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Abstract

The innate immune response plays a critical role in pathogen clearance. However, dysregulation of
innate immunity contributes to acute inflammatory diseases such as sepsis and many chronic
inflammatory diseases including asthma, arthritis, and Crohn’s disease. Pathogen recognition
receptors including the Toll-like family of receptors play a pivotal role in the initiation of
inflammation and in the pathogenesis of many diseases with an inflammatory component. Studies
over the last 15 years have identified complex innate immune signal transduction pathways
involved in inflammation that have provided many new potential therapeutic targets to treat
disease. We are investigating several novel genes that exert spatial and in some cases temporal
regulation on innate immunity signaling pathways. These novel genes include Thc1d23, a RAB-
GAP that inhibits innate immunity. In this review, we will discuss inflammation, the role of
inflammation in disease, innate immune signal transduction pathways, and the use of
spatiotemporal regulators of innate immunity as potential targets for discovery and therapeutics.
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Inflammation and disease

The innate immune response regulates the process of inflammation, which plays a pivotal
role in pathogen clearance (Fig. 1). However, inflammation can also lead to tissue damage
and if over-activated acutely, inflammation can lead to diseases such as sepsis (Fig. 1).
Chronic inflammation contributes to the pathogenesis of many different human diseases
such as cancer, diabetes, atherosclerosis, chronic obstructive pulmonary disease (COPD),
asthma, allergy, and inflammatory bowel disease (IBD) (Fig. 1) [1-12]. For example, while
sepsis initiates with an infection (often due to healthcare-associated procedures or
opportunistic infections in immune compromised individuals), unregulated inflammation
and immune dysfunction ultimately are the cause of mortality in septic patients. There is an
estimated fatality rate of 210,000 patients in the United States each year associated with
sepsis [13]. Morbidity and mortality related to sepsis costs an estimated $17 billion in
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treatment every year, and the incidence of sepsis, like many other immune diseases, has
increased greatly over the past few decades [14-16]. Clearly, novel therapeutic approaches
are necessary to improve patient outcome and relieve economic costs for sepsis and other
inflammatory diseases [17, 18]. It is therefore critical to identify mediators of inflammation
in these diseases to identify potential therapeutic targets to improve disease outcome.

The innate immune response

Host defense against infection is controlled by two branches of the immune system, innate
immunity and adaptive immunity. Innate immunity is the first line of defense, with all the
cells and mechanisms poised to act immediately upon infection. These mechanisms include
passive barriers such as skin, pH, and mucus, and active defense mechanisms provided by
resident phagocytic cellular populations such as neutrophils and macrophages. The innate
immune response can distinguish self from non-self, although with less specificity than the
adaptive response. The adaptive immune response to a newly encountered pathogen occurs
after 3-8 days; this response is against specific antigens present in pathogens and provides
the host with cellular and humoral memory to these specific epitopes. The innate immune
response is capable of recognizing specific pathogen-associated molecular patterns (PAMPS)
present in a wide array of pathogens [19, 20], but unlike adaptive immunity, is unable to
develop memory to those PAMPs. Besides initiating inflammation, the innate immune
response is critical for a robust adaptive immune response. Recognition of PAMPs on a
pathogen by the innate immune system is mediated through pattern recognition receptors
(PRRs) present on both lymphoid and non-lymphoid cells that alert the host to an infection.

Innate immunity pathogen recognition receptors

Pathogen recognition receptors (PRRS) play an important role in innate immunity by
recognizing conserved pathogen-specific PAMPs. Several families of PRRs have been
identified including Rig-I-like receptors (RLRs), NOD-like receptors (NLRs), and Toll-like
receptors (TLRs) [19, 20]. RLRs and NLRs recognize cytosolic PAMPs, while TLRs
recognize both extracellular and intracellular PAMPs. Humans have ten functional TLRs,
and mice have twelve known TLRs that can be divided by their subcellular localization.
TLRs 3, 7, 8, and 9 are located intracellularly [21] and recognize nucleic acid PAMPs such
as dsRNA (3), ssRNA (7 and 8), and unmethylated DNA (9) (Fig. 2). TLRs present on the
cell surface include heterodimers of TLR2/1 (recognize diacylated lipopeptides), TLR2/6
(tri-acylated lipopeptides), and homodimers of TLR5 (bacterial flagellin) (Fig. 2) [21].
Unique among the PRRs, TLR4, which recognizes lipopolysaccharide (LPS) from Gram-
negative bacteria, functions at both the cell surface and intracellularly (Fig. 2) [22].

TLR signaling

The initial response to PAMPs is mediated through the assembly of several signaling
complexes and a series of post-translational modifications of resident signaling proteins that
transduce signals from PRRs to transcription factors. The most common post-translational
protein modifications that activate or inhibit signaling proteins include phosphorylation and
ubiquitination [23]. These signal transduction pathways have been reviewed in great detail
elsewhere [19, 20, 24-32], and we review them only briefly here, focusing on one of the
best characterized pathways, the TLR4-mediated response to LPS [33]. TLR4 is a type |
transmembrane protein that binds LPS using its extracellular domain in conjunction with its
co-receptor MD-2. Binding of LPS to the extracellular domain of TLR4 induces
dimerization of TLR4, which in turn induces a conformational change in the cytosolic
domain of TLR4. This conformation change allows recruitment of Toll/IL-1 receptor (TIR)
domain-containing adaptor proteins such as TIRAP and MyD88. These adaptor molecules
then recruit several interleukin-1 receptor-associated kinases (IRAKSs) and TNF receptor-
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associated factor 6 (Traf6). The IRAKS are kinases that phosphorylate each other and other
proteins. Traf6 is a ubiquitin ligase that transfers K63-linked ubiquitin to activate proteins
including TGF/-activated kinase 1 (TAK1). TAKLI serves several key functions in the TLR4
response pathway including the activation of the MAP kinases p38, JNK, and ERK.
Additionally, TAK1 phosphorylates NEMO (also called IKKy) which in turn phosphorylates
IKKa/f. IKKS phosphorylates 1kB, which is then targeted for K48-linked ubiquitination and
degradation by the proteasome [30]. In unstimulated cells, 1B is bound to the transcription
factor NF#B and sequesters NFxB in the cytoplasm; however, when 1B is degraded, NF B
re-localizes to the nucleus to activate transcription of pro-inflammatory cytokines. TLR4
also signals from the endosome through TRIF and TRAF3, which induces translocation of
interferon response factor 3 (IRF3) to the nucleus to produce type I IFNs to enhance
inflammation. Mutations have been identified in many of these genes that affect human
disease, and several are being used as targets for the potential development of therapeutics
[34-36].

Temporal regulation of innate immunity signaling

Regulation of innate immunity through positive and negative feedback loops can occur at
multiple levels, and this regulation is critical both to generate a robust response to fight
infection and to limit the response to prevent tissue damage. In general, the innate immune
response can be segregated into three overlapping temporal phases [37]. In the first phase,
constitutively expressed PRRs, signal transduction proteins, and cytosolically sequestered
transcription factors such as NF«B are present and poised to respond rapidly to PAMP
challenge. Stimulation with PAMP leads to rapid translocation of transcription factors into
the nucleus and almost immediate production of important immune response products such
as cytokines. This first phase of the innate immune response induces production of de novo
proteins including additional transcription factors that regulate the second phase of the
response, which occurs 2-8 h post-activation [37]. These transcription factors, which either
enhance or diminish the response, include CEBP &, which binds the IL-6 promoter and
enhances IL-6 transcription, and ATF3, which inhibits IL-6 production by blocking CEBP&S
binding [38]. Production of negative regulators like ATF3 is critical to limit the
inflammatory response and prevent disease. The third phase of inflammatory gene
expression is characterized by chromatin remodeling, which provides putative lineage
commitments or provides an end to the response [37]. Positive and negative factors
antagonize one another and often compete to determine the appropriate degree of response
as well as final outcome in a temporal fashion. This ensures proper initiation of the
inflammatory response but also ensures that inflammation is self-limiting and will not cause
disease.

Spatial regulation of innate immunity signaling

Substantial research over the last 15 years has identified many proteins involved in innate
immunity signal transduction pathways, thereby identifying human disease genes and
potential targets for treating disease. Recently, the subcellular location and trafficking of
these innate immunity proteins has gained substantial attention [22]. The identification of
proteins that control trafficking of innate immune signaling proteins provides an additional
layer of important regulatory factors that could represent human disease genes and
therapeutic targets.

This trafficking has been best studied for the TLR family of PRRs. TLRs 3, 7, 8, and 9
localize to the endolysosome, while the other TLRs are located on the cell surface (Fig. 2)
(The one exception to this is TLR4, which is present on the surface and inside the cell) [21,
22]. This compartmentalization and trafficking of TLRs is important. For example, if TLR9
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is artificially targeted to the cell surface instead of the endolysosome, it has a diminished
ability to recognize viral DNA but an enhanced ability to recognize self-DNA [39]. Thus,
TLR9’s intracellular location facilitates recognition of pathogens while restricting
recognition of self and possible autoimmune disease [40, 41].

The trafficking of intracellular TLRs to the endolysosome is regulated by Unc93b, which
facilitates trafficking of TLR 3, 7, 8 and 9 from the endoplasmic reticulum to the
endolysosome, which is critical for ligand recognition [42, 43]. Mutations in TLR3, which
recognizes dsRNA from some viruses, have been identified in patients with recurrent herpes
simplex virus 1 (HSV)-induced encephalitis [44]. Similarly, mutations in Unc93b also result
in susceptibility to HSV-1 encephalitis in humans [45]. Thus, mutations in either the
signaling protein (TLR3) or the trafficking protein (Unc93b) both cause the same disease in
humans.

Other human immune diseases also may be affected by trafficking of immune proteins.
Trafficking of cytokines is implicated in Griscelli syndrome (which is characterized by
albinism and immunodeficiency) [46-48] and Crohn’s disease [49]. Unc93b is upregulated
in patients with active systemic lupus erythematosus (SLE), suggesting that it could play a
role in SLE [50]. Thus, identifying genes that control trafficking of immune signaling
proteins could open up new opportunities for diagnosis of and treatment for many diseases.

Comparative genomics for the identification of novel spatiotemporal
regulators of innate immunity

Our laboratory has used a comparative genomics RNAI screening approach in simple model
systems to identify novel regulators of innate immunity [51]. These model systems include
mouse macrophages, an important phagocytic innate immune cell [52], and the soil
nematode Caenorhabditis elegans, which has an innate immune system but not an adaptive
immune system, making it useful for innate immune studies [53-55]. One advantage of
these models is the ability to perform rapid genomic-scale RNAI screens in a reasonable
time frame. Once candidate innate immune regulators are identified in these simple model
systems, they are validated in mammalian disease models. These mammalian models
include testing knockout mice in sepsis and inflammatory lung disease models and
investigating the association of polymorphisms in candidate genes with inflammatory
disease in human patient populations. Thus far, we have identified dozens of candidates that
affect the innate immune response in mouse macrophages [51, 56-58] and we are now
investigating three genes in knockout mice that could affect spatiotemporal regulation of
innate immunity signaling. One of these genes is Thc1d23, a regulator of RABs [51, 59].

Role of RABs in innate immunity

The functions of the small GTPase RAB proteins in vesicular trafficking have been
extensively studied [60] but have only recently been investigated in innate immunity. RABs
are members of the RAS GTPase superfamily; more than 60 RABs are present in mammals.
RAB proteins are compartmentalized to different organelles and are further segregated into
microdomains. RABs play a critical role in vesicular trafficking; when RAB proteins are
activated, they enhance the functions of their effector proteins, which can vary from
vesicular membrane fusion to kinase activity. RAB proteins exist in two different states,
either bound to guanine triphosphate (GTP), the active state, or bound to guanine
diphosphate (GDP), the inactive state. GTPase-activating proteins (GAPSs) facilitate
hydrolysis of the GTP on their cognate RABS, thereby inactivating the protein, and guanine
nucleotide exchange factors (GEFs) reactivate RABs by exchanging GDP for GTP on their
cognate RABs [61-63]. RAB effector proteins have been shown to be involved in several
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different processes of vesicular function such as fusion, coating, and motility. Recently,
several studies have highlighted the role of Rab proteins in TLR trafficking. Three RABs are
known to affect TLR4 movement: RAB10 controls movement of TLR4 to the cell surface
[64], Rabl1la traffics TLR4 into the cell [65], and RAB7b traffics TLR4 to the lysosome
[66]. Inhibition of Rab10 decreases TLR4 signaling, leading to decreased inflammatory gene
expression [64], while inhibition of Rab7b stabilizes TLR4, leading to increased signaling
and increased inflammatory gene expression [66]. Rabs also have been shown to activate
P13 kinase, which is involved in several different aspects of both innate and adaptive
immunity [67-72]. Finally, mutations in Rab27a have been shown to cause Griscelli
syndrome in humans [46, 47].

The Tbc1d23 RAB-GAP inhibits innate immunity signaling in
spatiotemporal fashion

We identified Thc1d23 as a novel innate immunity regulator in our comparative genomics
RNA. screens. Mutation of the Thc1d23 ortholog in C. elegans renders the nematodes more
susceptible to pathogenic but not non-pathogenic bacteria [51]. Based on these results, we
generated a Thc1d23 knockout mouse and also engineered macrophages that overexpress
Thc1d23. Studies in these mice and cells have demonstrated that Tbc1d23 inhibits the
mammalian innate immune response in spatiotemporal fashion [59]. The knockout mouse
and macrophages derived from these mice had an enhanced response to many TLR agonists
including LPS while macrophages overexpressing Thc1d23 had weaker response (Fig. 3).
This inhibition was regulated temporally, as cytokine production was only affected several
hours after stimulation (Fig. 4). Consistent with the effects early but not late was the
observation that initial activation events following LPS challenge were not affected by
Thc1d23. One clue to how this could be occurring was the observation that Thc1d23
inhibited activation of the Xbp1 transcription factor, which acts in both ER stress and TLR
signaling pathways [73-76]. Interestingly, Xbp1, like Tbc1d23, affects late but not early
inflammatory gene expression [59, 73]. Thus, understanding the regulation of these genes
could provide insight into the later phase of inflammatory gene expression regulation.

Thc1d23 contains the conserved Thc domain present in RAB-GAPSs. By mutating a
conserved arginine in this domain, we showed that the Thc domain is required for Thc1d23
function, as the mutation in this domain abrogated the ability of Thc1d23 to inhibit cytokine
production without affecting localization or expression. This suggests that Thc1d23
regulates innate immunity as a RAB-GAP, although to demonstrate this formally, it will be
necessary to identify the cognate RAB target and test this biochemically. These data suggest
that Thc1d23 acts by controlling the activity of a yet to be identified RAB (the RABs
already known to regulate TLR signaling do not fit the criteria for the Thc1d23 cognate
RAB). We therefore infer that Thc1d23 is controlling the trafficking of an innate immune
signaling protein by controlling RAB activity. This signaling protein could be in TLR
signaling pathways upstream of the Xbp1 transcription factor.

Conclusion

Diseases with an inflammatory component such as sepsis and COPD are major causes of
mortality and a major economic burden on today’s healthcare system. With the increase in
immune disease in the past few decades, new therapeutic approaches and targets are
necessary to improve patient outcome. In principle, any novel spatiotemporal regulator of
innate immunity could represent a novel target for the development of therapeutics for many
diseases. For example, Thc1d23 overexpression does not affect the initiation of
inflammation but does affect maintenance of inflammatory gene expression. Thc1d23
overexpression should inhibit its cognate RAB, so we would predict that inhibition of this
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RAB, once it is identified, would largely abolish maintenance of inflammation without
affecting the initial inflammatory response. Such a gene would be an intriguing target for the
development of therapeutics to treat chronic inflammatory diseases without completely
abolishing the necessary antimicrobial response.
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The innate immune response and disease. The innate immune response plays a critical role
in fighting infection (left side), but a dysregulated response can contribute, at least in part, to

the pathogenesis of many diseases (right side)
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Fig. 2.

Subcellular localization and trafficking of TLRs. The schematic depicts TLRs that are
located on the cell surface (such as TLR5, TLR2/1, and TLR2/6) and other TLRs that are
present in the endolysosome (TLRs 3, 7, 8, 9). TLR4 is present on the surface and the
endosome. Arrows depict the direction of transport of the TLRs and some of the known
transport genes (Rab10, Rab7h, and Unc93b)
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Fig. 3.

Thc1d23 inhibits the innate immune response to LPS. a Bone marrow-derived macrophages
from Thc1d23~/~ mice (dashed line) and from their wild-type siblings (solid line) were
exposed to the indicated LPS doses for 6 h, and cytokine production was monitored by
ELISA. b Macrophages overexpressing Thc1d23 (dashed line) and control macrophages
(solid line) were exposed to the indicated LPS doses for 6 h, and cytokine production was
monitored by ELISA. Based on data from [59]
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Fig. 4.

Thc1d23 inhibits late but not early LPS-induced cytokine production. a Bone marrow-
derived macrophages from Thc1d23~~ mice (dashed line) and from their wild-type siblings
(solid line) were exposed to LPS for the indicated times, and cytokine production was
measured by ELISA. b Macrophages overexpressing Thc1d23 (dashed line) and control
macrophages (solid line) were exposed to LPS for the indicated times. At every time point,
all of the media were removed for ELISA analysis and fresh media with LPS were added
back to the cells. Thus, the data in a depict cytokine accumulation over time, while the data
in b depict the differential cytokine production over time. In both experiments, whether
Thc1d23 was overexpressed or deleted, TNFa production was similar for the first 1-2 h
(this data and data in [59]) following stimulation but not at later times. Based on data from
[59]
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