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A. Personal Statement

My training and expertise are in the areas of microbiology, immunology and mouse genetics. My lab has made
several contributions to our understanding of the molecular basis by which pathogens are detected by the
innate immune system. In particular, our studies have helped establish the concept that vertebrate immune
sensors respond to the virulence activities of pathogens. My lab is known primarily for our work on
inflammasomes and the cGAS-STING pathway. Inflammasomes are multiprotein complexes that initiate
inflammation via the recruitment and activation of the Caspase-1 protease. We demonstrated that NAIP
proteins, members of the NLR superfamily, form inflammasomes upon direct recognition of flagellin and other
bacterial proteins [1]. We also found that direct proteolysis by the anthrax lethal factor protease is sufficient to
activate the NLRP1B inflammasome, and solved the decade long mystery of the underlying biochemical
mechanism of NLRP1B activation [2]. In separate work, we also discovered a novel cytosolic
immunosurveillance pathway that detects unique bacterial signaling molecules called cyclic-di-nucleotides [3].
We used mouse mutagenesis to identify the host protein STING as essential for the response to cyclic-di-
nucleotides, and provided biochemical proof that STING is the cytosolic cyclic-di-nucleotide receptor [3]. This
discovery proved significant as it later helped provide a key signaling link in the innate cytosolic DNA sensing
pathway. We currently focus on several bacterial pathogens including Legionella pneumophila, Shigella
flexneri, and Mycobacterium tuberculosis. We developed the first physiological oral mouse infection model for
Shigella [4]. We also recently discovered a new pathway for interferon induction in cells that responds to
virulence factors produced by viruses [5].
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C. Contributions to Science

1. Identification of the molecular basis of STING activation by cyclic-di-nucleotides (CDNSs).

We discovered that mammalian cells trigger an interferon response upon detection of cyclic-di-nucleotides
(CDNS) in their cytosol [1a]. We showed that the interferon response induced by CDNs is indistinguishable
from that induced by cytosolic recognition of viral or bacterial DNA. In collaboration with the Portnoy Lab, we
used random ENU mutagenesis in mice to identify a novel mouse mutant, called goldenticket, that fails to
produce interferon in response to CDNSs or Listeria monocytogenes. By genetic mapping, sequencing, and
complementation, we found goldenticket mice harbor a null mutation in a gene encoding STING, a protein
previously shown to function as a signaling adaptor protein in the interferon response to DNA. Goldenticket
(Sting™") mice are now in widespread use in many laboratories internationally. By biochemical approaches, we
then identified that the host CDN receptor is STING itself [1b]. Our work became of great significance when it
provided a missing link between the cytosolic DNA sensor, cGAS, discovered by the Chen group, and the
STING signaling adaptor. We demonstrated that cGAS produces a 2'-linked CDN that specifically activates
human STING [1c]. In more recent work, we identified and functionally and structurally characterized cGAS
and STING homologs in the sea anemone Nematostella vectensis, demonstrating the deep evolutionary
conservation of this pathway [1d]. Taken together, our work has provided fundamental insights into the
molecular basis by which nucleic acids are sensed in the cytosol.
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2. Discovery of a cytosolic flagellin-sensing inflammasome pathway and its importance in resistance to
Legionella pneumophila and Shigella flexneri infection.

In the late 1980s, it was discovered that the intracellular bacterial pathogen Legionella pneumophila is unable
to replicate efficiently in macrophages from the C57BL/6 mouse strain, but is able to replicate 21000-fold in
macrophages from the A/J mouse strain. Classic genetic studies determined that restriction of L. pneumophila
replication requires a single genetic locus on mouse chromosome 13 that contains a cluster of Naip genes. By
homology, NAIP proteins were identified as members of the Nucleotide-binding domain/Leucine-rich Repeat-
containing (NLR) superfamily, but the function of NAIPs was unknown. Over the course of a decade, our work
established NAIP proteins as cytosolic innate immune sensors of bacterial proteins, including flagellin [2a-2c].
Our work culminated in the cryo-EM structure of NAIP bound to flagellin, a structure that represented the first
structure of a full-length NLR as well as the first structure of an NLR bound to a ligand [2c]. Taken together, our
work is significant because it demonstrated that NAIP proteins are required for specific recognition of bacterial
ligands, and because we provided the first biochemical evidence for ligand-dependent oligomerization of any
mammalian NLR protein.

Most recently, our work on the NAIP-NLRC4 inflammasome has been in the context of Shigella flexneri.
Shigella is a human adapted pathogen that causes approximately 200,000 human deaths per year, but does
not cause disease in wildtype mice. The lack of a mouse model of Shigella has been a major impediment to
studies of its in vivo pathogenesis mechanisms, as well as to the development of a Shigella vaccine. We
discovered that the reason mice are resistant to Shigella is because the mouse (but not human) NAIP-NLRC4
inflammasome detects Shigella and mediates the expulsion of Shigella-infected intestinal epithelial cells back
into the gut lumen [2d]. After oral infection, NAIP-NLRC4-deficient mice exhibit all the hallmarks of human
disease and thus represent the first physiological and genetically tractable oral infection model for Shigella.
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3. Identification of novel inflammasome functions and the NLRP1 inflammasome mechanism.
Inflammasomes are now appreciated as critical innate immune sensors and activators of the Caspase-1
protease. Although pyroptosis and cytokine processing were widely assumed to be the major signaling outputs
of inflammasomes, we demonstrated that induction of inflammatory lipid mediators (eicosanoids) is a third
important inflammasome signaling output in vivo [3a]. We demonstrated that inflammasome-dependent
induction of eicosanoids produces rapid vascular leakage that can be lethal within <30 minutes. We have also
demonstrated unique inflammasome functions in epithelial cells [3b]. We also demonstrated that a distinct
inflammasome, containing the NLRP1B protein, is activated by direct proteolysis by the anthrax lethal factor
protease [3c]. We recently elucidated a ‘functional degradation’ model that explains how proteolysis of NLRP1
leads to its activation [3d]. Together our results have established several new functions for inflammasomes in
innate immunity.
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4. Identification of “patterns of pathogenesis” as a major mechanism of innate immune activation.

A major theme of our work is that the innate immune system can distinguish bacterial pathogens from
harmless commensal microbes by detection of the virulence factors produced by pathogens (but not by
harmless microbes). In a review written by myself, Ralph Isberg, and Dan Portnoy, we referred to this mode of
innate immune activation as detection of ‘patterns of pathogenesis’ [4a]. This review has been influential, but
unfortunately, there have been relatively few examples of this mode of pathogen detection worked out in
molecular detail. Our work has provided several examples of how patterns of pathogenesis can be detected by
the innate immune system. One early discovery was our finding that blockade of protein synthesis—a common
‘pattern of pathogenesis’ of several pathogens, including L. pneumophila—induces a robust cytokine
transcriptional response in the host [4b, 4c]. The host response is characterized by induction of IL-23, GMCSF,
and IL-10, the latter which appears to be especially critical to the in vivo response to L. pneumophila. More
recently, we have extended the concept of “patterns of pathogenesis” to viruses. We identified a novel innate
immune sensing pathway that detects an important HSV-1 virulence factor called ICPO. We found that the
enzymatic activity of ICPO triggers a robust type | interferon response via the ubiquitin-mediated degradation of
a nuclear body protein called MORC3 [4d].
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5. Identification of the molecular function of CD94/NKG2A on mouse NK cells

As a graduate student in David Raulet’s Lab, | investigated how NK cells are activated by abnormal host cells.
The missing self hypothesis states that NK cells survey cells for normal expression of MHC class | molecules
and attack cells that have downregulated MHC class | (e.g., as a consequence of viral infection or
transformation). In the mouse, it had been shown by Yokoyama and colleagues that the Ly49 family of
receptors were MHC specific inhibitory receptors on NK cells. However, Ly49 receptors did not fully account for
the ability of NK cells to be inhibited by target cell MHC class I. | cloned a second family of MHC class |-
specific inhibitory receptors in the mouse, the heterodimeric CD94/NKG2 receptors. In a series of papers [5a-
d], | showed that these receptors recognize a nonclassical MHC class | molecule called Qa-1°. Qa-1 primarily
presents a single peptide which is derived from the cleaved signal sequence of classical MHC class |
molecules. My results therefore provided an indirect mechanism by which NK cells could survey cells for
normal expression of classical MHC class | molecules.

a. Vance RE, Tanamachi DM, Hanke T, Raulet DH (1997) Cloning of a mouse homolog of CD94 extends the
family of C-type lectins on murine natural killer cells. Eur J Immunol Dec;27(12):3236-41.

b. Vance RE, Kraft JR, Altman JD, Jensen PE, Raulet DH (1998) Mouse CD94/NKG2A is a natural killer cell
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