products are then resolved on a 3% agarose gel to determine haplotype, a
single PCR product indicates a homozygous haplotype and a double PCR
product signifies a heterozygous haplotype. Linkage analysis is performed using
the QTX program.
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N2 mapping panel: F1 (C57BL/6 x MOLF/Ei) x C57BL/6, TNF mRNA read-out
In our first mapping panel, we generated N2 mice by backcrossing F1 (C57BL/6
x MOLF/Ei) to the C57BL/6 parental strain. In this breeding scheme, each allele
is either heterozygous for both parental strains or homozygous for the C57BL/6
strain. We used CpG induced TNF-α production as our phenotypic read-out
because we backcrossed F1 hybrids to the C57BL/6 parental strain: F1 hybrids
produce undetectable amounts of TNF-α in response to CpG activation, therefore
backcrossing to the C57BL/6 parental strain will provide CpG-responsive genes.
This backcross strategy should reveal genes that are dominant for the CpG
hypo-response. Genome-wide QTL analysis uncovered linkage to a locus on
Chromosome 17 that conferred CpG hypo-responsiveness with a statistically
significant LOD score of 4.43 and 3.35 (Figure 19). The linkage peak interval on
Chromosome 17 spans 33,737,692 – 37,619,251 base pairs, with the highest
peak at marker D17Mit34. Phenotypic sorting based on genotype at D17Mit34
reveals that heterozygosity is associated with low TNF-α cytokine response by
CpG activation, mirroring the MOLF/Ei parental strain phenotype (Figure 20).
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Figure 19. N2 backcross panel: F1(C57BL/6xMOLF/Ei) x C57BL/6 genomewide QTL analysis
Peritoneal macrophages from 63 N2 mice were activated with 200nM
CpG for 4 hours and TNF-α mRNA expression levels were measured using realtime PCR. Genome-wide QTL analysis shows linkage to a locus on Chromosome
17.
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Figure 20. Phenotypic spread and genotypes of N2 mice at D17Mit24
The phenotypic spread in TNF-α production after 200nM CpG activation in
peritoneal macrophages from N2 mice grouped by genotype at marker D17Mit24.
Statistical significance was measured using a two-tailed student’s t-test.
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Candidate genes were selected within this interval based on immune
function likelihood and alignment with the initial characterization of the phenotype
(Table 2). Within this interval there are several genes with known roles in
immune function, such as the family of histocompatibility 2 proteins. This
collection of genes is also known as the H-2 complex, which determine the MHC
haplotype expressed by that individual. However, we identified the Tnf gene as
our likely candidate because TNF-α cytokine was used as our phenotypic readout. In order to dismiss the possibility that we may have mapped back to our
read-out due to an inherent genetic difference in TLR-induced TNF-α production
between C57BL/6 and MOLF/Ei peritoneal macrophages, we examined TNF-α
production in peritoneal macrophages in response to a variety of TLR agonists
between the two strains. While MOLF/Ei peritoneal macrophages robustly
produced IL-6 and Cxcl1/KC in response to TLR stimulation (Figure 21A and
21B), with the notable exception of CpG, TNF-α responses were globally
attenuated in comparison to C57BL/6 macrophage responses (Figure 21C). This
observation has been previously noted in our laboratory in studies that examined
an LTA-induced hyper-responsiveness in MOLF/Ei macrophages which was
observed in IL-6 production but not for TNF-α production (Conner et al., 2008).
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Table 2. List of candidate genes on Chromosome 17

List of a subset of genes found within the linkage interval on Chromosome 17
from N2 mice: F1 x C57BL/6 using TNF-α mRNA CpG response as the read-out.
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Figure 21. MOLF/Ei TNF-α cytokine response is attenuated upon TLR
stimulation compared to C57BL/6
Peritoneal macrophages were activated with CpG 200nM, Imiquimod (5ug/mL),
CL097 (1ug/mL) for 6 hours and LPS 100ng/mL for 4 hours. (A) IL-6
(B) Cxcl1/KC and (C) TNF-α cytokine production was measured by ELISA.
Data are representative of at least three independent experiments.
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Mapping back to our phenotypic read-out led us to dismiss the results we
obtained from this mapping panel. TNF-α biosynthesis is tightly controlled at
multiple levels to ensure that without proper exogenous stimuli the cytokine is not
produced. TNF-α production is also regulated post-transcriptionally. AU-rich
elements located within TNF-α 3’ UTR can interact with a variety of proteins that
either serve to stabilize the transcript or promote decay. Furthermore, miR369
was recently found to bind to a target site in the TNF-α 3’ UTR (Anderson, 2010).
We speculate that MOLF/Ei peritoneal macrophages genetically regulate TNF-α
biosynthesis and stability differently from C57BL/6 macrophages based on our
mapping and phenotyping data. Collectively, we reasoned that using TNF-α
cytokine production as a CpG phenotypic read-out did not fully and specifically
reflect the CpG-defect and we therefore modified our mapping strategy in our
next genetic studies.
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N2 mapping panel: F1 (C57BL/6 x MOLF/Ei) x MOLF/Ei, IL-6 protein
secretion read-out
In this next mapping panel we generated N2 mice by backcrossing F1 (C57BL/6
x MOLF/Ei) to the MOLF/Ei parental strain. In this breeding scheme, each allele
is either heterozygous for both parental strains or homozygous for MOLF/Ei.
CpG-driven IL-6 production was used as the read-out in this reciprocal N2 panel
because IL-6 is the only detectable cytokine in CpG activated F1 macrophages.
By breeding back to the MOLF/Ei parental strain we should reveal genes that are
recessive for the CpG hypo-response and are responsible for the absence of
CpG-induced TNF-α and Cxcl1/KC cytokine production. Genome-wide QTL
analysis uncovered linkage to a locus on Chromosome 2 that conferred CpG
hypo-responsiveness with an LOD score of 4.56 (Figure 22). Homozygosity at
this locus, between D2Mit2 and D2Mit361, was concordant with the MOLF/Ei
parental phenotype for CpG hypo-responsiveness. We genotyped a total of 65
mice at this locus and determined that a candidate gene is contained within this
3cM interval. We scanned this interval for relevant genes (Table 3) and identified
as our first candidate gene, Mrc1 (mannose receptor C type 1), due to its known
function as a receptor involved in endocytosis and intracellular trafficking in
immune responses (Geijtenbeek and Gringhuis, 2009).
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Figure 22. N2 backcross panel: F1 (C57BL/6 x MOLF/Ei) x MOLF/Ei genomewide QTL analysis
Peritoneal macrophages from 53 N2 mice were activated with 200nM CpG for 6
hours and IL-6 production was measured by ELISA. QTL analysis shows linkage
to a locus on Chromosome 2.
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Table 3. List of candidate genes on Chromosome 2.

List of a subset of genes found within the linkage interval on Chromosome 2 from
N2 mice: F1 x MOLF/Ei using IL-6 ELISA CpG response read-out.
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We measured Mrc1 mRNA expression levels in peritoneal macrophages
from parental strains and F1 mice. The levels of Mrc1 mRNA expression in
C57BL/6, MOLF/Ei and F1 mice mirrored the results from our CpG phenotyping:
MOLF/Ei peritoneal macrophages express very low levels of Mrc1, while F1 mice
exhibit a moderate level of expression with C57BL/6 having the highest
expression level (Figure. 23). Mrc1 is our first promising gene candidate that we
hypothesize is conferring the CpG hypo-responsive phenotype observed in
MOLF/Ei peritoneal macrophages. Our follow-up studies on the role of mannose
receptor in CpG-driven cytokine production are presented in Chapter 5.
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Figure 23. Mrc1 mRNA expression levels in parental strains and F1 hybrid
Peritoneal macrophages from C57BL/6, MOLF/Ei and F1 hybrids were assessed
for Mrc1 mRNA expression levels using taqman specific real-time PCR probes.
Data are representative of five independent experiments.
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From our studies examining the role of the mannose receptor in
macrophage CpG responses, we conclude that Mrc1 is the primary genetic
deficiency that confers the CpG hypo-responsive phenotype in MOLF/Ei
peritoneal macrophages. Interestingly, Mrc1 does not seem to play a role in CpG
responses in C57BL/6 mice, as macrophages from C57BL/6Mrc1-/- mice are fully
responsive to CpG activation (data presented in Chapter 5). Therefore, we
believe that the mannose receptor is a unique requirement for the CpG response
in wild-derived MOLF/Ei mice but not in classical laboratory inbred mouse
strains. Furthermore, we hypothesize that there must be additional genes that
are critical for CpG-driven responses that can be revealed through alternative
mapping strategies.
In the previous N2 panel of mice generated by backcrossing F1 (C57BL/6 x
MOLF/Ei) to the MOLF/Ei parental strain, the genomic contribution from C57BL/6
in these mice is approximately 25%. In order to map to CpG-responsive genes
that are more likely required in classical inbred mouse strains, we again
generated N2 mice by backcrossing F1 to the C57BL/6 parental strain; these
mice receive 25% of their genomic contribution from MOLF/Ei and 75% from
C57BL/6. Despite being more genetically similar to C57BL/6 than MOLF/Ei we
still observe mice with low peritoneal macrophage CpG responses. This
observation further supports our goal to genetically map additional genes that are
critical for CpG-driven responses.
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N2 mapping panel: F1 (C57BL/6 x MOLF/Ei) x C57BL/6, Cxcl1/KC protein
secretion read-out
N2 mice were generated by backcrossing F1 hybrids to the C57BL/6 parental
strain. For this panel we chose Cxcl1/KC protein cytokine production as our readout. F1 hybrids produce minimal amounts of Cxcl1/KC in response to CpG
activation, mirroring the MOLF/Ei CpG phenotype (Figure 16B). Seventy N2 mice
were analyzed for genome-wide linkage analysis for CpG hypo-responsiveness.
QTL analysis revealed linkage to a locus on chromosome 13 (Figure 24). In order
to increase the resolution of our mapping, an additional 90 N2 mice were
analyzed to fine-map linkage for the trait on this locus on Chromosome 13 to
within an interval of about 4Mb. I designed additional microsatellite markers
within this interval because there were no published markers listed on the mouse
genome informatics database between D13Mit311 and D13Mit310 (Figure 25).
Using these newly designed markers sequencing analysis was used to find
strain-specific SNPs in F1 hybrids. For example at base pair 125 F1 hybrids have
both a T and G nucleotide (one from each parental strain), while C57BL/6 have a
T at that position and MOLF/Ei have a G at that position (Figure 25). Using this
method, we analyzed three new polymorphic markers, D13_5, D13_122 and
D13_138 to fine map this region.
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Figure 24. N2 backcross panel: F1 (C57BL/6 x MOLF/Ei) x C57BL/6 genomewide QTL analysis

Peritoneal macrophages from 160 N2 mice were activated with 200nM CpG for 6
hours and Cxcl1 production was measured by ELISA. Genome-wide QTL
analysis shows linkage to a locus on Chromosome 13.
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Figure 25. Fine mapping of Chromosome 13
Fine mapping of Chromosome 13 between the conventional D13Mit311 and
D13Mit 310 microsatellite markers using a sequence-based approach. Three
new microsatellite markers were used to fine map the interval, D13_5, D13_122
and D13_138.
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Genome-wide QTL analysis revealed an LOD score of 18.4 at the D13Mit311
marker. The additional data provided by the new microsatellite markers allowed
us to determine that our linkage peak spanned the region between D13Mit311
and D13_122. C57BL/6 homozygosity at D13Mit311 resulted in higher Cxcl1/KC
cytokine production in response to CpG activation compared to heterozygosity
(Figure 26).
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Figure 26. Phenotypic spread and genotypes of N2 mice at D13Mit311
The phenotypic spread in Cxcl1/KC production after 200nM CpG activation for 6
hours in peritoneal macrophages from N2 mice grouped by genotype at the QTL
linkage marker, D13Mit311. Statistical significance was measured using a twotailed student’s t-test.
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On this linkage interval there are only a handful of candidate genes, of
which Ctsl (Cathepsin L) stood out as the most relevant (Figure 27). Optimal
activation of TLR9 by CpG DNA requires a proteolytic cleavage event executed
by members of the cathepsin family of proteases (Ewald et al.; Ewald et al.,
2008; Matsumoto et al., 2008; Park et al., 2008). Given our previous findings and
the observation that the second defect appears to be downstream of CpG
delivery but upstream of receptor activation, we pursued cathepsin L (CatL) as
our candidate gene. Examination of CatL mRNA levels in parental peritoneal
macrophages and F1 hybrids revealed that mRNA expression levels were
attenuated in F1 hybrids and MOLF/Ei compared to C57BL/6, as assessed by
real-time PCR (Figure 28). More thorough studies examining the role of
cathepsin L in CpG responses are detailed in Chapter 6.
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Figure 27. Candidate genes on Chromosome 13
Schematic representation of candidate genes on Chromosome 13 in relation to
genotyping markers along the linkage interval.
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Figure 28. Cathepsin L expression in peritoneal macrophages
RNA from C57BL/6, F1 (C57BL/6 x MOLF/Ei) and MOLF/Ei peritoneal
macrophages were harvested for real-time PCR expression analysis of cathepsin
L mRNA. Data are representative of at least three independent experiments.
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Conclusions
Forward genetic mapping in panels of N2 backcross mice has revealed two
promising gene candidates that were genetically linked to conferring CpG-driven
responses in peritoneal macrophages. Our first N2 mapping panel generated by
backcrossing F1 (C57BL/6 x MOLF/Ei) to the C57BL/6 parental strain revealed
linkage to the TNF-α locus. Genome-wide analysis was performed using CpGdriven TNF-α responses in N2 peritoneal macrophages, suggesting that TNF-α
may be genetically differentially regulated between the two strains of mice. This
notion was confirmed by the observation that the pattern of cytokine responses to
various TLR ligands is not replicated in the same ligands, with the notable
exception of responses to CpG; while Cxcl1/KC responses were comparable
between C57BL/6 and MOLF/Ei, and MOLF/Ei exhibited IL-6 specific hyperresponsiveness to TLR ligands, TNF-α responses were attenuated in MOLF/Ei
compared to C57BL/6 (Figure 21).
The two genetic mapping panels that subsequently followed proved to be
fruitful and yielded two different gene candidates: Mrc1 and Ctsl as regulators of
CpG-driven cytokine responses in peritoneal macrophages. N2 mice that were
homozygous for the MOLF/Ei allele of Mrc1 were low CpG responders while
mice that were heterozygous were higher responders. With regard to Ctsl, N2
mice that were homozygous for the C57BL/6 allele were high responders to CpG,
while low responders were heterozygous for the C57BL/6 and MOLF/Ei alleles.
The next chapters will detail our studies examining the role of these genes in
CpG responses.
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CHAPTER 5: THE MANNOSE RECEPTOR IS INVOLVED
IN CPG TRAFFICKING IN MOLF/EI MACROPHAGES TO
ACTIVATE TLR9

CpG DNA is internalized by innate cells and trafficked into endolysosomal
compartments for TLR9 activation. While some studies support the notion that
receptor-mediated endocytosis is involved in CpG internalization, others suggest
that ligand uptake is receptor independent. Granulin was recently described as a
soluble cofactor involved in CpG ligand trafficking and delivery to TLR9 (Park et
al., 2011). However receptors involved in this process remain unknown. Based
on the initial studies in which I characterized the CpG hypo-responsive
phenotype, we know that CpG is internalized by MOLF/Ei peritoneal
macrophages however ligand trafficking and thus delivery to TLR9 appears to be
defective (Figures 7-10). It is possible that granulin is aiding in CpG
internalization in MOLF/Ei peritoneal macrophages but does not play a role in its
trafficking. Bearing this knowledge, we sought to pursue gene candidates that
are congruent with our current understanding of the CpG defect in MOLF/Ei
peritoneal macrophages.
Genetic mapping studies described in Chapter 4 revealed a locus that
contained the Mrc1 gene to confer the CpG hypo-responsive phenotype
observed in MOLF/Ei peritoneal macrophages. QTL analysis demonstrated that

108

homozygosity for the MOLF/Ei allele for Mrc1 is highly associated with low CpG
responses while heterozygosity is associated with higher CpG responses.
The Mrc1 gene encodes the macrophage mannose receptor (CD206),
which is a C type lectin that is primarily expressed in dendritic cells and
macrophages. The overall structure of the mannose receptor includes an
extracellular region that contains a cysteine-rich (CR) domain, a domain that
contains fibronectin type two repeats (FNII), eight C-type lectin-like carbohydrate
recognition domains (CTLDs), a transmembrane domain, and a short
cytoplasmic tail that lacks known signaling motifs. The mannose receptor CTLD4
requires two Ca2+ for sugar binding located along a conserved loop that is unique
to this CTLD4. This extended loop has been described as a pH sensor that is
important for ligand delivery and releases ligands upon endosomal acidification
(Feinberg et al., 2000; Mullin et al., 1997). Once ligands have dissociated from
the mannose receptor, empty receptors recycle back to the plasma membrane.
Although the receptor was originally discovered for its role in clearing
endogenous glycoproteins it is now clear that the mannose receptor can bind to
many ligands of microbial origin, as the mannose sugar is commonly found on
microbial surfaces (Fraser et al., 1998; Gazi and Martinez-Pomares, 2009).
Pathogens recognized by mannose receptor include Candida albicans,
Leishmania, Mycobacterium tuberculosis and Streptococcus pneumonia (Taylor
et al., 2005). In this way, the mannose receptor is considered a pattern
recognition receptor, albeit without known signaling capabilities.
One of the primary functions of the mannose receptor is its role as an
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endocytic receptor as it constitutively recycles between the plasma membrane
and the endocytic pathway with only ~15% of the cellular pool on the cell surface
(Gazi and Martinez-Pomares, 2009). A soluble form of the mannose receptor
(sMR) has been described as being manipulated by pathogens to their
advantage. For example, Pneumocystis carinii enhances sMR production by
macrophages in order to hinder its internalization because sMR coated P. carinii
are internalized less efficiently (Fraser et al., 2000). The mannose receptor has
also been implicated in the process of antigen uptake for presentation to T cells,
however more conclusive in vivo studies are needed to determine whether the
mannose receptor serves to enhance antigen acquisition for presentation.
In this Chapter I present studies that validate Mrc1 as our candidate gene
and examine its role in CpG-driven cytokine responses.
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Identification of the Mrc1 genetic lesion responsible for low mannose
receptor expression in MOLF/Ei
Based on the known functions and roles of the mannose receptor, Mrc1 was
chosen as a candidate gene. Mrc1 mRNA expression was analyzed by real-time
PCR in parental strains and F1 peritoneal macrophages and BMDMs (Figure
29A). We chose to examine expression levels in BMDMs because it is known
that macrophage colony-stimulating factor (M-CSF) can drive the expression of
Mrc1 (Martinez et al., 2006). The expression pattern of Mrc1 mRNA follows the
IL-6 response to CpG activation (Figure 29B).
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Figure 29. Mrc1 mRNA expression correlates to CpG-responsiveness
(A) Peritoneal macrophage and BMDM Mrc1 expression levels were measured
using real time PCR in nonactivated cells. (B) IL-6 cytokine response to CpG was
measured using ELISA after 6 hours of activation. Data are representative of 3-5
independent experiments.
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The promoter region of Mrc1 was examined to determine if there were
genetic polymorphisms unique to MOLF/Ei that could account for the low
expression levels of Mrc1. We sequenced ~800 base pairs upstream of the
transcriptional start site for Mrc1 into the promoter region in three classical inbred
strains (C57BL/6, BALB/c, CBA) in addition to three wild-derived strains
(CZECH/Ei, MSM/Ms, MOLF/Ei) from genomic DNA. Several SNPs were found
that were shared among the wild-derived strains that were not found in the
classical strains. Additional SNPs were found unique to MOLF/Ei that were not
found in the other wild-derived strains. Most notably, however, was a significant
deletion of 162 base pairs of GT repeats unique to MOLF/Ei that was not
observed in the other wild-derived strains or in the classical strains (Figure 30).
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Figure 30. Mrc1 promoter region sequencing
(A) Mrc1 promoter sequencing in C57BL/6, BALB/c, CBA, CZECH/Ei, MSM/Ms
and MOLF/Ei strains. SNPs unique to wild-derived mice are highlighted yellow
and those unique to MOLF/Ei are highlighted green. GT repeats are in red and
green sequences are unique to wild-derived strains. (B) A schematic summary of
Mrc1 promoter sequencing.
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We sought to determine whether this deletion was the genetic lesion that
conferred low Mrc1 expression levels in MOLF/Ei peritoneal macrophages. The
Mrc1 promoter region was cloned from C57BL/6, MSM/Ms, MOLF/Ei and
CZECH/Ei mice into the pGL4.20 vector. RAW264.7 macrophages were then
transfected with these constructs. A luciferase-based reporter gene assay was
used to measure promoter function. We observed low promoter activity that was
unique to the MOLF/Ei promoter construct, suggesting that the GT deletion found
in the MOLF/Ei Mrc1 promoter accounts for its low expression levels
macrophages (Figure 31). From these data I conclude that we identified the
genetic lesion in MOLF/Ei responsible for low Mrc1 mRNA expression.
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Figure 31. Strain specific reporter gene analysis of the Mrc1 promoter
RAW264.7 cells were stably transfected with constructs containing the
GT repeat deletion area in the Mrc1 promoter regions from C57BL/6, MSM/Ms,
MOLF/Ei, and CZECH/Ei fused to luciferase. Cells were stimulated with 200nM
CpG for 2 hours and luciferase was quantified as a measure of promoter activity.
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The Mannose receptor is involved in CpG delivery in MOLF/Ei
macrophages
Treatment with M-CSF upregulates transcriptional activation of Mrc1 in
macrophages. We believe that this phenomenon renders MOLF/Ei BMDMs
responsive to CpG. If differences in levels of Mrc1 mRNA expression contribute
to the opposing phenotypes observed in the CpG response in peritoneal
macrophages versus BMDMs, then down-regulation of Mrc1 in BMDMs should
affect their CpG response. To test this hypothesis, I used a lentiviral system to
introduce (mRNA) Mrc1 targeting shRNA hairpins. BMDMs from C57BL/6 and
MOLF/Ei were matured in M-CSF conditioned media and cells were transduced
with control shRNA and Mrc1 shRNA containing lentiviral particles. Following
lentiviral transduction, Mrc1 mRNA expression levels were measured by realtime PCR which showed macrophages transduced with Mrc1 shRNA exhibited
90% less Mrc1 mRNA expression compared to control shRNA samples (Figure
32A). BMDMs were then activated with CpG to assess the contribution of Mrc1
expression on cytokine responses. Mannose receptor knockdown in MOLF/Ei
BMDMs reduced the amount of IL-6 produced in response to CpG, while
knockdown in C57BL/6 BMDMs did not alter their CpG response (Figure 32B).
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Figure 32. Mrc1 knockdown attenuates MOLF/Ei CpG responses in BMDMs
Lentivirus was used to knockdown Mrc1 expression in BMDMs. (A) Knockdown
efficiency was measured by real-time PCR using taqman specific probes for
Mrc1. Mrc1 expression levels were compared between control shRNA and Mrc1
shRNA samples to determine knockdown efficiency. (B) IL-6 cytokine production
was measured 6 hours after activation with 200nM CpG by ELISA. Data are
representative of five independent experiments.
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We wanted to extend the observation that expression of the mannose
receptor contributes to CpG responsiveness into another cell type. Therefore we
examined CpG responses in mouse embryonic fibroblasts (MEFs) from C57BL/6
and MOLF/Ei. We reasoned that if knockdown of (mRNA) Mrc1 in MEFs also
affected CpG responsiveness, it would confirm and support our previous
observation in BMDMs. TLR responses were similar in MEFs between the
strains, measured by IL-6 cytokine production in response to CpG and LPS
activation (Figure 33A). MEFs were then transduced with either control shRNA or
Mrc1 shRNA and activated with CpG and IL-6 cytokine production was
measured. We again observed a MOLF/Ei specific effect on the CpG response in
mannose receptor knockdown MEFs (Figure 33B).
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Figure 33. Mrc1 knockdown attenuates MOLF/Ei MEF CpG response
(A) C57BL/6 and MOLF/Ei MEFs were activated with 200nM CpG for 6 hours
and 100ng/mL LPS for 4 hours. IL-6 response was measured by ELISA.
(B) MEFs were transduced with control shRNA or Mrc1 shRNA and then
activated with 200nM CpG for 4 hours. IL-6 cytokine response was measured by
real-time PCR. Data are representative of two independent experiments.
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MOLF/Ei BMDMs have restored Mrc1 mRNA expression through M-CSF
driven genetic reprogramming. We wanted to extend this notion and see whether
Mrc1 expression could be induced and therefore restore CpG responses in
MOLF/Ei peritoneal macrophages by incubation with M-CSF. By three days of
treatment with M-CSF, MOLF/Ei peritoneal macrophages were slightly more
responsive to CpG activation compared to samples that were incubated in
DMEM for 3 days (Figure 34A). This slight increase in CpG responsiveness also
correlated with an increase in Mrc1 mRNA expression in these samples (Figure
34B). We were not able to fully recapitulate the restoration of CpG responses as
we observe in MOLF/Ei BMDMs through M-CSF treatment of MOLF/Ei peritoneal
macrophages. This limitation is most likely because peritoneal macrophages are
terminally differentiated and non-dividing and are less susceptible to M-CSF
driven genetic reprogramming as compared to BMDM counterparts.

121

Figure 34. M-CSF treatment of MOLF/Ei peritoneal macrophages partially
restores CpG responses

(A) Peritoneal macrophages were cultured in 30% L1 conditioned media for up to
three days. In parallel another set of samples were cultured in DMEM. After 6
hours of stimulation, IL-6 production in response to 200nM CpG was measured
by ELISA. (B) Mrc1 mRNA expression was measured by real time PCR on
samples cultured for three days in M-CSF containing media. Data are
representative of two independent experiments.
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Knockdown of Mrc1 mRNA expression in MOLF/Ei BMDMs and MEFs
affected subsequent CpG responses leading us to hypothesize that the mannose
receptor is functioning as a CpG uptake and delivery receptor in MOLF/Ei
macrophages. To test this hypothesis, we transduced MOLF/Ei BMDMs with
control shRNA and Mrc1 shRNA lentivirus and assessed CpG uptake.
Macrophages were incubated with FAM labeled CpG and GpC oligos, a nonimmunostimulatory control with inverted CpG dinucleotides, to measure uptake
by FAC analysis. In Mrc1 knockdown MOLF/Ei BMDMs there was about a 50%
reduction in MFI for both CpG and GpC oligo uptake compared to control shRNA
samples (Figure 35). This observation suggests that the mannose receptor may
be involved in oligo uptake in a sequence independent manner and it is likely that
the mannose receptor recognizes the sugar backbone of the oligos to mediate
uptake.
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Figure 35. Mrc1 KD affects oligo uptake in MOLF/Ei BMDMs
Lentivirus was used to knockdown Mrc1 mRNA expression in MOLF/Ei BMDM.
Macrophages were incubated with (A) 200nM CpG-FAM or (B) 200nM GpC-FAM
for 30 minutes either on ice (negative control) or at 37oC. FACS analysis was
used to quantify uptake by MFI. Data are representative of three independent
experiments.
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In order to extend our observation that mannose receptor knockdown
attenuates CpG uptake in BMDMs, we examined the intracellular localization of
CpG following mannose receptor knockdown using confocal microscopy.
Lentiviral delivery of control and Mrc1 shRNA hairpins were used to knockdown
Mrc1 mRNA expression in C57BL/6 and MOLF/Ei BMDMs. Following
transduction, macrophages were incubated with Alexa Fluor 488 labeled CpG
oligos and then stained for the early endosome marker, EEA-1, to label
intracellular compartments. In C57BL/6 BMDMs with mannose receptor
knockdown, intracellular CpG localization was comparable to control samples
(Figure 36A and B). In contrast, there was almost no detectable intracellular CpG
in MOLF/Ei BMDMs with Mrc1 knockdown (Figure 36C-F). Because this
phenotype was so striking, we additionally stained samples with an MRC1
antibody to verify our level of knockdown at the protein level in these samples.
We confirmed that mannose receptor knockdown was sufficiently achieved at the
protein level, thus handicapping MOLF/Ei macrophages from CpG internalization
(Figure 37). Remarkably, in the few cells that Mrc1 was not efficiently knockeddown, intracellular CpG is observed in those MOLF/Ei BMDMs (white arrow).
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Figure 36. Mrc1 knockdown inhibits intracellular CpG localization in
MOLF/Ei BMDMs
C57BL/6 and MOLF/Ei BMDMs were lentivirally transduced with control and
Mrc1 shRNA hairpins. Macrophages were incubated with 200nM Alexa Fluor 488
labeled CpG for 20 minutes and fixed in 4% PFA. Cells were stained with EEA-1
(red) to label early endosomes. DAPI (blue) stain was used to visualize nuclei.
(A, B) C57BL/6 BMDM, 3x zoom. (C, D) MOLF/Ei BMDM, 3x zoom. (E, F)
MOLF/Ei BMDM, 1x zoom. Data are representative of three independent
experiments.
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Figure 37. Absence of CpG internalization is mannose receptor dependent
in MOLF/Ei BMDMs
MOLF/Ei BMDMs were lentivirally transduced with control and Mrc1 shRNA
hairpins. Macrophages were incubated with 200nM Alexa Fluor 488 labeled CpG
for 20 minutes and fixed in 4% PFA. Cells were labeled with mannose receptor
(red) and DAPI (blue) stain was used to visualize nuclei. Data are representative
of two independent experiments.
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Based on the confocal microscopy data, it appears as though the
mannose receptor is involved in the trafficking of CpG and knockdown of the
gene affects proper intracellular localization of the ligand. If the mannose
receptor is working in this capacity and knockdown of its expression in MOLF/Ei
macrophages inhibits intracellular localization, then delivery of CpG directly into
endolysosomes should rescue CpG responses. We measured IL-6 cytokine
response in Mrc1 knockdown BMDMs that were subjected to CpG transfection
with DOTAP. MOLF/Ei BMDMs with Mrc1 knockdown showed restored IL-6
responses with DOTAP delivery of CpG (Figure 38). Collectively these data
suggest that the mannose receptor functions as a CpG trafficking and delivery
receptor in order to properly activate TLR9 in MOLF/Ei macrophages.
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Figure 38. DOTAP delivery of CpG in Mrc1 knockdown BMDMs
Mrc1 shRNA lentiviral transduction of C57BL/6 and MOLF/Ei BMDM.
Macrophages were transfected with 200nM CpG using DOTAP. Supernatants
were collected 24 hours after transfection to measure IL-6 production by ELISA.
Data are representative of three independent experiments.
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While the data are very compelling with regard to the role of the mannose
receptor in MOLF/Ei macrophages there was no effect from Mrc1 knockdown in
C57BL/6 BMDM CpG responses. We therefore assessed the CpG response in
C57BL/6Mrc1-/- knockout mice. Cytokine production by peritoneal macrophages
was comparable between mannose receptor-deficient and wild type mice after
CpG stimulation suggesting that the mannose receptor is not involved in
responses of C57BL/6 peritoneal macrophages to CpG DNA activation.
Furthermore, genetic complementation shows that there are likely other genes
involved in the control of CpG responses that may be genetically more dominant
for C57BL/6 mice. Upon CpG activation, F1 mice obtained from C57BL/6 Mrc1-/- x
MOLF/Ei matings have cytokine responses similar to those of wild type F1
C57BL/6 x MOLF/Ei mice (Figure 39). This observation supports the idea that
genes are differentially regulated between mouse strains and these differences
are even more evident in evolutionarily divergent strains. It is hard to speculate
which mouse strain acquired/lost a mutation and it is all together possible and
most likely that there exist different gene networks among the strains that
account for these genetic differences.
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Figure 39. Mannose receptor is dispensable for C57BL/6 CpG responses
Peritoneal macrophages from C57BL/6, C57BL/6 Mrc1-/-, MOLF/Ei and F1
(C57BL/6Mrc1-/- x MOLF/Ei) and F1 (C57BL/6 x MOLF/Ei) were activated with
200nM CpG for 6 hours. IL-6 cytokine response was measured by ELISA. Data
are representative of at three independent experiments.
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Conclusions
Identification of true receptors for those ligands that stimulate endosomal TLRs
(TLR3, TLR7, TLR8, TLR9 and TLR13) has been hard to come by, although
granulin is a plausible candidate as a partner to TLR9. Conceptually, similar to
the role of CD14 in LPS-induced TLR4 endocytosis, such cofactors could
contribute to the formation of complexes that are internalized and delivered to
endosomes more efficiently. The involvement of mannose receptor as a protein
that affects CpG internalization and trafficking suggests the possibility that the
mannose receptor is critical for ligand delivery and subsequent activation of
TLR9. Alternatively, serum proteins (e.g. soluble mannose receptor and granulin)
and other surface proteins may be involved in binding CpG and engaging the
mannose receptor in complex with CpG and then deliver this ligand to TLR9.
Along these lines, a synergistic effect between the mannose receptor and TLR9
has been described in dendritic cells stimulated by Cryptococcus neoformans
mannoproteins and CpG (Dan et al., 2008).
The studies presented in this Chapter describe a novel function for the
mannose receptor in CpG uptake, trafficking and delivery for TLR9 activation.
Using Mrc1 gene knockdown experiments in BMDMs I was able to recapitulate
the CpG hypo-response observed in MOLF/Ei peritoneal macrophages with
regard to cytokine production. Furthermore, FACS analysis and confocal
microscopy revealed that knockdown of the mannose receptor severely
diminished CpG internalization in MOLF/Ei BMDMs. While DOTAP transfected
CpG rescued the delivery defect in macrophages with mannose receptor
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knocked-down and restored cytokine production. Despite efforts to clone Mrc1, I
unfortunately was not able to conduct the gene add-back experiments to add to
our studies. Nevertheless, we are extremely confidant in our conclusions that the
mannose receptor plays a role in CpG internalization and trafficking to signal
competent TLR9 in MOLF/Ei macrophages.
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CHAPTER 6: CATHEPSIN L IS AN IMPORTANT
MEDIATOR OF CPG RESPONSES IN PERITONEAL
MACROPHAGES
Optimal TLR9 activation by CpG DNA requires a proteolytic cleavage event
executed by endolysosomal proteases. Several studies have implicated the
family of cathepsin proteases to be critical in this process and other studies
suggest, asparagine endopeptidase, another endolysosomal protease is also
required. Interestingly, most of these studies primarily use the RAW264 murine
macrophage cell line in their interrogation of the TLR9 cleavage process. In two
of the studies, CpG responses in bone marrow-derived macrophages and
dendritic cells from cathepsin L, cathepsin S and cathepsin K knockout mice
were examined (Ewald et al., 2008; Park et al., 2008). These studies were
unable to pinpoint any individual cathepsin that was solely responsible for
regulating CpG responses, but rather alluded to a redundancy in the process
utilizing multiple cathepsins. While bone marrow-derived myeloid cell populations
are undoubtedly useful for a variety of experimental studies, these cells cannot
provide the breadth of phenotypically diverse myeloid cell populations observed
in vivo. This discrepancy is especially problematic in studies that are examining
the genetic differences in complex phenotypes. Therefore, we hypothesize that
there may exist individual proteases, in this case cathepsins, that are more
critical or predominantly used in specific cell types to render TLR9 more
responsive to CpG DNA through proteolytic cleavage. Furthermore, this notion is
observed in MHC II invariant chain (Ii) processing. Several members of the
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cathepsin family of proteases are involved in Ii processing in a cell type specific
manner. For example, cathepsin S mediates the final cleavage step of Ii in B
cells and dendritic cells and cathepsin F can compensate for lack of cathepsin L
and cathepsin S activitiy in macrophages (Bird et al., 2009).
Genetic studies described in Chapter 4 reveal linkage to a locus with an
LOD score of 18.4 at the D13Mit311 marker. Within this linkage interval are a
handful of genes, of which Ctsl was most relevant due to its implicated roles in
TLR9 proteolytic cleavage. C57BL/6 homozygosity at this allele predicted a high
CpG response while heterozygosity conferred lower CpG responses in peritoneal
macrophages of N2 mice: F1 (C57BL/6 x MOLF/Ei) x C57BL/6.
The Ctsl gene encodes the cathepsin L protein, a lysosomal cysteine
protease. Cathepsin L (CatL) is translated as preprocathepsin L and is then
processed to pro-Cathepsin L (39kDa). Cathepsin L then localizes in lysosomes
as a mature single chain form of 30kDa and a two-chain form of 25kDa and
5kDa. Cathepsin L plays a major role in the degradation of both endocytosed and
intracellular proteins within the endocytic pathway. During the assembly of MHC
II in macrophages, cathepsin L is involved in the processing of the invariant chain
chaperone, though in macrophages at least, there is protease redundancy.
However, Cathepsin L is critical for invariant chain conversion in cortical thymic
epithelial cells and therefore indispensable for positive CD4 T cell selection in the
thymus (Nakagawa et al., 1998). In the context of TLR9 proteolytic cleavage and
CpG responses, BMDCs from cathepsin L knockout mice were least responsive
to CpG induced TNF-α responses compared to cathepsin S, cathepsin K and
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wild-type mice (Park et al., 2008). Given the implicated roles of cathepsin L in
endolysosomal events including antigen presentation and TLR9 proteolytic
processing, Ctsl was pursued as a candidate gene. The data presented in this
Chapter validates Ctsl as a gene that is involved in regulating CpG
responsiveness in peritoneal macrophages.
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Identification of the cathepsin L genetic lesion in MOLF/Ei
Although cathepsin L (catL) mRNA expression levels were examined in parental
strains and F1 (C57BL6 x MOLF/Ei) peritoneal macrophages (Figure 28), CpGinduced changes in CatL mRNA were further examined by northern blot analysis.
Cathepsin L mRNA expression was attenuated in MOLF/Ei peritoneal
macrophages compared to C57BL/6 and was not affected by CpG activation
(Figure 40). This result suggests there are genetic differences between C57BL/6
and MOLF/Ei cathepsin L.
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Figure 40. Cathepsin L mRNA in parental strain peritoneal macrophages
Peritoneal macrophages from C57BL/6 and MOLF/Ei mice were activated with
200nM CpG for 4 hours and RNA was harvested to analyze Cathepsin L mRNA
expression by northern blot. Ethidium Bromide staining of RNA 18s and 28s was
used as a loading control. Data are representative of three independent
experiments.
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In order to identify the genetic lesion in MOLF/Ei that contributes to the
attenuation in cathepsin L expression, we sequenced the promoter of Ctsl from
C57BL/6 and MOLF/Ei genomic DNA. At 492 base pairs upstream of the
transcription start site in a string of G repeats, there is an extra G nucleotide in
the MOLF/Ei sequence (Figure 41A). Using the TESS: Transcription Element
Search System (http://www.cbil.upenn.edu/cgi-bin/tess/tess?RQ=WELCOME) to
predict transcription factor binding sites within this region, we found several
predicted sites along this area of the promoter that could affect promoter activity
(Figure 41B). Sequencing results of cathepsin L cDNA did not yield any other
polymorphisms between the strains. Although the Ctsl polymorphism identified in
MOLF/Ei is minor, it is possible that this difference accounts for the low
expression levels observed in MOLF/Ei peritoneal macrophages.
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Figure 41. Cathepsin L promoter sequencing and transcription factor
binding site analysis
(A) Ctsl promoter sequencing from C57BL/6 and MOLF/Ei genomic DNA. The G
nucleotide insertion in MOLF/Ei is highlighted in red. (B) Transcription factor
binding site prediction analysis in the Ctsl polymorphic promoter region between
the strains. Log-likelihood score is noted in parentheses after binding site
notation, higher is better.
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Cathepsin L activity and processing are reduced in MOLF/Ei peritoneal
macrophages
Cathepsin L activity was compared in peritoneal macrophages from C57BL/6 and
MOLF/Ei by means of an active site-directed probe, DCG-04. This probe is an
electrophilic substrate analog that is subject to nucleophilic attack by the active
site cysteine residue (Figure 42A). This reaction modifies the cysteine protease
such that it is covalently and irreversibly modified by the probe, which carries a
biotin to allow detection of the covalently modified enzyme. Intensity of labeling
by this mechanism-based probe is largely proportional to protease activity. We
analyzed protease activity in C57BL/6 and MOLF/Ei peritoneal macrophages at
two different concentrations of total protein lysates. MOLF/Ei peritoneal
macrophages had less cysteine protease activity (Figure 42B). This decrease in
protease activity was found to be cathepsin L-specific, as shown by
immunoprecipitation (Figure 42C). Taken together these data reveal a lower level
of cysteine protease activity in MOLF/Ei peritoneal macrophages compared to
C57BL/6 that is consistent with lower cathepsin L protease activity.
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Figure 42. Cathepsin L activity is decreased in MOLF/Ei peritoneal
macrophages
(A) Structure of the biotinylated active site-directed probe, DCG-04. (B)
Peritoneal macrophage protein lysates were incubated with 10uM DCG-04 for
1 hour to assay cysteine protease activity. (C) Lysates were immunoprecipitated
with SA-agarose after incubation with DCG-04. CatL specific protease activity
was detected by immunoblot using CatL antiserum. Data are representative of
two independent experiments.
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Cathepsin L processing from preprocathepsin L to procathepsin L and
single and double chain forms are mediated through pH dependent autocleavage events and not through modulation by secondary proteases. We
examined cathepsin L processing in C57BL/6 and MOLF/Ei peritoneal
macrophages by pulse-chase analysis. We were unable to detect processed
cathepsin L in MOLF/Ei peritoneal macrophages, which produced CatL at
reduced levels, while Cathepsin L processing was detected in C57BL/6 over a
chase period of 4 hours (Figure 43A). For comparison we also analyzed the
synthesis and processing of the MHC II-associated invariant chain (Ii) in the two
parental strains. There are several endolysosomals proteases involved in the
step-wise degradation of Ii, some of which can also be cell type-specific.
However, if MOLF/Ei peritoneal macrophages had a global defect in
endolysosomal protease activity, it would affect processing of Ii as well. We saw
comparable levels of Ii processing for C57BL/6 and MOLF/Ei peritoneal
macrophages (Figure 43B). Therefore we conclude that MOLF/Ei peritoneal
macrophages have significantly lower levels of proteolytically active and
processed CatL compared to C57BL/6, while other proteases involved in
endocytic processing are intact.

143

Figure 43. Cathepsin L processing is undetected in MOLF/Ei peritoneal
macrophages
Peritoneal macrophage lysates were metabolically labeled for 30 minutes
followed by a chase period of 4 hours. Proteins were immunoprecipitated with (A)
cathepsin L antiserum or (B) JV5 to detect the invariant chain. Data are
representative of three independent experiments.
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Cathepsin L analysis in BMDM and BMDC
In order to extend the cathepsin L analysis, we examined the possible role of
cathepsin L in CpG responses in BMDMs. Cathepsin L mRNA expression levels
were examined by real-time PCR and found to be comparable between C57BL/6
and MOLF/Ei BMDMs (Figure 44A). Using lentiviral transduction of cathepsin L
shRNA hairpins, we examined the effect of cathepsin L knockdown on CpG
responses in C57BL/6 and MOLF/Ei BMDMs. Knockdown of cathepsin L did not
affect CpG responses in C57BL/6 and MOLF/Ei BMDMs (Figure 44B). Our data
are consistent with previously published reports that suggest there are no
individual cathepsins that solely affect CpG responses in BMDMs.
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Figure 44. Cathepsin L knockdown in C57BL/6 and MOLF/Ei BMDM does
not affect CpG responses
(A) Cathepsin L mRNA expression in C57BL/6 and MOLF/Ei BMDM measured
by real-time PCR using taqman probes. (B) Macrophages were activated with
200nM CpG following lentiviral knockdown of CatL in C57BL/6 and MOLF/Ei
BMDMs. IL-6 cytokine production was measured by ELISA. Data are
representative of two independent experiments.
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In line with our previous examination of cathepsin L processing in
peritoneal macrophages, we examined cathepsin L processing in BMDMs by
pulse-chase analysis. During a chase period of 4 hours, we examined processing
of cathepsin L in BMDMs to be remarkably similar between the strains as is
processing of class II MHC-associated invariant chain (Figure 45). This result is
not surprising given our earlier observation that cathepsin L expression in
BMDMs is similar between the strains.
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Figure 45. Cathepsin L processing is intact in BMDMs
BMDM lysates were metabolically labeled for 30 min followed by a chase period
of 4 hours. Proteins were immunoprecipitated with cathepsin L antiserum or JV5
to detect the invariant chain. Data are representative of three independent
experiments.
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In order to extend our study of bone marrow-derived myeloid cells, we
examined CpG responses in bone marrow-derived dendritic cells from C57BL/6
and MOLF/Ei. BMDCs from C57BL/6 and MOLF/Ei produced similar levels of IL6 in response to CpG activation (Figure 46A). In addition, similar levels of
cathepsin L mRNA expression were detected in BMDCs from C57BL/6 and
MOLF/Ei when measured by real-time PCR (Figure 46B). We also observed
comparable cathepsin L and invariant chain processing when examined by
pulse-chase analysis (Figure 46C). These data further support our notion that
while bone marrow derived myeloid cells do not rely on one specific individual
cathepsin for CpG responses, primary peritoneal macrophages may require
cathepsin L for CpG responsiveness.
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Figure 46. BMDC CpG and cathepsin L analysis
(A) C57BL/6 and MOLF/Ei BMDC were activated with 200nM CpG for 6 hours.
IL-6 response was measured by ELISA. (B) Cathepsin L mRNA expression in
BMDC was measured by real-time PCR using taqman specific probes. (C) BMDC
lysates were metabolically labeled for 30 min followed by a chase period of 4
hours. Proteins were immunoprecipitated with cathepsin L antiserum or JV5 to
detect the invariant chain. Data are representative of two independent
experiments.
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Cathepsin L is critical for invariant chain processing in cortical thymic
epithelial cells and therefore indispensable for CD4 T cell selection in the thymus
(Nakagawa et al., 1998). We wanted to extend our characterization of cathepsin
L and reasoned that if cathepsin L deficiency is a global phenotype in MOLF/Ei
mice or affects cell types important for thymic selection, there would be
consequences on the CD4+ T cell compartment. We therefore examined T cell
populations in the thymus, whole blood and spleen to compare T and B cell
populations in MOLF/Ei and C57BL/6 mice. T cell selection and thymocyte
populations were comparable between the two strains of mice (Figure 47A). In
peripheral blood, MOLF/Ei have a higher percentage of CD4+ T cells and
therefore their CD4/CD8 T cell ratios are higher compared to C57BL/6. In
contrast, C57BL/6 have a slightly higher percentage of CD19+ B cells (Figure
47B). In the spleen, the overall trend was similar to that observed in blood
(Figure 47C). We observed comparable levels of cathepsin L expression in all
three tissues between MOLF/Ei and C57BL/6 (Figure 47D). In conclusion it
appears that cathepsin L deficiency is restricted to peritoneal macrophages in
MOLF/Ei mice.
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Figure 47. Analysis of peripheral lymphocyte populations
(A) T cell selection and T cell populations in the thymus of C57BL/6 and
MOLF/Ei mice. (B) PBMC T cell populations and B cells in C57BL/6 and
MOLF/Ei mice. CD4/CD8 T cell ratios in the blood from C57BL/6 and MOLF/Ei
mice. (C) Splenic T cells and B cells in C57BL/6 and MOLF/Ei mice and
CD4/CD8 T cell ratios in the spleen. (D) Cathepsin L mRNA expression levels in
PBMC, spleen and thymus from C57BL/6 and MOLF/Ei mice (n=3),
representative graphs shown. *p<0.05, **p<0.01 . Data are representative of two
independent experiments.
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The CpG hypo-responsive trait mapped to cathepsin L in N2 mice that
were generated with more extensive genetic contributions from C57BL/6. In the
same vein, our studies examining Mrc1 as a gene that confers CpG hyporesponsiveness strongly suggest a MOLF/Ei strain specific role for mannose
receptor that is not recapitulated in C57BL/6 macrophages. Due to the genetic
background from which Ctsl was mapped we hypothesize that CatL activity is
also important for optimal CpG activation in C57BL/6 macrophages. A cathepsin
L specific inhibitor, z-FF-fmk, was used to pre-treat C57BL/6 peritoneal
macrophages prior to CpG stimulation to test this hypothesis. Cxcl1/KC cytokine
response to CpG was greatly diminished with the treatment of the cathepsin L
inhibitor in a dose-dependent manner while LPS responses were unaffected
(Figure 48). This result suggests a cathepsin L specific role for CpG responses in
C57BL/6 peritoneal macrophages.
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Figure 48. Cathepsin L inhibition affects CpG responses in C57BL/6
peritoneal macrophages
C57BL/6 peritoneal macrophages were pre-treated with z-FF-fmk at indicated
concentrations for 12 hours and then activated with 200nM CpG or 100ng/mL
LPS for 6 hours. Cxcl1 production was measured by ELISA. Data are
representative of two independent experiments.

154

To extend the study of cathepsin L in CpG responses, TLR9 cleavage
status was examined in peritoneal macrophages from C57BL/6 TLR9-GFP mice.
CpG responses in C57BL/6 TLR9-GFP peritoneal macrophages were examined
after pre-treatment with z-FA-fmk, a cysteine protease inhibitor that blocks all
cathepsin activity and z-FF-fmk, a cathepsin L inhibitor. Pre-treatment with either
the cathepsin L specific inhibitor or the pan-cathepsin inhibitor attenuated CpGinduced TNF-α cytokine production compared to DMSO and CpG controls
(Figure 49A). The status of TLR9 cleavage was examined following z-FA-fmk
and z-FF-fmk treatment in peritoneal macrophages by western blot analysis. In
steady state conditions, the cleaved form of TLR9 is predominant compared to
full-length receptor. An accumulation of full-length TLR9 was observed in
peritoneal macrophages following cathepsin L and pan-cathepsin inhibitor
treatment, although the cleaved form was detectable (Figure 49B). Cleaved
TLR9 is quite stable and was readily detected even after 48-72 hours of z-FA-fmk
treatment (data not shown). Therefore, it was hard to conclusively determine
whether cathepsin L inhibition alone can prevent TLR9 cleavage although we
speculate from the data that de novo TLR9 cleavage is blocked with cathepsin L
inhibition.
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Figure 49. Cathepsin L inhibition in TLR9-GFP peritoneal macrophages
(A) C57BL/6TLR9-GFP peritoneal macrophages were pre-treated with 10 uM zFA-fmk and 10uM z-FF-fmk for 12 hours and then activated with 200nM CpG for
4 hours. TNF-α mRNA cytokine response was measured by real-time PCR using
taqman probes and normalized to GAPDH. (B) C57BL/6TLR9-GFP peritoneal
macrophages were incubated with 10uM z-FA-fmk and 10uM z-FF-fmk for 16
hours. Protein lysates were harvested and subjected to western blot analysis.
TLR9-GFP was detected using anti-GFP antibodies. Data are representative of
two independent experiments.
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Conclusions
Given the role of proteolytic conversion in activation of TLR9, the identification of
cathepsin L as a contributing factor is perhaps not surprising. What is remarkable
is the cell type specificity of the involvement. Only peritoneal macrophages
apparently rely on the full complement of CatL isoforms to be able to respond to
CpG. When examining the biosynthesis of CatL by pulse-chase analysis in
BMDCs, BMDMs and peritoneal macrophages, both CatL precursors and
processed forms differ mostly for the peritoneal macrophages, with scant mature
CatL remaining at the end of the chase period. These differences are less
pronounced for MHC II-associated invariant chain, which we tracked as a control.
In absolute amounts, the levels of CatL appear to be lower in peritoneal
macrophages than in BMDMs or BMDCs. Furthermore, cathepsin L protease
activity was severly diminished in MOLF/Ei peritoneal macrophages compared to
C57BL/6. While the occurrence of cell type specific differences in CatL content
are not unusual, for MOLF/Ei peritoneal macrophages the functional
consequences are nonetheless striking. If CatL were the major lysosomal
protease in peritoneal macrophages capable of cleaving TLR9, a prerequisite for
its efficient activation, then even a modest drop in active CatL levels might be
sufficient to abrogate CpG-driven responses.
Despite our attempts, we are still lacking adequate immunochemical tools
for the immunoprecipitation of endogenous, untagged TLR9. This has precluded
a direct assessment of the levels and cleavage status of TLR9 in MOLF/Ei
peritoneal macrophages. We speculate that the stark reduction in CatL levels is
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entirely consistent with a failure to cleave TLR9 and so block its activation.
Attempts at retro- or lentiviral transduction of MOLF/Ei peritoneal macrophages
have so far not met with success to conclusively confirm this speculation.
Collectively these data present strong evidence for the role of cathepsin L
in CpG-induced TLR9 responses in peritoneal macrophages. Biochemical
inhibition of the protease led to the accumulation of full-length receptor and
attenuated CpG responses. Furthermore, these data show for the first time a cell
type specific requirement for cathepsin L in CpG-induced TLR9 activation.
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CHAPTER 7: DISCUSSION
The studies presented here reveal insights into the mechanisms that regulate
inflammatory cytokine production through Toll-like receptor activation. Phenotypic
diversity observed in TLR-induced cytokine production between classical
laboratory inbred strains and wild-derived inbred strains is perhaps a reflection of
the vast genetic differences that underlie these outcomes. Not surprisingly,
during the course of evolution and Mus. musculus subspeciation, individuals
likely encountered unique microbial challenges and immune-mediated
pathogenesis that led to natural selection of genetic mechanisms to
accommodate these conditions. The data presented in these proceeding
chapters demonstrate that new insights into the mechanisms that mediate TLRinduce cytokine production can be acquired through forward genetic studies.
Furthermore, our studies have brought attention to the fact that there are likely
different pathways involved in CpG DNA ODN TLR9 activation in comparison to
bacteria-derived DNA. This difference raises questions as to the relevance for
the use of synthetic TLR9 ligands to interrogate and elucidate immune
responses. Collectively the data presented in my thesis contribute to our current
understanding of the pathways involved in CpG-driven TLR9 immune responses.
In this chapter I will discuss and review the important phenotypic and
genetic observations presented in Chapters 3-6. I will discuss how we tailored
our genetic mapping studies based on our initial characterization of the CpG
phenotype in MOLF/Ei macrophages. This includes my observation of differential
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cytokine production in response to CpG-induced activation. Mapping studies
identified two loci by forward genetic analyses from N2 mice. Characterization of
Mrc1 as a gene that confers CpG hypo-responsiveness demonstrated a strainspecific role and underscores the genetic divergence between Mus. musculus
strains. I will also discuss our attempts to characterize the molecular mechanism
by which the mannose receptor functions in CpG responses. Perhaps equally
important, I will also consider the obvious omissions in our studies and discuss
future studies that might help draw more conclusive insights into mannose
receptor function in CpG responses and TLR9 activation. Additionally, I will
discuss our findings on the role cathepsin L in CpG responses. Genetic mapping
to Ctsl highlights the importance of cell type-specific roles for genes with multiple
family members. While previous studies overlooked the possibility of cell type
specific cathepsin function in TLR9 activation, the studies presented here have
brought this notion to light and demonstrate that there are indeed stark
differences in protease function and processing among cell types. Finally I will
discuss how these two genes fit into our model of the CpG DNA sensing in
peritoneal macrophages and consider the evolutionary context for this
consequence.
CpG hypo-responsiveness: Identification of a truly unique phenotype in
wild-derived MOLF/Ei mice
Inflammatory cytokine production in response to the identification of pathogenassociated molecules by toll-like receptors is a basic component of the innate
immune response. While seemingly straightforward, the pathways and signaling
components involved in receptor activation and cytokine initiation are complex
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and tightly regulated. While many of the key signaling proteins have been well
described, new studies continually deepen our understanding of these pathways.
In the studies described above, I have used an isolated population of primary
peritoneal macrophages, a representative population of cells that are critical to
host defenses in vivo, in controlled experimental conditions to ascertain a better
understanding of genetic traits that underlie CpG-induced cytokine production.
These studies were made possible by the identification of a unique phenotype
observed in wild-derived MOLF/Ei peritoneal macrophages. Upon CpG-DNA
activation, these peritoneal macrophages were unresponsive to inflammatory
cytokine production. Interestingly, other wild-derived strains, including another
strain in the same subspecies as MOLF/Ei, and the classical inbred strain,
C57BL/6, were all CpG responsive dismissing the possibility that the phenotype
was due to a genetic event that occurred during Mus musculus subspeciation.
Furthermore, MOLF/Ei peritoneal macrophages were cytokine responsive to all
other synthetic TLR agonists, including ligands to TLR3, TLR7 and TLR8. TLR
ligands used in experimental systems are processed to be free of other microbial
contaminants and many are synthetically derived. This allows for the study of
individual TLR activation without the interference of hetero-TLR activation and
activation of other non-TLR innate receptors.
Although CpG DNA oligonucleotides (ODN) are the representative ligand
for bacterial DNA, these synthetic oligos are modified and in many ways greatly
differ from endogenous ligands. In studies comparing the immunostimulatory
capacity of CpG DNA ODNs and bacterial DNA, two prominent characteristics
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appear to influence TLR9 activation the most: DNA length and frequency of
unmethylated CG dinucleotides (Dalpke et al., 2006; Roberts et al., 2005).
Intriguingly, in our studies we saw that MOLF/Ei peritoneal macrophages are
responsive to E. coli DNA induced TLR9 activation and cytokine production,
therefore conclusively demonstrating that MOLF/Ei peritoneal macrophages are
hypo-responsive specifically to CpG. In addition, the hypo-responsive phenotype
does not appear to be dose dependent, as MOLF/Ei peritoneal macrophages
were unresponsive to CpG DNA activation even at higher concentrations. This
phenomenon raises questions as to whether or not CpG ODNs are relevant
representative ligands for TLR9 and suggests that ligand structure and length are
key features that can influence receptor activation. This is not too surprising
given that in the wild, mice do not encounter CpG ODNs but rather pathogenderived DNA. Furthermore in vivo, innate cells are most likely to encounter
pathogen-derived DNA through intracellular infection. Therefore, the route of
DNA uptake and delivery to TLR9 are additional contributing factors that regulate
receptor activation. Further studies are required to examine whether MOLF/Ei
peritoneal macrophages respond to other bacteria-derived DNA. In addition, it
will be essential to determine how MOLF/Ei peritoneal macrophages are able to
discern synthetic versus endogenous TLR9 ligands. What are the key features
that separate synthetic from endogenous ligands? CpG DNA ODN backbone
modification is not likely the discerning factor because MOLF/Ei peritoneal
macrophages do not respond to CpG ODN with phosphodiester linkages. If DNA
length is a critical determinant for MOLF/Ei peritoneal macrophage TLR9
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activation, then would lengthening CpG DNA ODNs active MOLF/Ei TLR9?
Follow-up studies examining the MOLF/Ei peritoneal macrophage cytokine
response to CpG DNA ODNs with varying lengths would be informative. Along
those similar lines, it would be interesting to examine whether E. coli DNA that
was processed into small fragments altered TLR9-induced cytokine responses in
peritoneal macrophages. It is clear that the use of synthetic TLR9 ligands is of
great utility in experimental studies examining the effects of TLR9 activation.
Perhaps what is truly needed is a redesign of the currently used TLR9 agonists
to better reflect the characteristics and properties of endogenous ligands. Other
factors that should also be considered that may distinguish E. coli DNA from CpG
ODNs might be due to double-strandedness, extra uncharacterized DNA
sequences and epigenetic features. All of these qualities likely affect the stability
of the DNA and exogenous uptake and internalization. These questions and
considerations should all be addressed in future studies.
Initial characterization of the MOLF/Ei peritoneal macrophage hyporesponse to CpG DNA activation revealed a trafficking defect in these cells.
Confocal microscopy supported the hypothesis that while CpG DNA is
internalized by MOLF/Ei macrophages, proper trafficking to endolysosomal
compartments is not achieved. This notion was further confirmed when DOTAP
transfection of CpG DNA directly into endolysosomes rescued CpG-induced
cytokine responses in MOLF/Ei peritoneal macrophages. What is most intriguing
about this observation is perhaps that trafficking of CpG DNA ODN is specifically
affected in MOLF/Ei peritoneal macrophages but not ligands for other endosomal
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TLRs. Along the lines of the DOTAP experiment, it would be interesting to
examine the effects of CpG DNA ODN activation following LPS and/or IFN
treatment of MOLF/Ei peritoneal macrophages, as it has been shown that IFN
and LPS are both involved in regulating endolysosmal trafficking (Barton and
Kagan, 2009).
Interestingly, the CpG hypo-response phenotype was uniquely identified in
peritoneal macrophages and was not reproduced in bone marrow-derived
macrophages from MOLF/Ei mice. This observation underscores the diversity of
primary macrophage phenotypes and functions. Additional studies examining the
CpG DNA response in other macrophage populations in anatomical sites likely to
encounter pathogenic DNA would provide a more comprehensive picture of the
MOLF/Ei CpG phenotype. For example, examination of the CpG DNA response
in alveolar macrophages, kupffer cells, and splenic and lymph node
macrophages should all be considered in future studies. There would be a wide
range of implications if differential CpG responses exist among macrophage
populations and would affect areas such as vaccine design and the treatment of
clinical sepsis.
Forward genetics: From Phenotype to Genetic mapping to Genes
The ultimate goal of forward genetic studies is to identify and characterize
causative genes. Genetic mapping studies can be done in a number of ways
depending on the complexity of the phenotype and its mode of inheritance.
Complex traits are more often mapped using F2 intercross mice, generated by
intercrossing F1 x F1 mice. Because significant variation in multiple genes is only
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generated by enough meiotic recombinations, large cohorts of progeny are
required to identify genes underlying multigenic traits. My studies are further
complicated by the genetic diversity of MOLF/Ei mice, the very reason we chose
to use them as genetic models for novel TLR phenotypes, because of the large
amount of genetic polymorphism between wild-derived and classical inbred
strains. Although microarray analysis was performed to compare differential
CpG-induced gene expression in F1 hybrid and C57BL/6 peritoneal
macrophages, microarray analysis between the parental strains would have also
been helpful in characterizing genetic differences in prominent pathways involved
in TLR activation. Nevertheless, several factors allowed us to overcome these
issues and to identify and screen candidate genes in a straightforward manner.
First, our in vitro CpG phenotyping assay was relatively simple and
experimentally very reproducible. Furthermore, my initial characterization of the
CpG hypo-responsive phenotype was paramount to limiting the genes we
considered in our analyses. The phenotyping data indicated that the CpG defect
was upstream of receptor activation because CpG delivered with the DOTAP
transfection reagent was able signal TLR9. Furthermore we knew MOLF/Ei TLR9
was functional because E. coli DNA induced activation. Additionally, FACS
analysis and confocal microscopy indicated that CpG was internalized by
MOLF/Ei macrophages but was not trafficking correctly. Therefore, when
screening for candidate causative genes, we knew that the gene(s) located within
the linkage locus must play a role in the phenotype within these parameters.
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Analysis of the CpG phenotype in F1 (C57BL/6 x MOLF/Ei) peritoneal
macrophages was also absolutely critical in determining our genetic mapping
strategy. Notably, there was a bias in the cytokine response in F1 peritoneal
macrophages in that IL-6 cytokine production was readily detected in the F1 CpG
response while all other cytokines measured were undetected and mirrored the
MOLF/Ei parental phenotype. We were initially confounded by this observation
because we reasoned that if each of the parental strains are equally represented
in the genome of F1 hybrids, then the CpG response should mirror that of either
parental strain or exhibit an intermediate phenotype, across all cytokines
measured. Concurrently studies in our laboratory were examining a MOLF/Ei
hyper-response to LTA-induced (TLR2 agonist) cytokine production, and this
hyper-response was most prominent with regard to IL-6 production. Genetic
studies mapped to the Irak2 gene and MOLF/Ei were found to preferentially
express the pro-inflammatory isoforms of this gene (Conner et al., 2008; Conner
et al., 2009). Therefore, we know that MOLF/Ei macrophages are genetically
predisposed to robust IL-6 cytokine response upon TLR activation. With this
knowledge in mind, the differences in cytokine production in F1 peritoneal
macrophages can be explained. The C57BL/6 parental strain is CpG permissive
and the MOLF/Ei parental strain is CpG unresponsive, therefore F1 hybrids have
50% permissive and 50% unresponsive CpG genes. Upon CpG activation in F1
peritoneal macrophages, the permissive genes are able to signal TLR9 but due
to the dominant nature of the genetic defect from MOLF/Ei, all cytokine
responses are undetected with the exception of IL-6. Simply put, if there is a

166

“tickle” in TLR9 signaling from the permissive C57BL/6 genes, this signal will only
be detected by IL-6 cytokine production because the MOLF/Ei allele of Irak2 is
favorable for IL-6 production. Furthermore, analysis of the signaling pathway by
western blot revealed preferential p38 MAP kinase activation in F1 peritoneal
macrophages upon CpG activation while ERK activation was undetected and
JNK activation was severely diminished. These observations demonstrate that
genetic polymorphisms in regulatory genes can influence the inflammatory
cytokine milieu response. Future studies examining the specific role MAP
kinases play in regulating CpG-induced cytokine response would provide
additional insight into this regulatory process.
In addition to the in vitro characterization of the CpG response, we
analyzed in vivo responses to CpG. Interestingly, we measured comparable
plasma levels of IL-6 between classical and MOLF/Ei inbred strains. If anything,
MOLF/Ei had even slightly elevated IL-6 compared to B6 mice, which again is
likely due to IRAK2-mediated IL-6 production. We also examined the effects
CpG-induced liver damage and mortality. Surprisingly, MOLF/Ei mice were more
resistant to death compared to C57BL/6. Despite slightly higher levels of serum
inflammation, MOLF/Ei are less susceptible to death. One likely explanation is
the presence of soluble negative regulators that restrict inflammation to prevent
sepsis in MOLF/Ei, such as IL-4, TGF-β and IL-10. Collectively, the in vivo data
suggest there are CpG responsive cell types in MOLF/Ei that contribute to serum
inflammatory cytokine levels and despite elevated inflammation these mice are
less susceptible to death, most likely due to soluble cytokine regulators.
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Interestingly, FACS analysis for F4/80 macrophage marker staining on
peritoneal exudate revealed a very different staining pattern that was observed
between the two strains. Nevertheless, the cells used in our experiments were
plated and then subsequently washed, presumably only leaving adherent
macrophages. This vast difference in cellular morphology and perhaps even
composition of peritoneal cells is likely due to genetic diversity between the
strains. Further studies are needed to profile and compare the peritoneal cellular
composition between the strains.
Altogether, the phenotypic studies reveal that MOLF/Ei have likely evolved
to develop complex and unique genetic mechanisms to discern microbial
components that differ greatly compare to C57BL/6. Such a phenotype is unlikely
to result from a single mutation due to the F1 phenotype with regard to IL-6
production. And despite a CpG defect, cytokine responses are intact in response
to an endogenous TLR9 ligand, E. coli DNA. The mechanisms that underlie
ligand discrimination will be important to investigate further, as they will provide
useful information to the relevance of CpG DNA ODN as TLR9 ligands.
Furthermore, the in vivo cytokine response observed from MOLF/Ei mice
demonstrate that TLR responses are complex and downstream consequences of
ligand activation are largely affected by signals within the tissue
microenvironment. MOLF/Ei resistance to liver-damage induced death by CpG
further illustrates the complexity in the regulation of inflammation and
maintenance of tissue homeostasis.
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Molecular Basis for CpG hypo-responsive Phenotype: the roles and
functions of Mrc1 and Ctsl.
Forward genetic studies identified two genes that affect CpG responses in
peritoneal macrophages. Both Mrc1 and Ctsl were chosen as candidate genes
based on their previously known functions and how these genes could relate to
the CpG hypo-responsive pathway.
In order to directly examine the role of Mrc1 in CpG responses, lentiviral
shRNA constructs were introduced to target mRNA expression of the gene in
MOLF/Ei primary bone marrow-derived macrophages. Another approach I took
was to serially backcross CpG-responsive N2 mice to the MOLF/Ei parental
strain. I was not able to generate mice beyond the N4 generation due to poor
breeding of the mice. The more I backcrossed to MOLF/Ei the less successful I
was at obtaining pregnant mice and producing live progeny. Of the three N4 mice
that were CpG responsive, two of these mice retained heterozygosity at the
D2Mit2 marker (marker closest to Mrc1). Although the possibility remains that
other genes also present near the D2Mit2 marker are contributing to CpG
responsiveness, taken together with the effect of Mrc1 knockdown on CpG
responses, we concluded that Mrc1 contributes to the linkage of this locus with
CpG responsiveness.
We next examined the mechanism by which Mrc1 affects CpG responses
in macrophages. We again used lentiviral shRNA to knockdown Mrc1 expression
in BMDMs and analyzed CpG uptake by FACS analysis. While this experiment
showed that there was a quantitative decrease in the uptake of CpG in MOLF/Ei
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macrophages with Mrc1 knocked-down we were not able to directly assess
qualitative CpG localization. Therefore confocal microscopy was used to image
CpG localization in macrophages following Mrc1 knockdown. Remarkably we
saw that in MOLF/Ei BMDM Mrc1 knockdown samples, CpG was practically
undetectable in these cells. The use of bone marrow-derived macrophages
afforded us a model system to perform genetic studies in order to elucidate the
role of the mannose receptor in CpG responses by lentiviral shRNA genetic
knockdown. We were unfortunately unable to do the reverse experiments and
add-back Mrc1 gene expression following knockdown. Despite successfully
being able to clone Mrc1 into an intermediate vector, Sasha and I were both
unable to clone it into an expression vector. This technicality prevented us from
performing several follow-up experiments to validate our conclusions from our
knockdown experiments. A possible future study to circumvent this difficulty in
cloning would be to generate mannose receptor knockout mice on a MOLF/Ei
genetic background. If BMDMs generated from MOLF/Ei mannose receptor
knockout mice replicate our Mrc1 shRNA knockdown data that would provide
validation to our knockdown studies. Nevertheless, I believe collectively our data
provide strong evidence for the role of the mannose receptor in CpG uptake and
intracellular trafficking in MOLF/Ei macrophages.
Interestingly, the effect of Mrc1 knockdown on CpG localization and
cytokine response was not replicated in C57BL/6 BMDMs. Repeatedly in all of
our mechanistic studies we saw a strain-specific role for the mannose receptor in
MOLF/Ei macrophage CpG responses but not for C57BL/6 macrophages. This

170

observation ultimately led us to examine the CpG response in C57BL/6 Mrc1-/peritoneal macrophages. I found that the mannose receptor was dispensable for
CpG responses in C57BL/6 mice. It is likely that multiple receptors are involved
in CpG uptake and/or trafficking and there is redundancy in the process. In order
to address this possibility, we examined whether other members of the mannose
receptor family were involved in CpG responses. There are three other members
in the mannose receptor family of C-type lectin receptors: Ly75, Pla2r1 and Mrc2.
Again using lentiviral shRNA, mRNA expression of each of these genes was
knocked-down in C57BL/6 and C57BL/6 Mrc1-/- BMDMs and CpG cytokine
responses were assayed. Even after multiple attempts to repeat the experiment,
there was no conclusive phenotype observed by shRNA knockdown of these
other genes in the CpG-induced cytokine responses. The lack of clarity from the
Ly75, Pla2r1 and Mrc2 shRNA experiments is two-fold. One major problem was
that the basal expression level of these genes in peritoneal and bone marrowderived macrophage populations was questionable. Second, gene expression
knockdown efficiency was not reproducible across multiple experiments and this
problem is likely due to poor target gene expression levels. Therefore, the
identification of other CpG uptake receptors remains to be known.
Genetic mapping using C57BL/6 Mrc1-/- mice was used in an attempt to
identify other CpG receptors. N2 mice were generated by backcrossing F1
(C57BL/6 Mrc1-/- x MOLF/Ei) x MOLF/Ei. The rationale behind this genetic cross
was to eliminate CpG responsiveness provided by C57BL/6 Mrc1 and to reveal
other receptors that might play a role in CpG uptake and trafficking. Genome-
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wide QTL analysis mapped to a locus on Chromosome 13 within a region that
contained the Lyst gene. Lyst, lysosomal trafficking regulator, is a gene that is
thought to be important in transporting contents to lysosomes. Chediak-Higashi
syndrome is caused by a mutation in the LYST gene in humans. However, when
we screened CpG responses in peritoneal macrophages from Lyst knockout
mice on a C57BL/6 background, we observed normal cytokine responses. Our
attempt to genetically map other genes was not fruitful using that strategy.
We therefore modified our mapping and generated N2 mice in a
subsequent panel by crossing F1 (C57BL/6 x MOLF/Ei) back to the C57BL/6
parental strain and instead of using TNF-α cytokine response, Cxcl1/KC cytokine
responses were used as the phenotypic read-out. Genome-wide QTL analysis
identified a second gene, Ctsl, as underlying the CpG hypo-responsive
phenotype in peritoneal macrophages. Cathepsin L is well described from its role
in invariant chain processing of MHC-II and is critical for thymic selection of CD4
T cell during positive selection. With regard to TLR biology, TLR9 was described
to undergo a proteolytic cleavage event. This processing of TLR9 is thought to
render the receptor more susceptible to activation by CpG DNA, however it was
found that full-length receptor still binds CpG DNA and can still be activated
(Ewald et al., 2008; Park et al., 2008). Our molecular analysis of cathepsin L
expression and protease processing in MOLF/Ei peritoneal macrophages
supports a role for the protease in peritoneal macrophage CpG responses. We
were able to demonstrate that inhibition of cathepsin L alone affected CpG
responses but not LPS responses in C57BL/6 peritoneal macrophages. Upon
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examination of TLR9 cleavage after cathepsin L inhibition, an accumulation of
full-length receptor was seen upon inhibitor treatment. Unfortunately cleaved
TLR9 was detected following cathepsin L inhibition and even after the inhibition
of all cathepsins. The cleaved species of TLR9 is more abundantly present in
steady-state conditions and remains quite stable. Therefore, it is likely that in
terminally differentiated, non-dividing peritoneal macrophages, TLR9 turnover is
not rapid. One experiment that could be done that might alleviate this challenge
would be to activate cells prior to cathepsin inhibition, which may initiate protein
turnover. In addition, chloroquine inhibition could be used as a positive control to
abrogate endosomal acidification and thus prevent TLR9 proteolytic processing.
The cell type specificity of cathepsin L in peritoneal macrophages is a
concept that has not yet been explored. There is reason to speculate that in B
cells, dendritic cells and perhaps even other myeloid cell populations, there are
specific proteases that are more predominantly involved in TLR9 processing for
ligand activation. If receptor processing is a critical component in TLR activation,
then it is feasible that various cell types have evolved to rely on different
members of the cathepsin protease family as a means to preserve this process.
It is unclear how individual cell types regulatie and use specific proteases. For
example, cell type specific differential expression of proteases may influence the
functional outcome. Alternatively, protease function may be regulated intrinsically
through pH dependent events within endolysosomal compartments. Future
studies addressing this concept would provide insight into how this process is
regulated across various cell types.
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While TLR9 processing is undoubtedly an important process for proper
receptor activation by CpG DNA, the consequences of receptor processing were
never examined by endogenous ligand activation. The phenotype we have
observed from MOLF/Ei peritoneal macrophages would suggest that perhaps
TLR9 processing is not critical for responses to bacteria-derived DNA. Perhaps
receptor proteolysis only affects signaling of the receptor by short DNA
sequences and not longer pieces of DNA. As I have previously discussed,
pathogen-derived DNA and other nucleic acids for that matter, likely encounter
intracellular TLRs during intracellular infections. During the course of viral or
bacterial replication, an overwhelming amount of pathogenic DNA/RNA would be
processed in the endocytic pathway and likely activate the appropriate
endosomal TLR. Studies examining the role of TLR9 cleavage and receptor
activation found that proteolytic processing rendered the receptor more sensitive
to ligand activation but was not a requirement for ligand binding (Park et al.,
2008). In the infection scenario, pathogenic nucleic acids would be in abundance
and activation of the receptor would proceed whether the receptor is cleaved or
in its full-length form (in MOLF/Ei). This brings to question then, why is the
receptor cleaved at all? Perhaps proteolytic processing of the receptor is a
means to help cells distinguish between self- and nonself-nucleic acids, however
further studies are needed to address this possibility.
Perhaps one of the most striking observations we made through out the
course of our characterization of the MOLF/Ei peritoneal macrophage CpG hyporesponse was differential activation among MAP kinases. Despite comparable
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cytokine production in response to CpG DNA between C57BL/6 and MOLF/Ei
BMDMs, activation of the MAP kinase signaling pathways was strikingly different
(Figure 12). Furthermore, peritoneal macrophages from C57BL6 and F1 hybrids
also displayed significantly different activation patterns in the MAP kinase
pathways (Figure 17). Given the strain specific role of mannose receptor in CpGinduced cytokine production, it is conceivable that mannose receptor is involved
in the regulation of MAP kinase activation in response to CpG. Further studies
are needed to address this possibility. Some future studies may include
comparing the MAP kinase activation pathway in MOLF/Ei BMDMs that have
been transduced with control shRNA or Mrc1 shRNA. In addition, it may be
insightful to examine the peritoneal macrophage CpG response between
C57BL/6 and C57BL/6 Mrc1-/-.
In the sections above I have described our observations on the CpG hyporesponse phenotype in wild-derived MOLF/Ei peritoneal macrophages along with
some of the genetic traits that contribute to this phenotype. Although an
understanding of how these phenotypic differences naturally arose during the
course of Mus. musculus evolution is beyond the context of my dissertation, the
data presented here are worthy of consideration and provide insight into possible
mechanisms that explain these differences. In characterizing the roles of the
mannose receptor and cathepsin L in CpG driven cytokine production, two
genetically distinct pathways emerge. It seems that MOLF/Ei have evolved to
depend on mannose receptor function in ligand uptake and internalization while
C57BL/6 macrophages have not. However, somewhere along the course of
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evolution, MOLF/Ei acquired a genetic insertion in the Mrc1 promoter that
consequently affects its expression. In addition, MOLF/Ei peritoneal
macrophages exhibit weak cathepsin L protease activity and lack almost all
isoforms of the protease, a consequence that solely affects TLR9 activation and
not other endosomal TLRs. Meanwhile, C57BL/6 never relied on mannose
receptor for CpG uptake and delivery while cathepsin L protease activity seems
to be critical in peritoneal macrophage CpG responses. Genetic analyses of the
MOLF/Ei CpG hypo-response have suggested that multiple genes confer the
phenotype. This notion is perhaps best illustrated by genetic complementation:
the CpG phenotype observed in wild type F1 hybrids (C57BL/6 x MOLF/Ei) and
in F1 mice obtained from C57BL/6 Mrc1-/- x MOLF/Ei is strikingly comparable
(Figure 39). This then raises the question whether mannose receptor and
cathepsin L are genetically sufficient to confer CpG-responsiveness. One
experiment that may address this question would be to compare CpG-induced
cytokine responses in these two F1 hybrids following treatment of cathepsin L
specific inhibitors. If cathepsin L inhibition affected CpG responses in both F1
hybrids equally, then it is likely that mannose receptor and cathepsin L are
genetically sufficient for CpG responsiveness, if however there are differences in
the CpG responses then there are likely other genes that are genetically
sufficient to confer the phenotype. Identifying these hypothetical, additional
genes would require additional mapping studies.
Through forward genetic studies we were able to identify a role for
mannose receptor and cathepsin L in CpG-driven cytokine responses that may
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have otherwise been unknown. A schematic of peritoneal macrophage CpG
“sensing” is presented in Figure 50 and shows the genetic context for the
functions of mannose receptor and cathepsin L in CpG-induced cytokine
activation.
MOLF/Ei peritoneal macrophages take up CpG with the help of granulin or
through an unknown mechanism, which may or may not be receptor mediated.
Once CpG is internalized, trafficking is directed by the mannose receptor through
the endocytic pathway. CpG DNA meets TLR9 in endolysosomes where lack of
cathepsin L activity likely renders the receptor uncleaved. When CpG is
adundantly transfected into the endolysosome by DOTAP, uncleaved TLR9 can
be activated.
C57BL/6 peritoneal macrophages also take up CpG, and this process is
aided by granulin and perhaps also through an unknown mechanism which may
or may not be mediated by a receptor. Internalized CpG is trafficked through the
endocytic pathway by unknown receptors. Within the endolysosomes, resident
cathepsin L cleaves TLR9, rendering the receptor more susceptible to CpGinduced activation.
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Figure 50. Schematic of CpG sensing in C57BL/6 and MOLF/Ei peritoneal
macrophages
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Further characterization of the differences in inflammatory responses
between wild-derived MOLF/Ei and classical inbred strains will be required to
complete our understanding of how the mannose receptor and cathepsin L may
function not only in CpG-induced responses but also in more physiologically
relevant scenarios, such as during bacterial infections. The data presented in my
thesis are certainly a minor representative of knowledge to be gained by studying
inflammatory responses in mice with naturally occurring genetic variation. Future
studies will be critical in dissecting possible pathways that regulate and direct
inflammatory responses.
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