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Abstract

Innate Immune Recognition of Conserved Structuealt&ires of Bacterial
Flagellin Shapes Host Antibody Responses

Ameérico H. Lépez-Yglesias

Chair of the Supervisory Committee:
Associate Professor Kelly D. Smith
Department of Pathology

Within this dissertation, we have determined homponents of the host’s innate immune
system and structural features of flagellin, a pgém associated molecular pattern (PAMP) and
the major structural component of bacterial flagetletermine isotype specific antibody
responses. Bacteria use flagella for chemotaxiatdwnergy and nutrient resources. For
Salmonella entericaerovar Typhimurium§ Typhimurium) the primary structural protein
comprising the flagella is flagellin, which is emgal by the genefljB andfliC. The primary
flagellin molecule, FliC, has been crystallizedealng that its structure consists of four
domains: DO, D1, D2 and D3. DO is recognized bypSaind Naip6 (Naip5/6), which initiates
the assembly of the inflammasome and caspasevhtoti. D1 is recognized by Toll-like
receptor 5 (TLR5), which signals through adaptatgin MyD88 to initiate MAPK signaling
and NF«B activation. Using purified flagellin fror8. Typhimurium, we dissected the
contribution of innate flagellin recognition pathygato promote antibody responses towards
flagellin and co-administered ovalbumin in mice. Wé&monstrate IgG2c responses towards
flagellin were TLR5- and inflammasome-dependengligvas the dominant isotype and

partially TLR5- and inflammasome-dependent. In &ddj a substantial flagellin-specific IgG1



response was induced through a TLR5-, inflammaspamel MyD88-independent pathway. To
address how flagellin triggers the TLR5-, inflammae-, and MyD88-independent pathway, we
turned our attention to the flagellin molecule’glhlly conserved recognition sites located on
domains DO and D1, and its hypervariable D2 and@3D3) domains. To determine how
FliC’s structural features affect the TLR5-, inflalasome-, and MyD88-independent pathway,
we destroyed the DO (FliC-C) or the D1 (FI{€) recognitions sites, or deleted the D2/D3
domain (FIi®™Y), and performed primary and secondary immunizatisith C57BL/6 mice.
Results from FliC-C, Fli€-"°, FIic®”Ptimmunized mice indicate that primary antibody
responses towards flagellin are strictly dependerfliC’s D2/D3 domain. Robust secondary
antibody responses in mice require TLR5 and caspaseMyD88, and FliC’s D2/D3 domain.
This is the first formal demonstration that flage D2/D3 domain is required for induction of
primary antibody responses and robust secondaityaalytresponses. The compilation of our
results identifies a novel recognition pathwaylacterial flagellin that plays a significant rote i
flagellin’s immunogenicity.

Flagellin also works as an adjuvant when co-adrtergsl with ovalbumin, but only
promotes moderate IgG1 anti-OVA responses follove@gondary immunizations. In contrast to
flagellin’s modest adjuvancy towards co-administesiatigens, we demonstrate that covalent
linkage of antigens to flagellin significantly emts the antigen’s immunogenicity. By coupling
antigens to flagellin, we tested several flagetifv fusions and identified one construct that
was capable of inducing antibodies specific for4B40 epitope of HIV’'s gp41 membrane
proximal external region (MPER). These resultstdistia a flagellin vaccine platform that may
be exploited to enhance the immunogenicity of pomnmunogenic epitopes to combat

debilitating diseases such as influenza, tuberylozalaria, and HIV.
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Introduction

Introduction to adjuvants

In today’s world, vaccines are the most effectiveamns to prevent infections, attenuate the
spread of disease, and limit morbidity and mogtahthumans. While most successful vaccines
are a result of live, attenuated pathogens, therenany other infectious diseases in which
attenuated vaccines have not yet been developeMéyeover, there are many other pathogens,
like HIV, in which an attenuated form is impracticae to its inability to confer protection and
potential to become pathogenic. Therefore, vacicinatrategies against pathogens such as HIV,
have focused on using nonliving antigens such adtivated viruses or recombinant antigens.
While recombinant antigens are incapable of caudisgase, and have limited toxicity to the
host, they also have weak immunogenicity, indu@nmpor immune response from the host
towards the selected pathogen. For this reasonngaccines require additional help to boost
the host’'s immune response towards themselves., @ddig adjuvants (froradjuvare to help)

to a subunit vaccine helps to increase the magaiamd breadth of immune responses, enhance
immunological memory, and direct appropriate immresponses towards pathogens.
Unfortunately, in the U.S.A., we have a limited ragnof approved adjuvants and, in most
instances, their mechanisms of action is unknovandd, it is critical to have a better
understanding of adjuvants, in order to help dgvskfer and more effective vaccines against

infectious diseases.



Bacterial flagellin is key for virulence

Motility assists bacteria during invasion and catation of the host (1). The flagellum is the
molecular machine that propels some Gram-negatideGram-positive bacteria (Fig. 1) (2-4).
Numerous pathogens are flagellated, including biactieat infect mucosal surfac&&almonella
entericaserovar Typhimurium§. Typhimurium), a major cause of diarrheal illnessidwide,
uses flagella to travel through the mucus to rebelepithelial barrier and invade host cells (5,
6).

During an infection, hosts use pattern recognitemeptors (PRR) to identify microbe
associated molecular patterns (MAMPS) and alertrtimune system of a pathogen invasion (7).
PRRs are germline encoded and do not undergo gan@angement (8). Hosts are capable of
recognizing multiple MAMPs encoded By Typhimurium such as LPS (TLR4), lipoproteins
(TLR1, 2, 6), CpG-DNA (TLR9), and flagellin (TLR5Iagellin is the primary protein of
flagella and is encoded 8/ Typhimurium genefljB andfliC (3). Detection of flagellin alerts
the host to a flagellated bacterium that has brakesugh the epithelial barrier or has entered the
cell cytosol (8). There are three known PRRs thatasponsible for sensing flagellin: Toll-like
receptor 5 (TLR5) and nucleotide-binding and oligommation domain-like receptors (NLRS)
Naip5 and Naip6 (Naip5/6) (9-13). Activation of sigeinnate immune receptors promotes
inflammatory and immune responses, such as miadabiactivity, cytokine production and
dendritic cell (DC) maturation (14-18). Flagelliptake by DCs leads to antigen presentation and
the generation of T cell-dependent antibody respeKi%9).

TLRS5 expression and function

Until recently, the collection of data about whi#ll types express TLR5 was heavily dependent

on mMRNA and biological responses to flagellin. Gémet al. demonstrated that TLR5



3
recognizes flagellin that has gained access tbaiselateral surface of polarized epithelia (17,
20). Results from the Hawn group at Universityddishington indicated that murine alveolar
macrophages are able to respond to FliC (ffyphimurium) or FlaA (fronlLegionella
pneumophil® while bone marrow derived macrophages (BMDMs) aimurine macrophage
cell line (RAW 264.7) were both unable to be stiatetl by purified flagellin monomers (Fig. 3)
(21). On the contrary, in another report, otherimeumacrophage cell lines (J774A.1) are
responsive to high doses of purified FI€10ug/mL) (22). Recently the Miyake group from the
University of Tokyo has generated a monoclonal-arduse TLR5 antibody that confirms the
previously mentioned findings for leukocytes; eplial cell reactivity with this monoclonal
antibody (mAb) has not yet been reported (23) dditeon to supporting the previous findings,
the Miyake group demonstrates that neutrophilsxgwess TLR5, but do not respond to flagellin
by secretion of cytokines or chemokines. Along veittensive investigation into the agonist that
stimulates TLR5, considerable research has beeaucted to understand which populations of
DCs recognize flagellin and what role recognitidrilagellin has in the immune response.
Several groups have shown that murine DCs respofidgellin. Uetmatsetal., revealed that a
sub-population of lamina propria DCs (LPDC) are BLBnd specialize in the recognition of
flagellin (23-25). Furthermore, additional studies/e observed that there are several host
compartments, primarily the spleen and intestitiest, have resident DCs that constitutively
express TLR5 and are responsive to flagellin monmertlb, 23, 26, 27). Mucosal DCs tightly
regulate the expression of TLR5. TLR5 can alsopregulated in bone marrow derived DCs
(BMDC) via the vitamin A metabolite retinoic aci@A) and can be enhanced further by stromal
cell products (28). However, TLR5 expression hanlshown to be downregulated with

treatment of TLR ligands (28).



4
TLRS5 requires the adaptor protein MyD88 in ordeinitiate downstream signaling (13,
29). TLRs (except TLR3), as well as IL-1R family migers, contain a TIR (Toll-IL-1R) domain
that homotypically interacts with the TIR domainMyD88 (30). TLR5 signaling results in the
secretion of a wide array of inflammatory cytokimesl chemokines, both vivo andin vitro.
Human epithelial cells (Calu-3 and A549 cell linagd DCs (differentiated from human
PBMCs) respond to flagellin monomers and releas@ (20, 31, 32). Murine CD11d¢amina
propria cells and alveolar macrophages responiagelfin by releasing IL-6, IL-12, and TNF
(21, 25). Early reports from mouse models indicaked purified flagellin monomers were able
to upregulate key inflammatory markers, such as,TTNA2/23p40, IL-6, and Cxcl1
(homologue of human IL-8), however we have beerblet® reproduce TNF secretion using
similar mouse models (33). Kinnebretval recently showed that CD108D1165 LPDCs
respond to flagellin by secreting large amounti_et3 (27). These results indicate that
epithelial cells, macrophages and DCs in humansyaoe are responsive to flagellin in a TLR5-
dependent fashion (34). Although a large body ofkwadicates that TLR5 recognition of
flagellin monomers requires MyD88, a recent replernonstrates that TLR5 also retains
MyD88-independent activity as an endocytic recefitat facilitates the presentation of
processed flagellin on MHC class Il molecules (I%jese reports demonstrate that flagellin
recognition through TLR5 in a MyD88-dependent fashdccurs on various cell types and plays
a key role in innate immunity through the releakpro-inflammatory cytokines and

chemokines.
Naip5 and Naip6 expression and function

Intracellular sensors, such as NLRs, are germimeded PRRs and are another vital component

of microbial surveillance. NLRs respond to MAMPsliandogenous signals (36). NLRs form a
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multimeric complex, termed the “inflammasome,” whieads to secreted mature forms of -1
and IL-18, lipid release, and cell death via pyosg (37-39). The inflammasome complex is
capable of recognizing flagellin that leads to pas&-1 (Caspl) activation. Miabal observed
that cytoplasmic flagellin activated Caspl in acMidependent manner (10). Further work by
Vanceet al. showed that Naip5 and Nlrc4 are required for Casgivation by the amino acid C-
terminal portion oLegionella pneumophilé.. pneumophilpandS. Typhimurium flagellins
(40). Recent work, by the Shao and Vance grougsgdamonstrated that flagellin recognition by
the inflammasome is dependent on direct interacaifdtagellin with Naip5 and Naip6
(Naip5/6), leading to oligomerization with NIrc4)cathe activation of Caspl (12, 41). While
Naip5/6 recognizes flagellim vitro in transfected HEK293T cells, the role of Naipeins
unclear since Naip5 appears to be the primary NUAERC recognition in BMDMs (12, 41, 42).
Moreover,in vivo observations from our group has recently showhNaép5™ mice given
intraperitoneal (i.p.) injections of flagellin wevaable to upregulate IL-18, identical to Casp1
mice. Our recent observations suggest that weraable to use IL-18 as a viable measurement
for Naip6 recognition of flagellin, despite Naip@'srsistence in vivo (33).

Inflammasome signaling is the result of the actorabf Caspl. As described above
Naip5/6 are capable of recognizing flagellin, aequire oligomerization with Nlrc4 in order to
recruit Caspl and initiate processing of pro-ILat®l pro-IL-B, and pyroptosis (36, 37, 43). It
has been well established that murine macrophage®&s are able to recognize cytoplasmic
flagellin and activate the inflammasome complexwideer, it is still unclear if epithelial cells

and other cell types are able to recognize inthaleelflagellin (37, 44, 45).
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FliC’s recognition by the innate immune system result of conserved structural

domains

The flagella that allows fd8. Typhimurium motility is primarily composed of FliEig. 2) (3).
The structure of flagellin has revealed that witisrboomerang-like shape, it retains four
domains: DO, D1, D2, and D3 (Fig. 2) (46, 47). TLRBognition of flagellin is dependent on
the conformation and the highly conserved amind eesidues of the D1 domain (48, 49). In
contrastHelicobater pylori(H. pylori) flagellin has evolved to evade TLR5 detectiom assult
of amino acid substitution at residues 89-96 (49, Recently, Yooret al crystallized the
zebrafish TLR5 structure interacting wiialmonella entericaerovar Dublin $ Dublin) FliC
and confirmed that the D1 domain of FliC directiyerracts with TLR5 at two primary interfaces,
including absolutely conserved flagellin residueg®and Gld** (51). Using functional and
structural data, we have mutated conserved residubs D1 domain of FliC, in order to ablate
TLR5 recognition and signaling.

The DO domain of FliC is recognized by Naip5/6. Nuous reports have shown that
Naip5/6 recognition is dependent on the C-termafi@omain DO (10, 11, 13, 40, 41, 52). While
TLR5 recognition of domain D1 is entirely dependentthe tertiary structure of FliC (40). Full-
length flagellin monomer is capable of activatihg tnflammasome independently of Naip5,
however recognition of the C-terminus of flagehilone is Naip5-dependent (41). The Vance
group went on to demonstrate that Naip5/6 recagmitf DO is ablated when the highly
conserved leucine residues 490, 492, and 493 astitaied for alanines (40). Previous groups,
along with our own lab’s unpublished results, haliserved that the recognition of FliC by the
innate immune system is responsible for flagellamdigenic properties. Meanwhile, our lab has

observed fromin vitro andin vivo experiments that the addition of a 6x histiding{GxHis) to



either the N- or C-terminus of flagellin signifiaggnaffects inflammasome recognition of

flagellin that agrees with previously publishedadp (41).
Antibody responses towards flagellin

Purified flagellin monomers induce robust antibedgponses towards itself. As has been
discussed, flagellin is a robust agonist of theatenmmune system, stimulating a select
population of cells. Gewirtz and others have regmbthat flagellin is capable of generating
antibody responses, which are dependent on bo#temacognition and T cell responses (19, 22,
53-55). Purified flagellin monomers are capabladifvating DCs in a TLR5-MyD88-dependent
manner, as seen by the upregulation of MHC classDB0, and CD86 (15, 34, 56). Activation
of DCs leads to T cell activation, which is reqdifer a humoral response against monomeric
flagellin (19, 34, 53). The T cell responses akelli to be influenced by the cytokines that are
stimulated by flagellin. Recognition of purifiecfellin monomers in mouse models leads to
release of Cxcl1, IL-6, IL-23, and IL-18 (33, 44)5Sandergt al, demonstrated that antibody
responses toward® Typhimurium FliC are dependent upgh T cells and independent @dT
cells, while serum cytokine responses are indepdrafel cells (19, 34). In C57BL/6 (BL/6)
mice flagellin induced antibody responses are te@iased towards IgG1 rather than IgG2c
isotype specific responses against flagellin monsr{4, 53). While the TLR5-MyD88

flagellin recognition pathway is essential for rebaystemic cytokine secretion, neither are
required for antibody responses towards purifiadédllin (33, 55). However, multiple labs have
observed that MyD88 is required for IgG2c and Ig§iitype specific responses towards
flagellin (34, 55). Gewirtz and colleagues obsertreat either TLR5 or Nlrc4 is sufficient for the
induction of humoral immunity, and that these imniégellin recognition pathways are

redundant (55). However, in the absence of bothSTaRd NIrc4 mice no longer generate



antibodies against flagellin (22, 55). Conversely, group has recently shown that TLR5,
Caspl, and MyD88 are not required for anti-flagelyjG1 responses, providing evidence to
support the idea of an undefined novel third pathpr@moting antibody responses towards
flagellin (33).

Flagellin as a molecular adjuvant

Flagellin is an attractive adjuvant because oaligity to stimulate the innate immune system
and induce robust humoral responses (13, 18). #audsed above, flagellin is capable of being
recognized by TLR5 and the inflammasome, which aedua robust pro-inflammatory response.
These immunogenic characteristics have led to lfiadeeing investigated as an adjuvant for
human vaccines. Reports have shown when flagslle@iimmunized with antigens, it induces a
humoral response towards the co-immunized antig2n33, 54-57). We will refer to the
adjuvant activity of flagellin towards co-injectadtigens as extrinsic adjuvancy. Protective
immunity was observed when the F1 antigeN efsinia pestigY. pestiywas co-administered
with flagellin and lead to the protection of wilggie (WT) mice when challenged via the
intranasal route with virulent. pestig57). Additionally, the hypervariable domain fldigeis
not required for flagellin’s extrinsic adjuvancy¥38). Flagellin’s robust extrinsic adjuvancy
requires TLR5 and the inflammasome recognition 88 ,55). Within this dissertation we have
characterized the required components of the innataune system and the structural features of
flagellin necessary to impart a humoral respons&tds antigens (such as ovalbumin) when co-
administered with FliC (33).

Flagellin is not only an attractive candidate a$aand-alone adjuvant, but it is also a
unique protein that can be re-engineered to createl antigensAs an antigen flagellin

stimulates a robust humoral response towards its&T mice due to its recognition by TLR5
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and the inflammasome (22, 55, 56). While the higlugserved domains DO & D1 are required
for robust pro-inflammatory responses and adjuvatieyD2 and D3 (D2/D3) hyper-variable
region is thought dispensable and can be replagdodwt compromising immunogenicity.
Flagellin is also advantageous as a fusion praiieice we can take advantage of the detailed
understanding concerning the regulation and stracifithe flagellar apparatus. We have
investigated how to direct antibody responses tmpes of interest that replace the
hypervariable D2/D3 region of flagellin. Thus, tmgpothesis for my graduate work is, innate
immune recognition of flagellin’s highly conservanhino acid residues regulates isotype-

specific antibody responses.
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Figure 2. The flagellin filament and monome

A density map of the flagellar filament alongsidemameric FliC with all its domains labele
During a bacterial infection, anrfiagellin antibodies are directed to the exposedI3Zlomain
(yellow). TLRS5 recognizes D1 (red) and Naip5/6 mpua@es DO (ceen). Adapted from (47
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Chapter II: Flagellin induces antibody responsesugh a TLR5- and
inflammasome-independent pathway

Introduction

Innate immunity is responsible for both sounding éfarm of pathogen invasion and
directing cellular and humoral immunity (59, 60heTinnate immune system recognizes
pathogens with germline encoded PRRs that resppodriserved pathogen associated
molecular patterns (PAMPS) (8, 61, 62). Two keyugoof PRRs are membrane bound TLRs
and cytosolic NLRs. TLRs recognize structurallyetse PAMPs, including nucleic acids,
glycolipids, lipoproteins, and proteins. The onhokvn protein ligand for human TLRs is
bacterial flagellin, which is recognized by TLR%}1

Flagellin is exposed on the surface of flagelldiadteria and is a major antigenic target
of the immune systenm a wide variety of hosts, ranging from plants amgertebrates to
vertebrates (9, 46, 63). B Typhimurium flagellin is encoded by the gefi@s andfljB, with
fliC being the primary gene (3). FIiC is a potent imngerothat is capable of inducing strong
immune responses to itself (intrinsic adjuvancyd ao-administered antigens (extrinsic
adjuvancy) (19, 22, 44, 55-57, 64-66). The interesnd extrinsic adjuvancy of flagellin has been
attributed to conserved structures in its DO dom@oognized by Naip5/6, and its D1 domain,
recognized by TLR5 (9-13, 17, 47, 67, 68). Studliesh several groups have established that
recognition of FIiC by the innate immune systendieto microbicidal activity, cytokine
production, and DC activation (14, 15, 18). Immuaiian of mice with FIliC elicits robust T cell
activation and T cell-dependent antibody respo(Eesl9, 22, 26, 53, 55, 69-72).

Flagellin, the ligand for TLR5, has been showmituce a |2 biased response (34, 53,

69), and is currently being developed as a vacaievant (73, 74). Because flagellin is a
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protein, the molecule can be engineered for vaad@vwelopment to retain immunogenicity and
display foreign epitopes of interest from pathogeumsh as: influenza (hemagglutinin and matrix
proteins)Y. pestisandH. pylori (FlaA flagellin) (57, 75-79). Compared to the aranistration
of flagellin with an antigen, flagellin fusion pehs elicit enhanced humoral responses and are
therefore a more alluring alternative for vacciesidn (60, 73, 80-82). The greater efficacy of
the flagellin-antigen fusions suggests that protgrof the antigen to the adjuvant allows for
enhanced antigenicity

NLRs are cytosolic sensors that oligomerize afggarid recognition and form multi-
protein complexes termed inflammasomes (36, 83)road range of pathogen derived and
endogenous signals initiate inflammasome formadimeh one of its triggers, alum, has been used
for decades as an adjuvant that elicit® Type responses towards co-administered anti@hs (
85). The best-studied NLR, NIrp3, is required famainduced activation of the inflammasome
(85, 86), but alum also utilizes an inflammasondependent pathway to inducgZlimmunity
(87, 88). The Naip family of NLRs activates thelamimasome in a NIrc4-dependent manner
(11, 12). Murine Naip2 recognizes the rod prot@hsome bacterial type Ill secretory systems,
whereas murine Naip5 and Naip6 recognize flagéllinp 12, 38). Mouse Naipl and human
NAIP recognize the needle protein of some bactéyfs Il secretion systems (11, 12, 38, 89).
Recognition of these protein ligands by the Naiptgins induces oligomerization with Nirc4,
leading to recruitment and activation of Caspl (@@}ive Caspl processes pro-IB-and pro-
IL-18 into mature forms for secretion, and initeeform of cell-mediated death termed
pyroptosis (37). The Nlrc4 system has been recéotigd to contribute to flagellin-induced

antibody production in mice, in a manner that guredant with TLR5 (22). In the absence of
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TLRS5, Nlrc4 is required for flagellin’s immunogertic (22). The isotype specificity of Nirc4
inflammasome-dependent antibody responses is unknow

TLR5 is expressed on the surface of epitheliak¢akkutrophils, monocytes and DCs (17,
23, 48). Flagellin recognition by TLR5 inducesdimerization and signaling through adaptor
protein MyD88 (29, 51). Activation of DCs via TLR&ads to the upregulation of MHC class II,
CD80, and CD86, and the secretion of cytokinesh sisclL-23, IL-6 and Cxcl1 (15, 19, 69).
TLR5 also promotes flagellin uptake and presemtatiat is required for efficient T cell
activation (19, 34, 72, 82). Thus, TLR5 recognitadrilagellin induces multiple pathways that
are beneficial properties for adjuvants. In thesalogs of the NIrc4 inflammasome, TLR5 is
required for flagellin’s immunogenicity (22).

TLR5 and the major cytokine outputs of the Nlrclammasome, IL-f and IL-18,
require MyD88 for signaling (91). Despite this coomality antibody responses towards
flagellin are maintained in MyD88-deficient mices5Thus, MyD88-independent pathways
emanating from either TLR5, such as flagellin upté®s, 72), or the Nlrc4 inflammasome (39)
may also contribute to flagellin-specific antibaggponses. Herein, we dissect the innate
immune components that are responsible for flagslintrinsic and extrinsic adjuvant
properties, as well as the production of isotypectjr antibody responses to flagellin and a
model co-administered antigen, ovalbumin (OVA). 3dstudies define the innate immune
components that are required to generate robuypesaspecific antibody responses towards FIiC
or co-administered antigens, and uncover a nov&5T[ linflammasome-, and MyD88-

independent flagellin recognition pathway that cites to flagellin’s immunogenicity
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Results

TLR5 and the Naip5 inflammasome control distinct edy cytokine responses in
vivo. Innate recognition of FIiC leads to cytokine ameémokine production that contributes to
host defense and adaptive immunity. To characterinéarities and differences in early phase
of innate detection of flagellin we defined thelpaays necessary for triggering flagellin-
dependent cytokine responsewivo using WT, TLRS", Naip5~, Casp, MyD88" and TLR5
FIcaspl” (DKO) mice. Mice were injected i.p. with 30 pgFlfC, isolated and purified frors.
Typhimurium (Fig. 3), and sera were assessed atlZldours after flagellin injection. WT mice
produced IL-6, Cxcl1, IL-12/23p40, and IL-18 (F&). At the 2 hour time point serum Cxcl1,
IL-6 and IL-12/23p40 were TLR5- and MyD88-dependgig. 4A, C, D). Serum IL-6 and IL-
12/23p40 levels were also partially dependent oip®Nand Caspl (Fig. 4C, D). In contrast,
flagellin induction of IL-18 was TLR5- and MyD88dependent, but entirely dependent on
Naip5 and Caspl (Fig. 4B). At 4 h post-injectioa thle of TLR5 and the Naip5 inflammasome
in flagellin induced cytokine production was mommplex (Fig. 4). IL-12/23p40 and IL-18
continued to be dependent on the flagellin senJ&R5 and Naip5 inflammasome, respectively
(Fig. 4A, B). However, IL-6 and Cxcl1 were detectdt h in TLRS", but not MyD88" or
TLR5/Caspl DKO mice, suggesting a delayed cytokasxade, where flagellin induced IL-18
or other Caspl-dependent factors induce Cxcll bat&dih a MyD88-dependent manner (Fig.
4C, D). Thus, the innate immune receptors TLR5Maip5 function both independently and in
concert to regulate early cytokine production iretlby flagellin. Flagellin has also been
reported to induce low levels of TNF and IB-ih mice (22, 55, 92). In our studies, we found no
significant flagellin-dependent induction of Il3br TNF at 2 and 4 h post-injection in any of

the mice (data not shown). For TNF, it is likelhathhe 2 h time point missed the early and low
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level induction which typically peaks around 1-h.post-injection (data not shown) (92, 93).
Other investigators have also had difficulty daetertL-1p in mouse serum, suggesting that
technical issues may have precluded our abiligetiect the low levels reported by Bedoui and
colleagues (44, 55, 92).

IgG1 isotype specific responses are MyD88-indepenate Flagellin is a major
antigenic target during bacterial infections ancewimjected as a purified protein also induces
antibodies against itself and co-administered ansgBecause flagellin is being developed as a
platform for recombinant vaccines, we dissectedrihate immune pathways needed to generate
isotype specific antibody responses against flaget a co-administered antigen, OVA. BL/6
and MyD88" mice were injected i.p. with 3@y of FIiC and boosted with the same dose of
flagellin 3 weeks later. The immunized animals waegl prior to immunization (naive serum)
and at two weeks post primary and secondary imnatioizs. We tested the sera for IgG1 and
lgG2c antibodies against FIiC. After primary immzations the IgG1 anti-FIiC median titer was
3160 in WT mice and 316 in MyD&8mice (Fig. 5A). Following the secondary immunipat
lgG1 anti-FliC median titers increased more thae bandredfold in both WT and MyD88
animals, and IgG1 titers remained significantlyueetl in MyD88 compared to WT mice (Fig.
5A).

In contrast to IgG1, FIiC immunized BL/6 mice geated low titers of IgG2c anti-FIiC,
which were best detected following the secondamimization (Fig. 5B). The IgG2c anti-FIiC
response was absolutely dependent on MyD@8g. 5B). Our data demonstrates that IlgG2c and
a portion of IgG1 anti-flagellin responses are MgEpendent. Our results also support a

MyD88-independent pathway for IgG1 anti-flagellimtibodies in BL/6 mice.
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TLR5 and the inflammasome play largely redundant rdes in IgG1 anti-FIiC
responsesWe next examined the individual components of tariiagellin recognition for their
contribution to the anti-FIiC antibody responsesnipared to WT mice, TLRS Naip5", and
Casp?” mice produced similar IgG1 titers towards flage(fFig. 6A-C). In contrast, the IgG2c
anti-FIliC responses were significantly reduced ilR5”, Naip5"~, and Caspimice following
secondary immunizations (Fig. 6D-F). Our resuliggast that each individual innate recognition
pathways for flagellin contributes to the genenmaind IgG2c anti-FIiC responses. In contrast,
loss of TLR5 or the individual inflammasome molexgyINaip5 or Caspl, did not affect robust
lgG1 anti-FIiC responses.

MyD88-independent IgG1 anti-FliC responses are alsbLR5- and inflammasome-
independent.To determine if TLR5 or the inflammasome contrdsuto MyD88-independent
IgG1 anti-FIiC responses, we generatédR5andCasplDKO mice. TLR5/Caspl DKO mice
had significantly reduced IgG1 anti-FIliC titers}Imaintained moderate titers as seen in
MyD88" mice (Fig. 7A). As expected, the DKO animals hamigicantly reduced 1gG2c
responses towards FIliC (Fig. 7B). These resultgty suggest that the MyD88-independent
anti-FliC IgG1 response is mediated by a novelwaththat is distinct from the known TLR5
and inflammasome pathways for flagellin recognition

Serum IgA anti-FliC responses are TLR5 and MyD88 dgendent and Caspl-
independent.We tested naive and boost sera of BL/6 mice andkaud mice and assessed IgA
anti-FIiC titers following secondary immunizatioo&FIliC since previousn vitro andin vivo
studies have shown that monomeric flagellin is bépaf inducing IgA responses towards itself
(94, 95). IgA anti-FIliC responses were detectddwtlevels following the secondary

immunization (Fig. 8A). Consistent with recent esof Cunningham and colleagues (94), our
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results with TLRS", MyD88” and DKO mice show IgA anti-FIiC responses are TL&R%
MyD88-dependent (Fig. 8B, E, F). Furthermore, t# &nti-FIiC titers were detected in Naip5
and Caspi mice, suggesting that the inflammasome is notireddor IgA anti-FIiC responses
(Fig. 8C, D).

Flagellin’s adjuvancy towards extrinsic antigens igartially dependent on TLR5
and the inflammasome Next, we examined how flagellin regulates antiboggponses towards
a co-administered (extrinsic) antigen, OVA. Miceniomnized with OVA alone failed to generate
anti-OVA responses, whereas mice co-injected with &nd OVA generated anti-OVA
antibodies (Fig. 9A). We also tested the isotypecHjity of the FliC-dependent anti-OVA
antibody responses and found that in all animaletk IgG1 was the only isotype detected
against OVA; no IgG2c or IgA was generated agdhéA (data not shown). The IgG1 anti-
OVA responses were similar in WT, TLR5Naip5~, and CaspZ mice (Fig. 9B-D). The I1gG1
anti-OVA titers were significantly reduced in MyD88&nice and approached, but did not reach,
statistical significance in DKO animals (p=0.07)(FPE, F). Thus, the IgG1 and anti-OVA and
IgG1 anti-FIiC responses appear to be regulatesirbijar MyD88-dependent & -independent
mechanisms.

Defective flagellin-induced IL-18 in A/J mice.A/J mice contain a hypofunctional
Naip5that is associated with susceptibilityltegionella pneumophiléll, 12, 83, 96). We
assessed the serum cytokines in response to Fidwrs post i.p. injection with 30 pug FIiC.
A/J and BL/6 mice produced equivalent amounts e8JlLL-12/23p40, and Cxcll1 (Fig. 10A-C).
However, A/J mice failed to produce IL-{Big. 10D). As with BL/6 mice, A/J mice did not

produce detectable TNF or IlB{Fig. 10E, F). Thus the flagellin-induced cytokimesponses in



19
A/J mice are consistent with intact TLR5 and imediNaip5 recognition of flagellin due to the
hypofunctionaNaip5*- allele.
Augmented IgG1 and IgG2a anti-FIiC responses in A/dnice. We compared isotype specific
antibody responses against FIiC in A/J and BL/6enaind their respectivdyD88 deficient
strains. In contrast to BL/6 mice, A/J mice had enabust antibody responses to flagellin after
primary and secondary immunization, with approxehaflO-fold increased 1gG1 anti-FliC titers
following primary and secondary, and greater th@@-fbld increased IgG2a/c anti-FIiC titers
following primary and secondary immunizations (8@, B). The IgG2a responses in A/J mice
were partially MyD88-dependent, whereas IgG1 aliG-Eters were reduced in A/J MyD88
mice, trending towards significance (P=.08) (Fig, B). In contrast to BL/6 mice, which have a
strong IgG1 biased antibody response against flagélJ mice had a balanced antibody
response towards flagellin, with equivalent IgG8l &G2a anti-FIiC titers.

Anti-OVA responses in A/J mice are partially depenént on MyD88.A/J and A/J
MyD88"' mice were immunized with FIiC and OVA. As with 1§Gresponses in BL/6 mice,
IgG2a anti-OVA antibody responses were undeteciab?] mice (data not shown). After
primary immunizations in both A/J and A/J MyD8&nimals, IgG1 anti-OVA antibodies were
at titers of 100 or less in all mice (Fig. 8C).ARJ mice following secondary immunizations with
FIiC and OVA, IgG1 anti-OVA responses were robusth titers reaching a median of *L(Fig.
8C). As for BL/6 MyD88™ and A/J MyD88 mice had reduced, but detectable IgG1 anti-OVA
titers compared to that of their WT counterparig.(BC).

MyD88 suppresses IgA anti-FIliC responses in A/J mic Sera from A/J and A/J
MyD88" was also assessed for IgA anti-FIiC responsesoritrast to BL/6 mice, A/J mice did

not generate significant IgA anti-FIiC following swmmunizations (Fig. 9A). Conversely, the



20
AlJ MyD88" mice produced a substantial IgA anti-FliC titeleatwo immunizations (Fig. 9B).
These results illuminate the fine intricacies betwdifferent strains of mice, resulting in
guantitative and qualitative differences in isotgpecific responses generated against FIliC.

Discussion

Dissecting the innate immune pathways that recegftémellin’s structural properties and
promote adaptive immune responses is vital foratienal design of flagellin based vaccines.
Flagellin based fusion proteins are currently belageloped as vaccines for infectious diseases
(73, 74) and assessed in phase | and Il clinicbtf76-78). Flagellin is also being developed as
a therapeutic agent to treat infectious diseaegg; exposures and cancers (97-99). Several
studies have shown that flagellin's adjuvancy [getelent on TLR5 recognitidi@3-75). More
recently murine Naip5 and Naip6 have been demaestta recognize bacterial flagellin and
activate the Nlrc4 inflammasome (11, 12). Additiostadies have indicated that inflammasome
mediated detection of flagellin also contributeggammunogenicity (55). Vijay-Kumar et al.
demonstrated that TLR5 and the Nirc4 inflammasolag gedundant roles in flagellin-induced
antibody responses, with neither being necessate#her being sufficient for flagellin-induced
antibody responses (22). This same group deternireedvlyD88 is not required for flagellin
induced IgG antibody responses, suggesting thag288-independent pathway emanates from
either TLR5 or the Nlrc4 inflammasome, and contiésuo anti-flagellin IgG production.

In our study, we dissected the role of flagellinedion by the innate immune system in
generating isotype specific antibody responsekatefiin itself (intrinsic adjuvancy) and co-
administered OVA (extrinsic adjuvancy). While neitldeletion of TLR5 nor the Naip5
inflammasome alone were sufficient to reduce Ig@t-RliC antibodies, deletion of both TLR5

and Caspl or elimination of MyD88 significantly vegd 1gG1 responses towards flagellin.
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However, IgG1 anti-FIliC responses were still detdeh MyD88 and TLR5/Caspl DKO mice,
suggesting flagellin is recognized by a third unelterized pathway. This conclusion is
supported by our studies in A/J MyD88&nice, which are naturally impaired in Naip5 (96he
AlJ MyD88" mice produced reduced, but moderate 1gG1 and Ig®2&liC responses. The
combined data from immunizations performed in Bav@l A/J mice support our working
hypothesis that a novel third pathway contributearitibody responses towards flagellin and
that this pathway is independent of MyD88 and knawrate detection pathways for flagellin
recognition, TLR5 and Naip5. Uncloaking this thpathway would help understand the
complexities of innate immune recognition of fldgedd pathogens, and will also be critical for
the rationale design of flagellin-based vaccinewiill be critical to assess whether or not this
third pathway is conserved in humans, and howgaieway may influence the generation of
robust cellular and humoral responses, and thélesteent of long-term immunity.

Our data also demonstrates that in BL/6 mice, TBR& the Naip5/NIrc4/Caspl
inflammasome work in parallel to drive IgG2c anlicFresponses in a MyD88-dependent
manner. The MyD88-dependency of the IgG2a/c antilvedponse is even more apparent in A/J
mice, which have quantitatively greater antibodspanses and markedly enhanced IgG2a
response that is equivalent to the IgG1 response siudies in A/J mice demonstrate that the
IgG2a primary response has greater dependence Di88Mhan the IgG1 response, as seen in
BL/6 mice. However, unlike BL/6, A/J mice also hedlyD88-independent component for the
lgG2a response. This suggests that underlying petiferences between BL/6 and A/J mice
contribute to isotype specificity and overall qugnof anti-flagellin immune responses.

Although this MyD88-independent pathway did nattcidbute to IgG2c¢ responses in

BL/6 mice, this may be due to the low magnitudéheflgG2c responses toward flagellin
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observed in BL/6 mice. Thus, it will be importaatftrther dissect the components of the
immune systems in BL/6 and A/J mice that are resibta for MyD88-independent responses
against flagellin. Similarly, the structural comons of bacterial flagellin that dictate MyD88-
independent antibody production are uncharacteridaderstanding this third pathway of
flagellin is another piece to the puzzle that canutllized to enhance flagellin based vaccine
design.

Our results from BL/6 mice demonstrate that IgA-&hC responses are TLR5- &
MyD88-dependent, consistent with a recently pulglisheport (94). We add to this body of work
by demonstrating that the inflammasome does noaahigA anti-FIliC titers and thus does not
compensate for TLR5-deficiency. Our results from BL/6 mice are congruent with the data
from Cunningham and colleagues, which indicate @@2103 DCs, from the lamina propria,
expressing TLR5 prime FoxpJregs to induce flagellin-specific IgA in the mesaric lymph
node (94). Conversely, our data from A/J and A/Dg§™ mice indicate that IgA anti-FIliC
responses may be regulated differently in diffesgrdgins of mice. In A/J mice, MyD88-
dependent signals suppressed IgA production. Trehamesm for suppression of IgA anti-FIiC
responses in A/J mice is currently unknown andireguurther investigation.

It is well publicized that flagellin, when usedas adjuvant, imparts an IgG1 isotype
specific response towards co-administered antigaesumably due to TLR5 recognition (15,
53, 55, 57). Our data support the conclusion th&3 and the Naip5/NIrc4/Caspl
inflammasome play overlapping roles for IgG1 regsatowards OVA when co-administered
with FliC (extrinsic adjuvancy). Because the antiflgGL1 is reduced but detectable in both
MyD88" and DKO mice, our data also indicates that the BBAindependent pathway

contributes to the adjuvancy of FliC towards OVAefefore, our immunization studies support
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the existence of a third pathway for flagellin rgotiion that also contributes to flagellin’s
adjuvancy.

Interestingly, humans contain one full lendtaip homolog,NAIP (100, 101). Human
NAIP recognizes needle proteins from bacterial typee secretory systems (12); however,
there are also reports indicating that NAIP recoagsiflagellin (102, 103) and that copy number
variation for the humahAIP gene may affect ligand detection (101, 104). Alidito flagellin
recognition by human NAIP has been implicated wehular assays (102), it has recently been
demonstrated by multiple groups, that mouse Naimllruman NAIP, both recognize needle
proteins from type Il secretions systems from saMeacteria, not bacterial flagellin (11, 12,
89).

In addition, it has been reported that TLR11 cawgeaize flagellin in mice of the BL/6
background (105). It is possible that TLR11 conittdal to antibody responses towards FliC.
However, like all other TLRs, except TLR3 (106, LO0M.R11 is MyD88-dependent (108).
Because FIiC immunized MyD&8and TLR5/Caspl DKO mice have similar phenotypes,
TLR11 does not appear to contribute significantlylagellin-dependent antibody responses. In
any case, the translational implications of TLR&d&agnition of flagellin for vaccine
development in humans are of little relevance,estmeman TLR11 is a nonfunctional
pseudogene (63).

Our data indicate that flagellin is a potent adpivfor IgG1 and IgG2a/c isotype specific
responses toward itself. In addition, our datadatis that TLR5 and MyD88 contribute to the
IgG2a/c immune responses in both BL/6 and A/J ntag.studies revealed that the IgG2a/c vs.
IgG1 bias of the anti-flagellin humoral responses\strongly influenced by mouse genetic

background. Because BL/6 mice have a weaker andl hy&sed anti-flagellin antibody response,
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A/J mice may be a more relevant model for decipigetihe immunogenic characteristics of
flagellin and the host innate immune pathways neéderobust anti-flagellin immune
responses. Since A/J animals generate a robustdg@1gG2a anti-FliC responses in a Naip5-
independent manner, studies in A/J mice may algodre relevant to human vaccine
development.

In both A/J and BL/6 mice, antibody responses gaedragainst OVA were solely 1gG1,
with no detectable IgG2a/c anti-OVA antibodiessIhot clear why flagellin induces distinct
isotype specific responses against intrinsic (Fa@J extrinsic (OVA) antigens. It is conceivable
that increased proximity of antigen to the immunogeortions of flagellin (sites recognized by
TLRS5, inflammasome, and®®athway) dictates a more robust IgG2a/c antibegdponse to
intrinsic antigens. Further dissection of the daland molecular pathways that distinguish and
differentiate responses towards intrinsic and egici antigens are needed.

At present, the identity of this third pathway tpabmotes anti-FIiC responses is
unknown. The flagellin utilized in our immunizat®is a monodispersed species, as expected
for flagellin monomers (Fig. 3); therefore, it islikely that the third pathway represents a T cell-
independent response to flagellin polymers (109:1Q1r results from TLR5/Caspl DKO mice
indicate that the third pathway does not utilizbei TLR5 or the inflammasome. Thus, the
possibility that TLR5 heterodimerizes with anoti&R, such as the proposed TLR4/5
heterodimers, is an unlikely explanation for thiedtipathway (18, 112). It is formally possible
that TLR11 could function through a MyD88-indepemide@echanism, or that Naip5 or Naip6
could signal independently of Caspl. The existaridmth of these novel pathways would
provide a complex explanation for our results. Altgh we cannot exclude this possibility of

multiple novel signaling pathways emerging from kinewn flagellin receptors, we favor the
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most parsimonious explanation for our data, whech third pathway for flagellin recognition
that functions independently of MyD88, TLR5 and thigammasome. Therefore, we believe the
most suitable set of experiments to complimenitbek presented here would be to reengineer
endogenous FIiC fror8. Typhimurium with destroyed recognition sites abthins DO and D1.
Immunizations conducted with these reengineereteim®and complimented with various
knockout mice, would allow us to confirm a thirahate flagellin recognition pathway that
promotes flagellin’s robust antigenicity.

Our results demonstrate that flagellin’s adjuvatowyard intrinsic and extrinsic antigens
can be attributed to at least three pathways iraoimal model: TLR5, the Naip5/NIrc4/Caspl
inflammasome, and a novel MyD88-independent pathWtay unclear what constitutes the third
novel pathway for flagellin-dependent antibody msges, and what structures on flagellin are
required for this activity. Additionally, it is umiown whether the third pathway is evolutionarily
conserved and contributes to flagellin-induced imityuin humans. These questions beg further
investigation in order to enhance our understandfripe biological properties of flagellin, and

how flagellin may be used as an adjuvant, a vaquiagorm, and therapeutic agent.
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Figure 3. Highly purified flagellin is free of exgenous innate immune agonists, and is a
robust agonist of TLR5 and the inflammasome.Highly purified FliC and OVA contained less
than 0.1 pg endotoxin (0.001 EU) per pg of protdata not shown), and consisted of a single
protein of approximately 55 kD&J. Flagellin did not activate RAW 264.7 cells, winido not
express TLR5 and are unresponsive to flageBin RAW 264.7 cells stimulated with either
PBS, FIliC, or OVA had less than 100 pg/mL TNF frootlected supernatants, while cells given
10 ng/ml LPS produced greater than 4000 pg/mL peswatants collected following overnight
treatmentB). TLR5 biological activity was determined using OHells stably transfected with
murine TLR5 and a NkB luciferase reporteiQ). Flagellin induced Naip5- and caspase-1-
dependent IL-f secretion in LPS primed BMDMs with an E®f approximately 100 ng/mL
(D). Size exclusion chromatography demonstratedili@tpurified fromS. Typhimurium
(FIiC) (E) or recombinant FIiC purified from E. coli (FIIC}YQF) eluted at the same volume as a
monodispersed species, consistent with flagellimongers.
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Figure 4. Flagellin induced cytokines are differetially regulated by TLR5, Naip5, Caspl,
and MyD88. WT (n=7-12), TLRS (n=4-8), Naip8™ (n=3), Caspl (n=4-11), DKO (n=3-4),
MyD88" (n=3-6), and mock (n=8-10) mice were injected dfoFliC (30 pg) or PBS (mock).
Serum was collected 2 hours after injections andkiye levels were determined by ELISA. IL-
12/23p40(A), IL-18 (B), IL-6 (C) and CxclL(D). All groups have a minimum n=3. Statistical
analysis was done using one-way ANOVA with Bonfarmmultiple comparisons post-test: ** =
P<0.01, *** = P<0.001.
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Figure 5. IgG1 anti-FliC responses are partially and IgG2c ati-FliC are entirely MyD88-
dependent WT (n=9) and MyD88 (n=7) mice were immunized with 30 pg FIiC on dagnt

21 and sera collected on days 14 and 35. Naivel4lagnd day 35 sera were analyzed for IgG1
(A) and lgG2dB) antibody responses against FliC by ELISA. Dat ¢®mbination of two-
independent experiments with n=3-5 per experintétatistical analyses were done using Mann-
Whitney analysis of individual groups: ** = P < Q.0



Figure 6. 1gG2c anti-FIliC responses are partially TLR5- and nflammasome-dependent
TLR5" (n=19)(A, D), Naip5" (n=9)(B, E), and Casp1 (n=14)(C, F) mice were immunized
twice on day 1 and day 21 and sera collected oa tldyand 35. Naive, day 14, and day 35 sera
were analyzed for IgGIACC) and IgG2c D-F) isotype specific antibody responses against FliC
by ELISA. Data is a combination of 2-3-independexperiments with n=3-6 per experiment.

Statistical analyses were done using Mann-Whitmayais of individual groups: *= P < 0.05,
** =P <0.01.
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Figure 7. 1gG1 anti-FliC responses are partially TLR5- & casse-1-independentTLR5"
/Caspl”, DKO (n=10) mice were immunized twice on day 1 dagt 21 and sera collected on
days 14 and 35. Naive, day 14, and day 35 seraamalgzed for IgG14) and IgG2cB)
isotype specific antibody responses against FlIEb)NA. Data is representative of two-
independent experiments with n=4-5 per group. Stedil analyses were done using Mann-

Whitney analysis of individual groups: ** = P < Q.0
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Figure 8. IgA anti-FIiC responses are TR5- & MyD88-dependentC57BL/6 (n=17)A),

TLR5" (n=14)(B), Naip5" (n=9)(C), and Casp1 (n=11)(D), TLR5"/Casp?", DKO (n=9)

(E), MyD88"" (n=11)(F) mice were immunized on day 1 and day 21 and sasacellected on
days O (naive), 14 and 35. Naive and day 35 ses{bwere analyzed for IgA specific antibody
responses against FIiC by ELISA. Data is a comtmnaif 2-3-independent experiments with
n=3-6 per experiment. Statistical analyses weredming Mann-Whitney analysis of individual
groups: *= P <0.05, ** = P < 0.001.
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Figure 9. Flagellin induced IgG1 anti-OVA responsg are partially MyD88-dependent WT,
mice were immunized twice on day 1 and day 21 @Y alone (n=5) or OVA plus FIiC

(n=5), and sera collected on days 14 andA33\aive, day 14, and day 35 sera were analyzed for
lgG1 specific antibody responses against OVA by3LIB-F) WT, TLR5" (n=19)(B), Naip5

" (n=9)(C), Casp?l (n=14) P), MyD88" (n=7) €) and TLR5 /Casp?1’, DKO (n=10) {),

mice were immunized twice on day 1 and day 21 WA plus FIliC, and sera collected on

days 14 and 35. Naive, day 14, and day 35 seraamailgzed for IgG1 specific antibody
responses against OVA by ELISB:F) Data is a combination of 2-3-independent experisien
with n=3-6 per experiment. Statistical analysesend®ne using Mann-Whitney analysis of
individual groups: *= P < 0.05, ** = P <0.001.
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Figure 10. Defective flagellin-induced IL-18 in A} mice.C57BL/6 (n=5) and A/J (n=5) mice
were injected i.p. with FliC (30 pg). Serum wadedted 2 hours after injections and cytokine
levels were determined by ELISA: CxclA)( IL-6 (B), IL-12/23p40(C), IL-18 (D), IL-1p (E),
and TNF(F). Statistical analysis was done using one-way AMQ¥ith Bonferroni multiple
comparisons post-test: * = P<0.05.
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Figure 11. Augmented IgG1 and IgG2a anti-FIliC responses in A/dnice are partially
MyD88-dependent.C57BL/6 (n=9) and A/J mice (n=7), and their MyD88fiecient
counterparts (n=7-9) were immunized twice on dayd day 21 with FliC plus OVA and sera
collected on days 14 and 35 were analyzed for If3 land 1gG2a or IgG2d() responses
against FIiC by ELISAC) Naive, day 14, and day 35 sera were assessed3ardgti-OVA
responses by ELISA. Data is a combination of twaependent experiments with n=3-5 per
experiment. Statistical analyses were done usingnM&hitney analysis of individual groups:
*= P<0.05, ** = P<0.01.
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Figure 12. A/J MyD88™ mice generate robust IgA anti-FIiC responses?/J mice (n=8), and
their MyD88-defiecient counterparts (n=7) were immzed twice on day 1 and day 21 with FIiC
plus OVA and sera collected on days 0 (naive),¥3b. Naive and day 35 sera were analyzed
for IgA specific antibody responses against FliCHWSA (A, B). Data is a combination of two-
independent experiments with n=3-4 per experintétatistical analyses were done using Mann-
Whitney analysis of individual groups: ** = P<0.01.
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Chapter IlI: Flagellin's hypervariable D2/D3 domdmat not the TLRS and

Naip5/6 recognition sites are required for primanyi-flagellin antibody responses

Introduction

The innate immune system is armed with germlin@daed PRRs that recognize a multitude of
PAMPs (8, 106). The recognition of PAMPs by PRR&l&to the induction of pro-inflammatory
responses, including the activation of mononugidegocytes that engulf, process, and present
antigens initiating adaptive immune responses 1868, 106). Two sets of PRRs that have been
intensely studied over the past decade are TLR:N&aR$ (36, 39, 113). TLRs have been shown
to recognize various PAMPs, ranging from bactdipapeptides (TLR1, 2, 6) to viral nucleic
acids (TLRS3, 7, 8, 9), but the only human TLR toagnize a proteins is, TLR5 (17, 63).

TLR5 recognizes flagellin and is located on thé seiface of epithelial cells,
neutrophils, monocytes, and DCs (9, 17, 23). TLRBaing is dependent on the adaptor protein
MyD88 that is essential for downstream signalingNF«B and MAPK pathways (30, 51).
TLR5 recognition of flagellin induces cytokine acldemokine production that is MyD88-
dependent (19, 33, 55). Several studies supporetiigrement for TLR5 signaling via MyD88
to induce T cell-dependent antibody responses tsvigagellin (15, 19, 26, 35). However,
recent studies have also shown that TLR5 enhamte#iagellin T cell responses independently
of MyD88 and Nlirc4, and suggest that TLR5 also fioms as an endocytic receptor to enhance
processing and flagellin presentation (35, 72).h&ee shown that flagellin induces antibody

responses that are independent of the known TLRERIWNIrc4/Caspl inflammasome, and
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MyD88 signaling pathways, suggesting that flagediativates a third novel pathway to promote
antibody responses (22, 33, 55).

Another set of PRRs that play an essential robetecting various PAMPs are NLRs
(52). NLRs are a key group of cytosolic sensors @éina able to detect both PAMPs and
endogenous danger signals that lead to the activafithe inflammasome. One set of distinct
NLRs is the Naip family. In mice, there are at tdasir Naips: Naipl, Naip2, Naip5, and Naip6
that recognize needle, rod, or flagellin protemmsf various bacterial species (12, 38). Naip5/6
recognize cytosolic flagellin and activate theanfinasome through recruitment of Nirc4, which
triggers Caspl (13, 37). Activation of the Naipbflammasome leads to the secretion of
bioactive forms of IL-18 and ILf}, calcium dependent secretion of eicosanoids, ehdleath,
pyroptosis (37). Both the IL-18R and IL-1R alsourgq MyD88. Similar to TLR5, the
inflammasome does not play a significant role inegating IgG1 anti-FliC responses following
FliC immunizations (6, 33). Thus, TLR5 and the Néinflammasome have redundant roles in
the induction of IgG1 antibody responses towardS.Aice that are deficient in both TLR5 and
inflammasome mediated recognition, have signifigarduced IgG1 and barely detectable
IgG2c anti-FliC responses (33). These results sstghat TLR5 and the inflammasome work
together to promote IgG1 and IgG2c anti-FliC regasmnand that neither are absolutely required
for flagellin-induced antibody responses.

S Typhimurium flagellin, FliC, is comprised of fodomains: DO, D1, D2, and D3 (46,
47). The crystal structure and cryoelectron mioopyaof FIiC and the flagellar filament have
revealed that the DO (Naip5/6) and D1 (TLR5) doreawihich are buried deep within the
filament of polymeric flagellin, are recognized twe host’s innate immune system (46, 47). The

Naip5/6 recognition site of FliC has been mappetthéocarboxy-terminal 35 amino acids of the
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DO domain, but is also influenced by the amino-teahD0O domain (10, 40, 41). FliC’'s TLR5
recognition site has been mapped to the highlyermesl amino acid region of the D1 domain,
which has been confirmed in the recent crystaksiine of flagellin with zebrafish TLR5 (48, 49,
51).

The D2 and the D3 domains (D2/D3) of FliC are largxposed on the outer surface of
the flagellar filament, and are the regions ofhatein that are recognized by serotype specific
antibodies during natur&8almonellanfections (114-117). While most studies have iogikd
the TLR5 recognition site of FIiC as the criticaheponent of flagellin’s adjuvancy and
immunogenicity, there are also reports that sugdpeshypervariable region, made up of D2/D3
domain are required for FliC’s immunogenicity (388-120).

Utilizing flagellin’s known recognition sites, ogroup set out to determine how FIliC’s
innate immune stimulatory sites in domains DO addcbntribute to the MyD88-independent
pathway that promotes IgG1 anti-FliC responsehigistudy we selectively destroyed either the
Naip5/6 (DO) or TLR5 (D1) recognition sites to deeéwo proteins, FIiC-C and FIIE®, which
lack Naip5/6 or TLRS5 innate stimulatory activitgspectively. To determine whether the DO and
D1 sites are sufficient for FliC’'s immunogenicityewleleted the D2/D3 domain, and also tested
a natural flagellin molecule fromisteria monocytogengs. monocytogengsFlaA, which
retains TLR5 and Naip5/6 stimulatory activity, lolates not contain a D2 or D3 region (49).
Using this panel of mutant flagellin proteins andenwith targeted deficiencies, we determined
the molecular requirements for flagellin inducetil@dy responses.

Immunizing WT, MyD88™ and DKO mice, with the four different flagellin momers
demonstrated how modifications to the differentitenrecognition sites and domains affect

FliC’s intrinsic and extrinsic adjuvancy. We perfeed primary and boost immunizations on
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WT, MyD88" and DKO mice with either WT FIiC (isolated fragn Typhimurium), FIiC-C,
FIIC™"R, FIiCPYP! or FlaA, all co-immunized with the non-immunogeantigen, OVA. Our
results show that destroying either the DO or Xbgaition site does not eliminate Naip5/6- and
TLR5-independent IgG1 anti-FIliC or anti-OVA respessimmunizations conducted with
FIiCPYP! or rFlaA in MyD88" showed significantly reduced primary and secondg®4 and
ablated IgG2c anti-flagellin responses. While DK@earhad completely ablated IgG1 and
IgG2c primary and secondary antibody responsesrtsafiagellin. Our results support that there
is a TLR5- and inflammasome-independent pathwatyrtgires that D2/D3 domain of
flagellin. Conversely, the TLR5-, Caspl-, and MyBEiB8pendent IgG1 anti-OVA were still
maintained when Fli8¥® or rFlaA were used as adjuvants. In summary, ot demonstrates
that the third unknown pathway that promotes Ig@tatrds FliC is dependent on the
hypervariable region of FliC, domains D2 and D3, MyD88-independent IgG1 anti-OVA
responses do not require D2 or D3 structural featof FIliC.

Results

TLR5 and inflammasome activity are independent of KC’'s D2 and D3 domains.
Flagellin has been well described as a TLR5 angph@iagonist that promotes robust humoral
immunity in mice. In addition, we have shown th&Rb-, Caspl-, and MyD88-independent
factors also promote isotype specific antibody oasges towardS. Typhimurium FliC. To
determine which flagellin structures modulate awdp production we designed three variant
FIiC proteins that have destroyed either TLR5 (Ffi€) or Naip5/6 (FliC-C) recognition sites,
or deleted both the D2 and D3 domains (B8} (Fig. 13). A coomassie gel of all three
proteins indicate that they were expressed atpbeopriate molecular weights (Fig. 14). To

determine whether or not the immunogenicity of éiig was unique t&almonellaand other
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closely related proteins, we also purified distangllatedL. monocytogeneiagellin, FlaA (Fig.
13). FlaA is predicted to lack most of the D2 arflddmains of FliC and is similar in size to
FIiCPYP! (Fig. 14). FlaA is capable of stimulating TLR5} g@ares only 38% similarity with
FliC.

Following expression and purification of all fouopeins, we tested TLR5 and
inflammasome activity. The TLR5 stimulatory actydf FIliC-C (EGo=8.49 +/-6.85 ng/mL),
FIiCPYP! (EC50=0.48 +/-0.15 ng/mL) and FlaA (E&2.78 +/-2.59 ng/mL) were comparable to
FIiC isolated fromS. Typhimurium (EGo= 4.23 +/-4.17 ng/mL), whereas the FIi€ variant
had significantly diminished TLRS5 stimulatory adtw(ECso= 659.63 +/-393.02 ng/mL, P<.01)
(Fig. 15A). In contrast to our anticipated outcorf@sinflammasome activation, FI{E®,
FIICP”PL, and FlaA yielded greatly reduced IB-production compared to equivalent
concentrations of WT FIliC (Fig. 15B). MeanwhilegtRliC-C variant, which is mutated in the
ultimate residue (R495P) and has a C-terminal 6x&tis was also a poor inducer of 1B-1
production, even at high doses (Fig. 15B). Nonthefproteins induced ILSlproduction in
Caspl" BMDMs (Fig. 15C). Thusin vitro characterization of our flagellin proteins
demonstrated that the Fit®> and FIiC-C mutations selectively abrogated TLR8 Biaip5/6
recognition, respectively, but also established tva addition of a 6xHis-tag to either N- or C-
terminal does interfere with inflammasome activatio

Early TLR5-dependent cytokine production in respong to flagellin is independent
of FIliC’s D2 and D3 domains.Intraperitoneal injection of flagellin induces TLR&nd Naip5/6-
dependent cytokine production (22, 33, 55). Siriolgical activity of our recombinant
flagellin moleculesn vivomay be influenced by factors that are not presewnitro, we tested

the ability of our mutant proteins to induce cytokiproduction inn vivo. BL/6 mice were
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injected i.p. with 30 pg of individual protein, asdra was then collected at two and four hours
post injection and tested for cytokine productilice that received WT FIiC, FliC-C, FIRE™?,
and FlaA had robust production of IL-12/23p40 ahbtwvo and four hours post injection (Fig.
16A). As our results from oun vitro assay would predict, mouse i.p. injections witiCHT,
FIIC™"R, FIicP”P! or FlaA had significantly reduced IL-18 and Ilw®ien compared to mice
that received WT FIiC injections, at both the 2 d@nabur time points (Fig. 15B, C). Following
injections with WT FIiC, FliC-C, Fli¢-R®, FliC®®™*, or FlaA mice had no detectable TNF in
their sera at either time point (Fig 15D). Our tessdemonstrate that early TLR5-dependent
cytokine production is independent of the D2/D3 domMoreover, cytokines that are
dependent or partially-dependent on inflammasomieitycare significantly reduced following
I.p. injections with proteins that contain a 6xkasgy, independently of the D2/D3 domain.

IgG1 and IgG2c anti-flagellin responses are partidy dependent on FliC’s conserved
recognition sites and the D2/D3 domairf-lagellin’s immunogenicity and adjuvancy have been
largely attributed to recognition of the conserZand D1 domains by innate immune
receptors Naip5/6 and TLR5 (29). Although theseatanmmune receptors contribute to
flagellin-dependent antibody responses, addititenabrs are also critical (33). To address the
possibility of novel recognition pathways emanatfirgn the conserved recognition sites in
flagellin’s DO and D1 domains, we tested the apiht ourde novdlagellin mutants to induce
antibody responses. Mice were immunized twice B@hug of recombinant protein on day 0 and
21 and blood was drawn two weeks after each imnaitioiz to assess IgG1 and IgG2c titers.
Primary (day 14) anti-flagellin IgG1 responses fronce immunized with FliC, FliC-C and
FIIC™"® did not differ significantly (Fig. 17A). Secondafyay 35) anti-flagellin IgG1 responses

for FliC™®® immunized mice were significantly lower than migemunized with WT FIiC and
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FIiC-C, but FliC"**mutant protein still induced strong antibody resggmnwith a median titer of
3x10, respectively (Fig. 17A). As anticipated, lgG2ctige specific responses were both
significantly reduced following primary and secondanmunizations with FliC-C and FIiE™®
compared to FIiC (Fig. 17B). Four out the five mihat received immunizations of Ffit*> had
no detectable IgG2c specific responses followisg@ndary immunization, whereas FliC-C
immunized mice only had a half log reduction initmeedian IgG2c titers following secondary
immunization (Fig. 17B). Our immunization studieghnaFIliC-C demonstrates that IgG1 anti-
flagellin are independent of the Naip5/6 recognitsite and IgG2c is partially dependent on
inflammasome recognition. Meanwhile, mice immuninéth FliC™-*> demonstrate that IgG1
and IgG2c isotype specific responses are partitdpendent on the DO and D1 structural
features of FliC. Fli€-* abrogated anti-flagellin responses is most likélitautable to it not
only having a mutated D1 recognition site, but @sd\-terminal 6xHis-tag possibly interfering
with Naip5/6 recognition.

Primary anti-flagellin antibody responses are depedent on flagellin’'s D2/D3

domain. We next immunized WT mice with WT FIiC, FI®™*, or FlaA. Primary IgG1 anti-
flagellin titers from WT mice immunized with FIR®PY or FlaA were all below our limit of
detection and significantly lower than mice immwdavith WT FIliC (Fig. 17C). After
secondary immunization with FIR®* and FlaA, anti-flagellin IgG1 antibody responsesev
now detectable, but significantly reduced relativ®VT FIliC (approximately 30- and 100-fold
reduction in median titers for FIR*®*and FlaA, respectively) (Fig. 17C). Similar to anti
flagellin IlgG1 primary responses, anti-flagellirGBc responses towards FIito! and FlaA
were both below our limit of detection, and follaygisecondary immunizations the anti-flagellin

lgG2c titers also remained significantly lower thrasponses from WT FIiC immunized mice
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(approximately 300- and 100- fold reduction in naexiiters for FliG%P* and FlaA,
respectively) (Fig. 17D). Thus, primary anti-flalgelgG1 and 1gG2c responses are dependent
on the D2 and D3 domains, and the TLR5 and Naip®fulatory DO and D1 domains are
insufficient for flagellin to induce robust primaayti-flagellin antibody responses. The D2/D3
domain is not required for the generation of seaoypdnti-flagellin IgG1 and IgG2c responses,
but both were significantly attenuated in FIf€* and FlaA immunized mice, signifying that
robust isotype specific anti-flagellin responsesaso partially dependent on the D2/D3
domain.

MyD88-independent anti-flagellin IgG1 antibody respnses do not require

flagellin’s TLR5 or Naip5/6 recognition sites.We recently demonstrated that anti-flagellin
IgG2c responses are largely MyD88-dependent, aatchtBubstantial proportion of the anti-
flagellin IgG1 response proceeds through an unddfiMyD88-independent pathway (33). To
further characterize this pathway, we immunized gD mice with WT FIiC, FIiC-C, or
FIiC™"° to determine how conserved structural featurdggeéllin contribute to the production
of anti-flagellin IgG1 in the absence of MyD88.dantrast to WT mice (Fig. 17), MyDéBmice
immunized with FliC-C and FIi&® showed no significant difference in anti-flagellgG1
titers on days 14 or 35, when compared to WT FRi@unized counterparts (Fig. 18A). As
expected Fli¢-*® immunized MyD8g mice had no detectable IgG2c following primary and
secondary immunizations and were not significadifferent than WT FIiC immunized MyD88
" mice (Fig. 18B). Unexpectedly though, MyD8gice that were immunized with FliC-C had
significantly higher 1gG2c¢ responses than F{f€ immunized mice, with their median titer

reaching 16 respectively (Fig. 18B). These results indicaa MyD88-independent anti-



44
flagellin IgG1 responses do not emanate from ettt LR5 or the Naip5/6 recognition sites
on bacterial flagellin.

MyD88-independent anti-flagellin IgG1 primary antibody responses require
flagellin’s D2/D3 domain.We next immunized MyD88 mice with Flic>*®* or FlaA. Similar
to WT immunized mice (Fig. 17), FIR®* or FlaA immunized MyD88 mice did not make
detectable primary anti-flagellin 1IgG1 responseg.(E8C). After MyD88™ mice received a
secondary immunization of FIR¥® or FlaA, they had significantly reduced anti-fliigelgG1
antibody responses compared to WT FliC immunizezkrtfFig. 17C). Although, both FIREP?
and FlaA immunized mice produced detectable aagdllin IgG1 secondary responses, FlaA
immunized mice had a subtle, but significant hafj-increase in their median IgGL1 titers
compared to Fli€”* immunized mice (Fig. 17C). As expected, there wersignificant
differences in IgG2c anti-flagellin responses faliong primary and secondary immunizations
with WT FliC, Flic°®P%, or FlaA in MyD88™ mice (Fig. 17D). Our results from MyD88
immunizations once again demonstrate that primatiyfiagellin IgG1 responses require FliC’s
D2/D3 domain. Surprisingly, after secondary immatims with FIi¢® or rFlaA, we did not
detect modest anti-flagellin IgG1 responses, suggethat secondary anti-flagellin MyD88-
independent responses are partially independehedd2/D3 domain. Since both FR&P and
FlaA are potent activators of TLR5 it is possililattMyD88-independent pathways emanating
from TLR5, contribute to modest anti-flagellin Ig@&condary responses observed in Myb88
mice (Fig. 17C) (35, 39).

TLR5- and Caspl-independent anti-flagellin antibodyresponses do not require
flagellin’s TLR5 or Naip5/6 recognition sites.To determine whether or not TLR5 and

inflammasome recognition of FI®*and FlaA contributed to the modest MyD88-independen
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anti-flagellin IgG1 secondary responses we immuhieeT5"/Casp?” mice with our panel of
flagellin proteins to establish how different siteghe flagellin protein promote TLR5- and
Caspl-independent antibody responB&& mice were immunized with FIiC-C and Fli¢?® as
described above. After primary and secondary immatiuns, WT FliC, FliC-C and FIitR®
had no significant differences in anti-flagellifdd or IgG2c responses (Fig. 19A, B). Thus, the
anti-flagellin IgG1 responses in TLR5/Caspl defitimice do not require TLR5 or Naip5/6
recognition sites (Fig. 19A, B).

TLR5- and Caspl-independent anti-flagellin antibodyresponses require flagellin's
D2/D3 domain.We next immunized DKO with either WT FIiC, FR&P! or FlaA to determine
whether elimination of the D2/D3 hypervariable meyof flagellin affects TLR5- and Casp1-
independent antibody responses. IgG1 titers foligvarimary and secondary immunization
were significantly attenuated following immunizatgowith flagellin proteins that lack flagellin’s
D2/D3 domain (Fig. 19C). Primary IgG1 responsesawardetectable in all DKO mice that
received FIlI”® or FlaA (Fig. 19C). Secondary immunizations shayni§icantly reduced
IgG1 in Flic°”P! and FlaA immunized mice compared to mice immunizétd WT FIiC (Fig.
17C); the median anti-flagellin IgG1 titers wer8dQ fold lower for FlaA and 10,000 for
FIiCPP compared to WT FliC immunized mice (Fig. 19C). Aftdigellin 1gG2c primary
responses had no significant differences betweerPWT FIiCPYP?, or rFlaA, with a majority
being below our limit of detection (Fig. 19D). Sedary immunizations with FIie¥®* had no
detectable anti-flagellin IgG2c responses (Fig. 1IIKO mice immunized with FlaA had
reduced anti-flagellin IgG2c responses comparadl ToFliC, but did not reach statistical
significance (Fig 19D). Thus, TLR5- and Caspl-iretegent antibody responses are dependent

on flagellin’s D2/D3 domain.



46
TLR5- and Caspl-independent IgG1 anti-OVA responsedo not require the
Naip5/6 or the TLR5 recognition sitesFlagellin also works as an adjuvant toward antigens
that are physically linked to flagellin and indugegsdominantly IgG1 antibody responses
against the antigen. Similar to anti-flagellin &otly responses, antibody responses directed
against model antigens co-injected with flagellia partially dependent on TLR5, Caspl, and
MyD88 (33). Mice immunized with FliC-C, FIIE?®, FliC®”P or FlaA, also received 30 pgs of
OVA i.p. on day 0 and 21. WT mice immunized with WITC, FIiC-C, or FliC?°, plus OVA
showed no significant differences in their IgG1i- VA titers following secondary (day 35)
immunizations (Fig. 20A). Similarly, DKO mice immized with OVA with WT FIiC, FIliC-C or
FIiC™"° used as adjuvants displayed no significant diffees in their secondary anti-OVA
titers (Fig. 20B). Previously, we described a TL&% Caspl-independent IgG1 response
towards OVA when co-immunized with flagellin andé&e show that this MyD88-
independent pathway does not stem from either thelD1 domains of FliC (33).
MyD88-independent IgG1 anti-OVA responses are indemdent of the D2/D3

domain. Since we have shown that the TLR5- and Caspl-indbp# pathway that promotes
IgG anti-OVA responses does not require eitheiN&ip5/6 or TLR5 recognition sites we
immunized mice with WT FIiC, Fli€”P* or FlaA plus OVA to observe how the D2/D3 domains
affects extrinsic adjuvancy. BL/6 mice immunizedhWVT FIiC, FIiC’”P! or FlaA plus OVA
have similar IgG1 anti-OVA responses on day 35ofeihg secondary immunizations (Fig.
20C). Secondary anti-OVA IgG1 responses in DKO niwaunized with WT FIiC, FIiEYPY,
or FlaA, plus OVA show an overall decrease in mediiers compared to WT mice (Fig. 20C),
but no significant differences in titers were obserregardless of co-immunized flagellin (Fig.

20D). Hence, unlike TLR5- and Caspl-indepdent Ig@tl-flagellin responses which are
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dependent on FliC’'s D2/D3 domain, TLR5- and Caspulependent IgG1 anti-OVA responses

are independent of the D2/D3 features of FliC.

Discussion

Previously, we described how innate flagellin réoepy TLR5 and Naip5/6, work in concert to
promote IgG1 and IgG2c anti-FliC responses (33hadlgh anti-flagellin IgG2c responses are
largely dependent on TLR5, Caspl and MyD88, theflagellin and anti-OVA IgG1 responses
were only partially dependent on these host moés;ukvealing a TLR5-, Naip5/6-, and
MyD88-independent pathway utilized by flagellinibaluce antibody responses (33). In this
report, we provide a more detailed understandinisfpathway by examining the structural
components of bacterial flagellin that contribuideahtibody responses in mice. Consistent with
our previous studies in knockout mice, WT mice inmized with FIiC-C or FIiC-? displayed
significant reductions in IgG2c (1) responses, confirming that T type antibody responses
against flagellin are influenced by both TLR5 ahd Naip5/6 inflammasome (33). These results
support our previous conclusion that flagellin g@tion through TLR5 and Naip5/6 work in
concert to promote robust IgG2c responses (33danticipated IgG2c anti-FliC responses
were MyD88-dependent, regardless of immunogen (l5gd18).

Our results from WT mice immunized with FIiC-C diG-*° also support our
conclusion that TLR5 and Naip5/6 play redundantdsoh generating anti-flagellin responses
(33). Since anti-flagellin IgG1 antibodies are tlmminant isotype produced in flagellin
immunized BL/6 mice, these results are also coaisistith the previous conclusions of Vijay-
Kumaretal., that either TLR5 or Naip5/6 recognition of FikCsufficient for anti-flagellin 1IgG
responses (22, 33). No significant differences vadgerved in IgG1 anti-FliC titers from DKO

mice immunized with either FIiC, FliC-C, or FIIE&®, demonstrating that the third unknown
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pathway that promotes IgG1 responses against [6lgS dot emanate from the conserved TLR5
or the Naip5/6 recognition sites (Fig. 20A, B).

Results from BL/6 mice immunized with FR&P*or FlaA indicate that primary anti-
flagellin responses are dependent on the D2/D3 doamal secondary anti-flagellin antibodies
produced are TLR5- and Naip5/6-dependent (Fig.\2@ .conclude that the TLR5- and Caspl-
independent anti-flagellin responses do not regueehighly conserved sites in flagellin's DO
and D1 domains that are recognized by Naip5/6 dtRbE] respectively. Therefore, our data
demonstrates that the conserved TLR5 and Naip8fgration sites on flagellin, which were
previously considered essential for flagellin's iomagenicity, contribute, but are not required
for anti-flagellin responses (57, 64, 65, 76-783,1121).

We also assessed how deletion of the hypervariablend D3 domains affect cytokine
production and flagellin’s immunogenicity and adjney. Consistent witm vitro biological
activity, i.p. injection of Fli”*and FlaA induced TLR5-dependent cytokine producticat
was equivalent to WT FIiC injected mice (Fig. 1®his is consistent with the results of Yoein
al., which demonstrated that recombinant flagelliot@in consisting of predominantly the DO
and D1 domains db.Dublin FliC was capable of inducing robust cytoknesponses in mice
(51). Our findings contradict the results of Nemipetral., who found that deletion of flagellin’s
hypervariable region was incapable of inducing kiyte responses in mice, but capable of
activating TLRSIn vitro (58).

In contrast to cytokine induction our immunizatistmdies with either FIiB”®*or FlaA
demonstrated that primary IgG1 and IgG2c anti-fllageesponses are entirely dependent on the
D2/D3 domain. Thus, flagellin’s immunogenicity isagly influenced by the D2/D3 domain.

Secondary anti-flagellin IgG1 responses were ofesewith FlicC’”P*and FlaA, and these
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responses were TLR5-, Caspl-, and MyD88-dependibate results suggest that the D2/D3
domain is critical for rapid antibody responsesisilagellin, and that in the absence of the
D2/D3 domain activation of the innate immune systeaTLR5 and Caspl is required for
flagellin’s immunogenicity. Our results are alsaignment with McDonalet al, Nemponet
al., and Burdelyat al, who all demonstrate th&almonella’slagellin intrinsic adjuvancy is
partially dependent on the D2 and D3 domains @fdiien even while immunogenic DO and D1
domains remain intact (58, 118, 119). Converselyg3- and Caspl-independent IgG1 anti-
OVA responses were not affected by the absendeedd2/D3 domain (Fig. 20C, D). At this
time it remains unclear what flagellin-dependerthpay is mediating the TLR5- and Casp1-
independent anti-OVA responses. However, our Ig@LtQ@VA responses do agree with
Nempont'setal., results and conclusion, that show the extriagjavancy of FliC are
independent of the D2/D3 structural features ajdlan (58). However, these results disagree
with McDonald’setal., who found that a flagellin D2/D3 deletion praoteo-immunized with
West Nile viruses (WNV) Elll antigen (STB2EIII), was unable to generate IgG anti-Elll
responses. We have also found that flagellin’stgitd function as an adjuvant is dependent on
the co-administered antigen, and some proteinstdireoor antigens when mixed with flagellin,
but become good antigens when covalently linkethtgellin. Thus the WNV EIlll domain may
also be a weak antigen that requires physical ¢jaka flagellin in order to gain sufficient
immunogenicity to generate anti-Elll antibody respes (118).

Our immunization results with FIR®®*and FlaA in WT mice support previous results
from multiple labs and further demonstrates thbusb primary anti-flagellin antibody responses
require the hypervariable D2/D3 domain. Our resailés illustrates that the D2/D3 domain is

not required for secondary antibody responsesrdidgellin to function as an adjuvant for the
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co-administered antigen, OVA. In the absence ofd325econdary anti-flagellin IgG1 responses
entirely TLR5- and Caspl-dependent. Thus, immuniegaoperties of FIiE”P* and FlaA are
strictly dependent on TLR5 and Caspl.

As expected, MyD88 mice immunized with Fli€”°*and FlaA were unable to generate
lgG2c responses towards Fit™or FlaA (Fig. 18D). In contrast to DKO mice, anfagdellin
lgG1 responses were reduced but not ablated in MYD8ice following immunizations with
FIliCP”®or FlaA (Fig. 18C). There are at least two posséxiglanations for the anti-flagellin
lgG1 responses observed in MyD8gice: 1) TLR5 may function independently of MyD88,
possibly by promoting flagellin uptake and MHC tepentation (35), 2) Naip5/6 inflammasome
may function independently of MyD88 by inducing eétlCaspl-dependent factors, such as
biologically active eicosanoids (39).

Our results illustrate that in addition to the f@stnate TLR5 and Naip5/6 recognition
pathways, FliC’s D2/D3 domain is also requireddptimal anti-flagellin antibody responses,
but not adjuvancy (Fig. 21). This result has imaotimplications for design of imnmunogens
and vaccines that utilize flagellin. Our studiegigate that manipulation of the D2/D3 domain of
FliC may also affect the potency of the immunogémese conclusions are supported by results
from Nemponttal., and Burdelyatal., which also demonstrate that deletion of flagslli
hypervariable D2/D3 domain significantly reducei-diiaigellin responses (58, 119). One major
unresolved question is the mechanism responsiblB2¢(D3 domain enhancement of anti-
flagellin antibody responses. Since D2/D3 is imgwottor anti-flagellin, but not anti-OVA
antibody responses, we believe that D2/D3 may esghanti-flagellin antibodies by targeting
flagellin to sites within lymphoid tissue that prota antibody responses. We think that it is less

likely that D2/D3 is acting via a novel innate imneureceptor and the induction of cytokines.



51

Understanding how FIliC’s D2/D3 domain enhances#augellin antibody production is
puzzling. Since the D2/D3 has very little homolagyh other flagellin molecules and varies
greatly from the highly conserved DO and D1 domawtsch are recognized by Naip5/6 and
TLR5. Sequence alignment of FliC with other flagedl reveals that a small portion of the D2
domain is conserved amongst flagellated bacteh@reas the D3 domain is unique to a very
small subset 06. enterica serovafyphimurium with serotype Hi (data not shown). $hit
remains unclear what amino acid region from theaB@ D3 domains mitigates this third
unknown pathway. Nempost al, described three different FliC deletion®04-292,A191-352,
andA174-400 that all appear to have reduced immunoignadthough the most severe
attenuations are apparentAthi91-352, and\174-400 deletions (58). In addition to these stsidie
Tayloretal., and Carapaetal., and our own observations (data not shown) inditzat
deletion of the D3 domain is inconsequential to 1gbti-FliC titers, suggesting that the D2
domain may be critical for MyD88-independent atagkllin IgG1 responses (58, 78, 120).
Future studies to define the precise structurdd2/D3 that are required to enhance antibody
production will be helpful to understand FliC’s lagical activity, to utilize for vaccine
development.

While our findings demonstrate that, in additiorthe TLR5 and Naip5/6 recognition
sites, the D2/D3 domain of flagellin also promdgerobust antigenicity. However, the
mechanism responsible for host recognition of tBEI3 domain and induction of potent
primary antibody responses remains to be elucid@ed possible mechanism is suggested by
results observed over four decades ago by NosdalaAd colleagues. Their studies with
SalmonellaenteritidisserovarAdelaide & Adelaide) flagellin and flagella demonstrated tha

flagellin is targeted to lymphoid follicles in rats22). Furthermore, they demonstrated that the
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targeting of flagella and flagellin to lymphoid licles was influenced by microbiota and
radiosensitive cells, suggesting that natural adligs may be responsible for lymphoid follicle
targeting (123).

The rationale design of effective vaccines to ntleetclinical needs of combating
numerous infectious diseases such as influenzarimahnd HIV requires in depth knowledge of
the molecular mechanisms of immunogens to enhaaoene efficacy. There is ample mouse
model data that support the role of flagellin’s TH.81d Naip5/6 stimulatory activity in
promoting immune responses, but we provide evidémncan additional third pathway that also
promotes flagellin’s robust antigenicity. Hereirg demonstrate that, in fact, there is an
additional feature on FliC, the D2/D3 domain thamtrols robust primary antibody responses
independent of the known innate immune recognipiathhways for bacterial flagellin. Further
characterization of the D2/D3 domain pathway withypde valuable insight into novel strategies

for flagellin based vaccine designs.
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Figure 13. Diagram of flagellin proteins
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Figure 15. Recombinant flagellin proteins retain rdust TLR5 activity. TLR5 and
inflammasome biological activity for the differeffdgellin proteins were assessed by using CHO
cells stably transfected with murine TLR5 and atB-luciferase reporter’) or induced Naip5-
and Caspl-dependent II3-$ecretion in LPS primed BL/®] or Caspl (C) BMDMs.
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Proteins | Cng/ml__ 5D +/- /L

WT FIiC 4.23 4.17
FIiC-C 8.49 6.85
FIiCTLR> 659.63 393.02
FliCPo/b1 0.48 0.16
FlaA 2.78 2.59

Table I. Flagellin proteins and their correspondingTLR5 stimulatory activity EC 5o +/-SD.
Data are representative of three independent erpats.
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Figure 16. Inflammasome-dependent cytokines are sidicantly reduced following i.p.
injections with recombinant flagellin proteins. WT FliC (n=5), FliC-C (n=5), FliC-** (n=5),
FIliCPP! (n=5), FlaA (n=5), and naive (n=5) mice were itgeldi.p. of flagellin (30 pg). Serum
was collected 2 and 4 hours after injections aridkiye levels were determined by ELISA. IL-
12/23p40(A), IL-18 (B), IL-6 (C) and TNF(D). All groups have an n=5. Statistical analysis was
done using one-way ANOVA with Bonferroni multipleraparisons post-test: ** = P<0.01, ***

= P<0.001.
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Figure 17.Primary IgG1 and IgG2c anti-flagellin responses inWT mice are D2/D3-
dependent.C57BL/6 (n=5) were immunized twice on day 1 ang A& with either WT FIiC,
FIiC-C, FIiC™®® | FIiC®®®?, FlaA, plus OVA and sera collected on days 14 2fivere

analyzed for IgG1A, B), and IgG2c C, D) responses against immunogen by ELISA. All groups
have an n=5 per experiment. Statistical analyses dene using Mann-Whitney analysis of

individual groups: *= P<0.05, ** = P<0.01.
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Figure 18. Secondary IgG1 anti-flagellin responseare partially D2/D3-dependent in
MyD88™ immunized mice.MyD88"~ were immunized twice on day 1 and day 21 with eithe
WT FIiC, FliC-C, FIiIC"™®® | FIiCP®!, FlaA, plus OVA and sera collected on days 14 2fd
were analyzed for IgG1A( B), and IgG2cC, D) responses against immunogen by ELISA. All
groups have an n=3-5 per experiment. Statisticalyaes were done using Mann-Whitney

analysis of individual groups: *= P<0.05, ** = PéQ.
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Figure 19. Primary and secondary 1IgG1 and IgG2c amflagellin responses are dependent
on FliC’s D2/D3 domains in the absence on TLR5 anidiflammasome recognition.DKO
mice were immunized twice on day 1 and day 21 either WT FIiC, FliC-C, FIiC*°,
FIICPPL, FlaA, plus OVA and sera collected on days 14 3favere analyzed for IgGA( B),
and lgG2c C, D) responses against immunogen by ELISA. All graugge an n=4-7 per
experiment. Statistical analyses were done usingnM&hitney analysis of individual groups:
*= P<0.05, ** = P<0.01.
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Figure 20. Flagellin induced IgG1 anti-OVA responsg are independent of FliC's D2/D3
domain. WT and DKO mice were immunized twice on day 1 dag 21 with either WT FIiC,
FliC-C, FIiC™®, FIicP”PL FlaA, plus OVA. Naive, and day 35 sera were areyfor IgG1
specific antibody responses against OVA by ELISAM® (A, C) and DKO B, D) mice. All

groups have an n=4-7 per experiment.
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Figure 21. The three recognition pathways that prorate anti-flagellin antibody responses.
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Chapter IV: Generation of anti-4E10 epitope spea@fhtibodies in mice with

flagellin-HIV epitope-scaffold fusion proteins

Introduction

In 1989, Charles Janeway proposed that adjuvantaynologists’ “dirty little secret”)
were PAMPs, and that PAMP recognition by host gerenéncoded PRRs prompts long-term
cellular and humoral immunity (124). Over the pdestade it has indeed become evident that
activation of the innate immune system is critfcalthe host’s efficient clearance of pathogens
and establishing protective immunity (80, 125). @areily of PRRs that has been the major
focus of adjuvant research is TLRs and their agenid_Rs and their agonists can be classified
into three broad groups based on their agonisesnital composition: the first group, TLRs 2/1,
2/6, and 4, recognize lipid containing moleculég; $econd group, TLRs 3, 7, 8 and 9, respond
to nucleic acid; and the third group, TLRs 5 andrétognize proteins. Since TLR11 is a
pseudogene in humans, TLR5 has the unique roleinglihe only human TLR to recognize the
protein bacterial flagellin (126).

Bacterial flagellin is the principle component bétflagellar apparatus enabling bacterial
motility (127). Flagellin has been targeted thromgihevolution by the immune systems of a
broad range of multicellular organisms, includingnps, invertebrates, and most animals (9, 46,
51, 63).Salmonella’slagellin is especially well studied at multiplesds, including x-ray and
high resolution electron microscopy, which havesaded the structure of the flagellin monomer,

with its “boomerang” like shape comprised of fownuhins: DO, D1, D2, and D3, which
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polymerizes into 11 protofilaments that togethenfahe flagellar filament (46, 47). TLR5
recognizes the highly conserved D1 domain of momanflagellin (46-48, 51).

Flagellin’s unique attribute of being a proteinagjnt, makes it amenable to genetic
manipulation and recombinant protein engineeringnd¢, there has been intensive scrutiny of
how the host’'s immune system recognizes and responghionomeric flagellin (29). Like other
TLR agonists, flagellin injections in mice induaepid cytokine and chemokine production such
as IL-23, IL-6 and Cxcl1, and upregulation of classAPC activation markers, such as MHC I,
CD80, and CD86, in a TLR5-dependent manner (15588,Immunizations of mice conducted
with monomeric flagellin induces CD4nd CD8 T cell responses, as well as T cell-dependent
Tl (IgG2a/c) and 42 (IgG1) type humoral responses, with a stropg {T[gG1) bias observed
in BL/6 mice (19, 33, 53, 55, 82, 128). These proee are currently being exploited to develop
TLR5-dependent vaccines for human use (76-78, 120, 129).

There are currently a limited amount of approvejdizahts in the U.S.A. and their
efficacy is generally considered to be lacking (1B381). Bacterial flagellin and flagellin fusion
proteins are one promising avenue in this pursugieinerate vaccines that are more effective at
generating long-term immunity with minimal sideesfts. Several flagellin fusion proteins have
been designed including fusion with antigens frdNV, Y. pestisinfluenza, malaria, and HIV.
In general, these immunogens retained TLR5 stimpjaictivity and their immunogenicity in
mice and hence, deemed TLR5-dependent (65, 1181280132, 133). In addition, clinical
trials using flagellin-fusion proteins with influea epitopes generated neutralizing antibodies,
with minimal adverse side effects at low doses|{g) suggesting that flagellin fusion proteins

are a viable vaccine platform in humans (76-78).
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Our group has recently demonstrated that flagsliimimunogenicity is also influenced
by a novel third TLR5-independent pathway thatapehdent on the D2/D3 domain of flagellin
(33). However, the D3 portion & Typhimurium FliC is the most variable among fléaed
bacteria, rendering D3 the most suitable regioRli& to allow for replacement with weak
immunogens. Herein, we demonstrate that FIiC is@ pdjuvant when co-immunized with
weak antigens such as GFP and is unable to enl&ffies immunogenicity. Conversely, when
GFP replaces the D3 domain of FliC (FliC-GFP), GHRimunogenicity is significantly
enhanced. Thus, demonstrating that linking FliCGIL/D2 domains to immunogenically poor
antigens can enhance the host’s antibody respomsesds the antigen.

The 4E10 antibody is one of the first broadly naligmg anti-HIV antibodies described
(134, 135). 4E10 recognizes the highly conservechionane proximal external region (MPER)
of gp41, the transmembrane glycoprotein, with godamain largely responsible for
trimerization and critical for cellular invasion3@-139). Several epitope-scaffolds have been
generated that display the 4E10 epitope on thaseiidf non-viral heterologous proteins.
However, despite good binding characteristics,glegstope-scaffolds were poor inducers of
anti-4E10 epitope specific antibodies in rabbi#0)l Hence, we designed three FliC-HIV
epitope-scaffold fusion proteins that retain Fli©8/D1/D2 domains and have placed HIV
epitope-scaffolds that display the broadly neutiagj epitopes 4E10 or 447. Immunizations with
our three different FIiC-HIV fusions demonstratattfagellin fusion proteins are able to
promote robust antigenicity against the immunogahthe epitope-scaffold, but only one of the
fusion proteins promoted antibody specificity todsaHIV’'s MPER 4E10 epitope. Our results
demonstrate that coupling weak immunogens suchitepe-scaffolds to FliC’'s conserved

D0/D1/D2 domains promotes robust antibody respqrismsever epitope specific responses
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towards HIV’s neutralizing epitopes requires aduh#il empirical studies to determine the best
FliC-HIV fusion vaccine that elicits robust HIV e¢ppe specificity.

Results

FliC-GFP fusion proteins retain TLR5 stimulatory activity. We and several other
groups have previously shown that FliC fr@nl'yphimurium can be used as an adjuvant when
co-injected with other antigens, such as ovalbuamnith theY. pestig=1 antigen (33, 55, 58).
However, the ability of flagellin to function as adjuvant appears to be dependent on the nature
of the co-administered antigen, since the immunmggrof some antigens, such as WNV Elll
domain, are not enhanced by co-immunization wit@ FL18). GFP is a poor antigen when
injected into mice alone, but fusion of GFP to 8dig’s carboxy-terminus enhances GFP’s
immunogenicity and ability to induce Cband CD4 T cell responses (128). Because fusion
proteins to the amino- or carboxy-terminal endfagfellin will also impair the ability of
flagellin to form polymers, we wanted to determvigether or not replacement of the FliC D3
domain with GFP is also an effective means to ecd&+P’s immunogenicity. Recently the D3
domain of FliC has been successfully replaced sutherfolder GFP, and this fusion protein
retains GFP’s fluorescence properties and repgrgalymerizes into filaments (141). The
FliC-GFP fusion activates TLR5 as well as full lén§liC (FIIC EGy=5.03 +/- 4.79 S.D. ng/mL
and FliC-GFP Eg=3.38 +/- 4.47 S.D. ng/mL) (Table Il) (Fig. 22).

Coupling GFP to FIiC significantly enhances anti-GIP responsesWe immunized
mice with either GFP alone, GFP+FIiC, or the Fli€ERGfusion protein (141). All mice were
immunized twice, 21 days apart and blood was dragvdays following, each immunization.
First, we examined isotype specific anti-FIiC rasges from A/J mice that were immunized with

GFP, GFP+FIIC or FIiC-GFP fusions. As anticipateae that were immunized with GFP alone
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had no detectable IgG1 or IgG2a anti-FIiC respoegegr after primary or secondary
immunization (data not shown). Following primaryaecondary immunizations mice
immunized with FliC-GFP had significantly lower aktiC IgG1 responses compared with
GFP+FIiC immunized mice (Fig. 23A). The primary Bgsanti-FIiC responses were low and did
not differ significantly between GFP+FIiC and FI&FP mice (Fig. 23). Mice receiving
secondary immunizations with FliC-GFP had signifittalower IgG2a anti-FIiC titers than mice
immunized with GFP+FIiC (Fig. 23B).

We next tested sera for anti-GFP 1gG1 and IgG2aomeses following primary and
secondary immunizations. Primary immunization ressfutbm mice immunized with GFP and
GFP+FIiC, both showed very low IgG1 anti-GFP regasn(Fig. 23C). FliC-GFP immunized
mice had significantly higher anti-GFP 1gG1 primaryd secondary responses; FliC-GFP mice
achieved median anti-GFP IgG1 titers of,f®llowing secondary immunizations (Fig. 23C).
Conversely, mice receiving secondary immunizatibeither GFP or GFP+FIiC, demonstrated
subtle increases in their anti-GFP IgGL1 titers,citwere significantly lower than FliC-GFP
immunized animals (Fig. 23C). Primary immunizationith either GFP, GFP+FIiC, or FliC-
GFP in all mice had low anti-GFP IgG2a responsés @3D). Mice receiving secondary
immunizations of FliC-GFP fusion protein generatelust lgG2a anti-FliC responses, which
were significantly higher than the GFP and GFP+hin@hunized mice (Fig. 23D). Thus,
physically linking a weak antigen, in this case GtFFIIC promotes robust antibody responses
against the antigen, which are significantly betit@n simply co-administering the antigen with
a TLR5 agonist.

Induction of anti-HIV antibodies with FliC-HIV epit ope-scaffold fusion proteins.

Although computational design of epitope-scaffdlust are recognized by HIV broadly
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neutralizing antibody has been highly succesdiiig, duccess has not been successfully
translated into effective immunogens that are clpabinducing broadly neutralizing antibodies
against HIV (140, 142). These epitope-scaffoldsevgtrown to have high affinity binding to
monoclonal antibody (mAb) 4E10 and showed highcstnal mimicry of the 4E10 epitope
(140). However, when used as an immunogen, theypbadimmunogenicity, even in the
presence of additional adjuvants (140). We hypatlkeedsthat the epitope-scaffolds are weak
antigens like the WNV ElI protein and GFP, and tlagton of the 4E10 epitope-scaffolds to
FliC would increase their immunogenicity and prabgbof inducing 4E10-like broadly
neutralizing antibodies. To test this hypothesis,identified two 4E10 and one 447 epitope-
scaffolds that were structurally compatible witlstituting into the D3 domain of FliC. We
substituted FliC amino acid residues 190-286, whope scaffolds T88 (4E10), T117 (4E10),
or T284 (447), creating fusion proteins: F88 (4EH1)17 (4E10), and F284 (447). The fusion
proteins when expressed, were shown to be at theatgredicted molecular weight (Fig. 24A).
We next tested TLR5 stimulatory activity and detexed that F284 (E£6=3.61 +/-2.96 ng/mL)
was comparable to FliC (E65.03 +/-4.79 ng/mL), while both F88 (E&217 ng/mL) and
F117 (EGy=303 +/-364.1 ng/mL) had about 40-60-fold reductiantheir TLR5 stimulatory
activity (Fig. 24B). Thus, substitution of the D8mdain with the 4E10 epitope scaffolds
interferes with TLR5 recognition, possibly throuthie formation of multimers (140).

FliC-HIV fusion proteins are potent immunogens.We immunized BL/6 mice four
times with 30 g of either F88, F117, or F284. Twexeks following each immunization, we
drew blood and tested the sera for antigen-speaifibody responses. All of the FIliC fusion
proteins generated high titer antibodies agairesngelves (median titers of %0 3.16 x 16),

which were equivalent to anti-FliC titers seen f€CFmmunized mice (Fig. 25 and data not
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shown). Our results show that linking HIV epitoafolds to FIiC promotes robust antibody
responses directed against the epitope-scaffoldishwvas not affected by differences in TLR5
stimulatory activity.

F117 generates strong 4E10 epitope-specific antibpdesponsesTo determine
whether mice immunized with the FliC HIV epitopeafold fusions generated desirable
antibody responses against the HIV epitopes wedest sera with a panel of epitope-scaffolds
control proteins to determine the epitope spedtyfiof the antibody responses. We used sera
collected after the fourth immunization, since thaad the highest titers. We examined the sera
reactivity towards T117 (4E10), T93 (4E10), and MIG& 6xHis-tagged non-epitope scaffold
protein), as a negative control. F88 mice had lm,significantly higher anti-T117 responses
than anti-MICA (Fig. 26A). However, F88 mice hadiar®3 responses that were comparable to
anti-MICA responses (Fig. 26A). Mice immunized with17 had significantly higher antibody
responses against heterologous 4E10 epitope-staff@8 and T93 than negative control anti-
MICA responses (Fig. 26B). In contrast to both B88 F117 immunized mice, F284
immunized mice did not exhibit any significant respes to heterologous 447 epitope-scaffolds
(Fig. 26C). Thus, immunizations with FliC-HIV fusigroteins promote robust intrinsic
adjuvancy to the epitope-scaffolds, but differhrit ability to induce antibody responses against
the desired HIV epitopes. Out of three FIIC-HIV imnogens only F117 generated HIV epitope
specific antibody responses.

Discussion

Herein, we have illustrated that flagellin’s adjoeg is dramatically influenced by
physically linking antigens to the flagellin moléeuMixing flagellin with poor antigens can

enhance the antigens immunogenicity, but this effedependent on antigenic properties of the
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co-administered antigen. Weak antigens, such as(66P23) become highly immunogenic
when coupled to flagellin. We demonstrate thatdlag's DO/D1/D2 domains are sufficient to
enhance immunogenicity of weak antigens like GRRadCosetal., have demonstrated that
flagellin-GFP fusion proteins activate APC secnetd pro-inflammatory cytokines, and induce
the formation of GFP specific CD&nd CD4 T cells, suggesting that one benefit of coupling
antigens to flagellin is enhanced production ofgemt-specific T cell responses (128).

Because FIiC fusion dramatically enhanced anti-@Ribody responses we wanted to
determine whether or not FIiC could also enhaneartitmunogenicity of other weak antigens.
Several HIV epitopes have been identified to begazed by broadly neutralizing antibodies
(bnAb) and recently, HIV epitope-scaffolds haverbgenerated that bind these bnAbs with high
affinity (140, 143-146). However, these HIV epitegmaffolds are poor immunogens and lack
the ability to induce desirable anti-HIV bnAbs. Tin@Ab 4E10 recognizes an epitope within the
MPER of gp41 (147). The 4E10 epitope has been safidéy introduced into non-viral
scaffolding proteins that retain the alpha-helgtalicture of 4E10 and mimics HIV's gp41
structure (140). However, the 4E10 epitope-scaffoldre inherently weak antigens, even in the
presence of additional adjuvants (140, 142). Weothgsized that their poor immunogenicity is
one factor contributing to the inability of the &me-scaffolds to induce desirable antibody
responses.

We were able to successfully produce three FIiC-Hision proteins by replacing the
entire D3 domain with epitope-scaffolds that digptheither HIV’'s 4E10 or 447 epitopes. While
the 447 fusion (F284) retained good TLR5 stimukattivity, both 4E10 fusion (F88 & F117)
had reduced TLR5 stimulatory activity (Fig. 25).d9pée differences in their TLR5 stimulatory

activity, all fusions were capable of inducing rebantibody responses against their respective
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immunogens, which is consistent with published diata our lab and others that indicate the
TLR5 activation is not essential for flagellin’samunogenicity (33, 35, 55). However, the ability
to induce antibody responses that were specifithiedesired HIV epitope was not universal, as
only F117 generated significant 4E10 specific adipresponses. In contrast, both F88 and
F284 induced significant responses against thepaetive epitope-scaffolds, but unable to
induce significant antibody responses against EiEO4r 447 epitopes, respectively (Fig. 26).
These results suggest that FliC-HIV epitope-scdffokion proteins are capable of inducing
antibodies that recognize the broadly neutraliZiB§0 epitope in mice and that such fusions are
good candidates for future testing.

A successful AIDS vaccine will need to induce potmd broadly neutralizing antibodies
towards HIV’s envelope glycoprotein (148-150). Awilies that recognize HIV’s gp41 4E10
epitope have been shown to have one of the wideatths of HIV-1 neutralization (98%)

(151). Unfortunately, bnAbs that recognize 4E10ehalso been shown to recognize self-
antigens in humans and mice (152, 153). 4E10 hehain knock-in mice have shown that
indeed 4E10 antibodies do react with self-antiger also displayed significant B cell
dysregulation, consistent with the elimination ofaeactive antibodies by negative selection
mechanisms (152). However, here we demonstraté-fliat immunized mice were able to
generate antibodies that successfully recognizedB10 epitope, suggesting that there could be
other antibodies that are generated against th® égitope that are not self-recognizing. Hence,
understanding the structural basis of 4E10 epitepegnition by antibodies generated in mice
following F117 immunizations is critical in undeasting if 4E10 bnAbs may be induced

without self cross-reactivity.
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The moderate success of the RV144 HIV vaccinérg@ently completed in Thailand
and the documentation of bnAbs in many HIV-infedmty-term survivors has reinvigorated
interest in developing vaccines that induce anyboe@diated immunity against HIV (154). Our
studies with FliC-HIV fusion proteins demonstrdtattflagellin enhanced immunogenicity of
the HIV epitope-scaffolds and successfully leadgecific anti-4E10 antibodies for one of the
fusions. Our results also indicate that enhanamgunogenicity is beneficial, but insufficient to
induce the desirable HIV epitope-specific antibedieis unclear what factors influence the
successful generation of HIV epitope-specific ardiles. At the present time it seems most
likely that empiric testing of multiple flagellimpé&ope-scaffold fusions will be required to
identify constructs with desired activity. We afsgused on replacing the D3 domain in this
study, in order to attempt to generate polymeriaitigens or antigens that could be
synthesized and displayed by bacteria. Unfortupasdll of the fusion proteins failed to be
secreted byalmonellaand were incapable of forming flagellar filamemtsitro andin vivo
(data not shown). Fusions of antigens to the amand-carboxy-terminus to flagellin have been
successfully used for generating vaccines aganifisienza and other microbes (29, 65, 76, 78,
120, 132). Future studies should also investigaa§ HIV epitope-scaffolds to the amino- and
the carboxy-termini, which will also increase thember of scaffolds that can be fused to
flagellin since structural constraints imposed (8/ddmain replacement will be lifted. The
evaluation of additional HIV epitopes is also watea as well as potential advantages of
flagellin fusion to mucosal (i.e. intranasal) imnmation and the generation of mucosal anti-
HIV-immunity.

The successful anti-4E10 specificity generatedfaihg F117 immunization

demonstrates the ability to rationally design ak Maccine that elicits epitope specific
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antibodies against a broadly neutralizing epitdpris, our results have broad implications for
the design of vaccines designed to elicit antib@$ponses against elusive conserved epitope.
Namely, enhancing the immunogenicity of the epitspaffold via fusion to flagellin, increasing
the likelihood of detecting desirable antibody @sges. Our studies demonstrate that structural
design of flagellin epitope-scaffold fusion proteicombined with empiric testing for induction
of epitope-specific antibody responses in micepsamising pre-clinical pipeline to select

promising vaccine candidates for higher level expental and clinical trials.
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Figure 22. FliC-GFP fusion protein maintains TLR5 s$imulatory activity compared to FliC.
Purified recombinant GFP, FIiC, and FliC-GFP pnateian on SDS-PAGE confirmed by
coomassie blue staining that all three have theogpiate molecular weigh#y). TLR5 and
biological activity for FIiC and FIiC-GFP were assed by using CHO cells stably transfected
with murine TLR5 and a NkB luciferase reporteis).
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Figure 23. Covalently linking GFP to FIliC significantly enhances anti-GFP IgG1 and IgG2a
responsesA/J mice were immunized twice on day 1 and dayih either GFP (alone),
GFP+FIiC, or FIiC-GFP and sera collected on dayarid 35 were analyzed for IgGA, (C),

and lgG2aB, D) responses against immunogen by ELISA. All graugse an n=4-5 per
experiment. Statistical analyses were done usingrvi&hitney analysis of individual groups:

*= P<0.05, ** = P<0.01.
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Figure 24. FliC-HIV fusion protein F284 maintains TLR5 stimulatory activity compared to
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FliC. Purified recombinant F88, F117, and F284 proteamsan SDS-PAGE confirmed by
coomassie blue staining that all three have theagpiate molecular weight#\j. TLR5 and

biological activity for F88, F117, F284 and FliC messessed by using CHO cells stably
transfected with murine TLR5 and a MB-luciferase reporteB).
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immunized four times with either F88, F117, or F28dra collected two weeks following the

final immunization was analyzed for IgG responsgarast the immunogen by ELISA. All

groups have an n=4-5 per experiment.
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Figure 26. F117 fusion protein generates anti-4E1€pecific antibody responsesC57BL/6

mice were immunized four times with either F&9,(F117 B8), or F284 C). Sera collected two
weeks following the final immunization was analyZedlgG responses against corresponding

epitope-scaffolds by ELISA. All groups have an rs=ger experiment.



m EC.,ng/mL | SD +/- ng/mL

FliC 5.03 4.79
FIliC-GFP 3.38 4.47
F88 217.5 ND
F117 303.3 364.1
F284 3.61 2.96

Table II. Flagellin fusion proteins and their corresponding EGsp +/-SD. ND,
Not determined. Data are representative of a minimum of three irddpnt experiments.
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Chapter V: Conclusion

Herein, | have described studies that model a cehgmsive examination of how the
host’s innate recognition of flagellin’s highly csgrved amino acid residues promote antibody
responses towards itself and mediates its adjuvdroy to our work, there was some evidence
suggesting that recognition of flagellin by TLR5dadaip5/6 did not completely explain
flagellin’s immunogenicity, and that additionaldkllin recognition mechanisms existed and
were critical for promoting flagellin-induced antidy responses (22, 35, 39, 55, 122, 123).
Using mice deficient in flagellin recognition patays, we conclusively demonstrated that a
novel third pathway exists in mice, which contriggito flagellin’s robust immunogenicity that is
independent of TLR5 and the inflammasome (33).Haurhore, my studies provide a detailed
analysis of how the different structural featuréSalmonelleentericaserovarTyphimurium
flagellin mediates anti-flagellin antibody resposis@ur work provides a foundation for future
studies in the lab to springboard from, to addtkegjuestion of, “What is the molecular basis of
this third pathway?”

There are many future avenues of research thattodeslconducted in order to
completely understand the molecular and cellulachrarisms that are responsible for the third
pathway that | have described herein. Some potesxanations as to why FIR®¥P*and FlaA
are incapable of generating primary anti-flageléeponses are: flagellin molecules may bind to
gangliosides in a D2/D3-dependent manner (155,, Isural antibodies stemming from
microbiota are directed towards the D2/D3 domaiB(1157), FIiC is interacting with other cell
surface markers via D2/D3, or in C57BL/6 mice thera hole the B cell repertoire for these

proteins. However, this final explanation is highlylikely since previous studies have
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demonstrated that the highly conserved DO/D1 donsaiecognized by antibodies during
immunization with monomeric flagellin (71).

The explanation | favor for this unknown pathwayievided by experiments conducted
by Nossal, Ada, Miller, and colleagues over 4 desaajo (122, 123). They showed that flagella
and flagellin isolated fror®. Adelaide were targeted to the lymphoid follicle®dly after
immunization of rats (122). Using germ free anddrated rats, they demonstrated that lymphoid
targeting of flagella was dependent on microbiotd @diosensitive cells, suggesting that
microbiota-induced natural immunity are responsfbteargeting flagella to lymphoid follicles
and that this may be important for robust primarieody responses that are induced by
flagellin (123). We are planning immunization seglivith germ-free mice and various flagellin
proteins to understand if and how the microbiotluences flagellin’s immunogenicity, once a
germ-free animal facility has been establisheth@t.tniversity of Washington. If successful,
these studies will lead to additional studies tdaratand how the microbiota influences
flagellin’s immunogenicity and test to see if loffirity antibodies, such as IgM, may be
responsible.

My thesis work provides a framework to begin tentify the precise host cellular and
molecular mechanisms that comprise the third paghWawever, prior published studies may
provide insight into the critical amino acid resdun flagellin’'s D2/D3 domain that influence
primary antibody responses. Over 40 years ago,aidacolleagues performed multiple
immunizations with cyanogen bromide cleaved flaggitoteins on Wistar rats and
demonstrated that a cleaved portion, “fragment ASalmonellalagellin, retained its ability to
localize to lymphoid follicles (157). Our lab hasntacted Gus Nossal in reference to these

previous experiments, since the flagellin moleaided in those studies was fr@rAdelaide,
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but unfortunately this flagellin gene from theirash was never cloned. Currently, in the NCBI
database there are tW@oAdelaide flagellins (accession numbers AAA53490 Brt{C38209).
Fortunately, both proteins in the NCBI databaseshdentical sequences and both contain exact
sequence matches to “fragment A” fr&nAdelaide (158), which will allow us to teSt
Adelaide flagellin from either sequence.

Sequence alignments bf monocytogeneBlaA, S. Typhimurium FliC, and. Adelaide
flagellins, indicate that the majority of the homgy of all three proteins resides in the DO and
D1 domains, and a limited portion of the D2 dom@&iig 27). The aligned sequences reveal that
“fragment A” of S. Adelaide corresponds ® Typhimurium FIliC residues 144-383, which
consists of the carboxy terminal portion of the Niliimain and the majority of the D2/D3.
These data provide a series of breadcrumbs todaled, more importantly, a starting point to
identify the precise amino acid residues requitgd=iC’s D2/D3-dependent immunogenicity.
Future experiments in the lab will include immuriaas with flagellin proteins that have
additional deletions to further isolate the FliGideies that are required for TLR5- and
inflammasome-independent immunogenicity. Curremigtein expression and purification of
FliC's D2/D3 has commenced and immunizations weljim shortly to determine if the D2/D3
domain is sufficient to induce primary antibodypesses independent of Naip5/6 and TLR5
recognition. Moreover, if the D2/D3 domain of fldigeis sufficient to promote primary and
secondary responses, it will demonstrate that etimmal TLR5 is not required for flagellin to
work as an adjuvant. Understanding if FliC’s D2/@3nain can function independently of
TLR5 is a critical component to flagellin-basedwdjnt research, since approximately 10% of

humans have a TLR5 mutation rendering it non-flumati, and knowing if D2/D3 is sufficient
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for primary and secondary responses will be ctifimathose individuals with TLR5
polymorphisms (31).

Early phase | and Il clinical trials with flagellfasion proteins have demonstrated that
flagellin fusion proteins elicit antigen specifiotdoodies with minimal adverse side effects to
patients (76-78, 121). My graduate studies dematesthat flagellin is a poor adjuvant to
intrinsically weak antigens (such as GFP), and phasically coupling weak antigens to FliC
significantly enhances the antigens’ immunogenifi$9). Using this information, we
engineered FIiC fusion with HIV epitope-scaffoldglehave established a platform for coupling
weak antigens to flagellin to promote robust ardijpcesponses. The strategy to design flagellin
fusion proteins with HIV epitope-scaffolds has bearformly successful in generating antibody
responses against the epitope-scaffolds, but ingtens in obtaining antibody responses towards
the desired HIV epitopes, which usually represess than 10% of the surface area on the
epitope-scaffold and less than 3% of the surfaea af the FliC-HIV epitope-scaffold fusion. At
the present time it is unknown what factors dictageiccessful immunogen and empirical testing
of novel immunogens will be required to selectgosmising vaccine candidates. Nonetheless,
we believe that flagellin based fusion with epitegoaffolds is a proven platform that can be
utilized to generate robust vaccines that confeg i@rm-immunity (129).

The flagellin-based adjuvant platform is also asfarable to other infectious diseases.
As an example, Correital., demonstrates that epitope-scaffolds for resmiyagyncytial virus
(RSV) are capable of generating neutralizing amlié® in macaques (160). We believe that
designing flagellin fusion proteins with these ep#-scaffolds will enhance the immunogenicity
of the RSV epitope-scaffold proteins and incredieaey of an RSV epitope-scaffold based

vaccine.
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In closing, my thesis work demonstrates that intamldto TLR5 and Naip5/6, there is a
novel third pathway required for robust anti-fldogetesponses and is dependent on flagellin’s
D2/D3 domain. Our work with flagellin fusion protsi suggest that the D2 domain is probably
the crucial component although additional studresraquired to confirm this idea. These three
pathways function together to promote flagellidbust T1 (IgG2a/c) and 42 (IgG1) humoral
responses and our structural definition of thedllig components that contribute to each of
these pathways will help future efforts to exptbg immunogenicity of flagellin for vaccine
design. My dissertation studies illustrates howltbst’s innate recognition of flagellin and
FliC’s conserved and non-conserved amino acid rsgveork in concert with one another to
promote flagellin’s intrinsic and extrinsic adjuxan Translational implications of flagellin-
based vaccines are currently being realized, addiawlal studies to address the remaining
fundamental questions of flagellin’s immunogenicitcluding the molecular nature of the third
pathway and whether it is conserved in humans,fuither assist efforts to utilize bacterial
flagellin to design effective vaccines against \waide debilitating diseases such as: influenza,

malaria, tuberculosis, and HIV.
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flagellins demonstrateshomology of all three proteins resides in the DO ahD1 domains,
and a limited portion of the Dz domain. DO and D1 domains are1l#8 and 40-495 (light blue
and green) and D2 and D3 1406 domains (yellow and dark blu



87

Materials and Methods

Methods from Chapter I

Protein isolation and purification. Wild-type flagellin monomers were isolated fr@n
Typhimurium strain SL1344AflgM); purity was verified as previously described (88). OVA
was purchased from Sigma and ultrafiltered (Amidomeduce endotoxin. Removal of residual
endotoxin from isolated flagellin monomers and O{Bgma-Aldrich) was performed by using
polymyxin B columns (Thermo scientific). Endotoxevels were <1 pgh of protein, as
measured using the limulus colorimetric assay (Bynthe purified flagellin was characterized
biochemically and its biological activity for TLR&hd Naip5-dependent was determined prior to
mouse studies (supplementary Figure 1).

NF-kB luciferease reporter assayCHO K1 cells were stably transfected with mouse
TLR5 cDNA cloned into the pEF6 VEHis TOPO vector (Invitrogen) or the empty vectdusp
the ELAM-LUC plasmid; luciferase assays were penfed as previously described (48, 49).

Protein transfection. Bone marrow derived macrophages (BMDMs) were pegpénom
femurs of C57BL/6 mice, Naip5-deficient mice, casgpd-deficient mice, or A/J mice and
cultured in RPMI 1640 supplemented with 10% FBSI(AE biologicals), 10% L-cell
supernatant (CSF1 source), 2mM L-glutamine, andW@gL penicillin, 100ug/mL
streptomycin (Gibco) (10, 21, 161). All assays waegormed in triplicate and each experiment
was repeated at least twice. BMDMs were primed W@mg/mL of ultrapure LPS (List

Biologicals) for 3 hours to induce pro-IL3Expression prior to protein transfection, using
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Profect-P1-lipid based protein delivery reagentr€ing Systems) as previously described (10,
52); IL-1B secretion was determined by ELISA (Duoset R&D).

Mice and immunizations. The University of Washington Institutional Animaaf@ and
Use Committees approved all animal protocols. Mieee bred and housed in a specific
pathogen-free facility at the University of Washimg A/J and C57BL/6 animals were
purchased from Jackson Laboratories and bred isédiaips (40), caspase-1 (Caspji(162)
MyD88" (163) and TLR% (25) mice were all generated on the C57BL/6 bawlgd and bred
in-house. TLR%/Casp” mice were generated and bred in our animal fgcititd MyD88"
mice were generated by back-crossing the MyD8&idelento the A/J background for nine
generations and then crossing to generate homogyggD88" mice. 8-14 week old matched
animals were used in all experiments. Retro-orhite¢ds were performed on all animals prior to
immunization to obtain naive serum. Mice receiwed sequential i.p. immunizations with g
FliC and 30ug OVA separated by 21 days. Blood was drawn twoke/éallowing each
immunization.

Cytokine analysis.Mouse sera were evaluated for cytokine responglesviag i.p.
injections of 3Qug of FIiC or PBS using commercially-sourced ELISi#skaccording to
manufacturer’s instructions (Duoset, R&D Systenis)l8 cytokine analysis was determined by
ELISA, using anti-mouse IL-18 (Clone 74; R&D Sys®ras a capture antibody, and
biotinylated anti-mouse IL-18 (Clone 93-10C; R&DsEgms) as a detection antibody.

Antibody analysis.High binding capacity 96 well plates (COSTAR) weoated with 1
ug/mL of monomeric FliC or ovalbumin diluted in PBSmniPur) and allowed to incubate
overnight at room temperature (RT). Plates werchedshree times with PBS containing 0.05%

tween-20, and blocked for 1 hour RT in PBS contagrii% BSA (Sigma). Plates were washed
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and serial dilutions of serum were added to thésaeid incubated for 1 hour at RT. Plates were
washed again and horse radish peroxidase conjugaterdary antibodies (anti-lgG1, -1lgG2a, -
lgG2c—HRP) (Jackson Immunoresearch), or —IgA-HRiBIggend) were added and incubated
for another hour at RT. Plates were developed W8 substrate (Thermo), stopped with
H,SO,and absorbance was read at 450 nm (Molecular Dgvidatibody end point titer was
defined by the reciprocal of the maximal serumtdluthat exceeded three times the standard
deviation above the mean background absorbance.

Statistical analysis.Significance was determined by one-way ANOVA witbrBerroni
multiple comparison post-test or Mann-Whitney testng Graphpad Prism 5 software.

Differences were noted as significant wher0.05.

Methods from Chapter I

Creation of flagellin proteins. The FIliC-C, FIiC*®®, and FIic**P* gene blocks were
ordered from Life technologies. All FliC gene blsakere based frol@ Typhimurium strain
SL1344fliC (GenBank accession number: CBW17983) encoding@auids 1-494. FliC-C
contained substitution of amino acid R495P andattdition LVPRGSHHHHHH at the carboxyl
terminus. Protein FIi€E®>had amino acid substitutions at R90E, Q97A, E1RRL,8E, E121R,
D419R, R422D, and the addition of LVPRGSHHHHHHkb& amino terminus. The FIRE™!
protein encoded amino acids 1-176 and 391-495 lwikler SPGISGGGGGILDSMG from 176-
391 and the addition LVPRGSHHHHHH at the amino taus. The FlaAyene block was also
ordered from Life technologies. The FlaA constmweas based frorh. monocytogenestrain
10403flaA (GenBank accession numbekCl49720) encoding amino acids 1-287 and the

addition LVPRGSHHHHHH at the amino terminus. DNAdments of FIiC-C, FIiE™,
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FIICPYP! and FlaA were then cloned into pet29b (GenSceipt) transformed into flagellin
negative BL21E. coli cells for expression (Invitrogen).

Purification of bacterial flagellin. Wild-type FIiC flagellin monomers were isolated
from S Typhimurium strain SL1344AflgM); purity was verified as previously described (49,
67). OVA was purchased from Sigma and ultrafiltef&chicon) to reduce endotoxin. Wild-type
FlaA flagellin monomers were isolated fratnmonocytogene$0403; purity was verified as
previously described. Removal of residual endotdsaom isolated flagellin monomers and OVA
(Sigma-Aldrich) was performed by using polymyxirc@umns (Thermo scientific). Endotoxin
levels were <1 pgh of protein, as measured using the limulus coletria assay (Lonza).
Single colonies of BL2E. coli cells transformed with pet29b flagellin containjpigsmids
(Flic-C, FIiC™®, FlicP”P!, and FlaA) were expanded from starter culturdsuira Broth and
then induced with 1 mM IPTG when OD595 reached @lis kanamycin (100 mg/ml),
incubated for 4 hr at 37° C and then overnightdt@. Cultures were then pelleted and stored at
20° C. Pellets were resuspended in standard biflemM Tris, 500 mM NaCl, 10
mM imidazole, 0.5 mg/ml lysozyme), sonicated on aed clarified by centrifugation.
Supernatants were tumbled with 10 ml of nickel-NrB&in (Superlow NTA, QIAGEN) for 30
min at 4 ° C. The resin was then rinsed twice WwldlmM imidazole, once with standard buffer
plus 20 mM imidazole and eluted with standard byftas 250 mM imidazole. Eluates were
concentrated by ultrafiltration (Amicon Ultra, Mpbre) and filtered through 0.22 mm Ultrafree-
MC spin columns (Millipore). Proteins were thenifiad by preparative size exclusion
chromatography (SEC) on Superdex 75 16/60 colu@isHealthcare) at room temperature in
25 mM PIPES (pH 7.0), 150 mM NaCl, 1 mM EDTA, an@2% w/w sodium azide (PNEA).

The eluted protein is further purified by passdgeugh a Proteospin Endotoxin Removal Maxi



91

Kit (Norgen) to remove any residual LPS. Endotdeiels were <1 pgh of protein, as
measured using the limulus fluorescent assay (Dowdipurified flagellin was characterized
biochemically and its biological activity for TLR&ependent activity was determined prior to
mouse studies.

NF-kB luciferease reporter assayCHO K1 cells were stably transfected with mouse
TLR5 cDNA cloned into the pEF6 V5/His TOPO vectbmnjtrogen) or the empty vector, plus
the ELAM-LUC plasmid; luciferase assays were perfed as previously described (48, 49).

Protein transfection. Bone marrow derived macrophages (BMDMs) were pesp&om
femurs of C57BL/6 mice, Naip5-deficient mice, caspd-deficient mice, or A/J mice and
cultured in RPMI 1640 supplemented with 10% FBSI(AT biologicals), 10% L-cell
supernatant (CSF1 source), 2mM L-glutamine, andW®@gL penicillin, 200ug/mL
streptomycin (Gibco) (10, 21, 161). All assays weeeormed in triplicate and each experiment
was repeated at least twice. BMDMs were primed W@mg/mL of ultrapure LPS (List
Biologicals) for 3 hours to induce pro-IL3Expression prior to protein transfection, using
Profect-P1-lipid based protein delivery reagentr§€ing Systems) as previously described (10,
33, 52); IL- secretion was determined by ELISA (Duoset R&D).

Mice and immunizations. The University of Washington Institutional Animaaf@ and
Use Committees approved all animal protocols. Mieee bred and housed in a specific
pathogen-free facility at the University of Washimg A/J and C57BL/6 animals were
purchased from Jackson Laboratories and bred isehdtaip3™ (40), Nirc4” (161), Caspt
(162), MyD88” (163) and TLR5 (25) mice were all generated on the C57BL/6 bawtgd and
bred in-house. TLR5Casp?” (33) mice were generated and bred in our aninuélitia 8-14

week old matched animals were used in all experigné&tetro-orbital bleeds were performed on
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all animals prior to immunization to obtain naiegsn. Mice received two sequential i.p.
immunizations with 3@g flagellin and 3qug OVA separated by 21 days. Blood was drawn two
weeks following each immunization.

Cytokine analysis.Mouse sera were evaluated for cytokine respongiesviag i.p.
injections with 3Qug of flagellin protein using commercially-sourcedI§A kits according to
manufacturer’s instructions (Duoset, R&D Systertis)l8 cytokine analysis was determined by
ELISA, using anti-mouse IL-18 (Clone 74; R&D Sys&mas a capture antibody, and
biotinylated anti-mouse IL-18 (Clone 93-10C; R&Ds#ms) as a detection antibody.

Antibody analysis. High binding capacity 96 well plates (COSTAR) weoated with 1
ug/mL of monomeric flagellin or ovalbumin diluted HBS (OmniPur) and allowed to incubate
overnight at room temperature (RT). Plates wereneshree times with PBS containing 0.05%
tween-20, and blocked for 1 hour RT in PBS conteyrii% BSA (Sigma). Plates were washed
and serial dilutions of serum were added to thésnald incubated for 1 hour at RT. Plates were
washed again and horse radish peroxidase conjugatetdary antibodies (anti-lgG1, -lgG2c—
HRP) (Jackson Immunoresearch) were added and itesiba another hour at RT. Plates were
developed with TMB substrate (Thermo), stopped W80, and absorbance was read at 450
nm (Molecular Devices). Antibody end point titerssdefined by the reciprocal of the maximal
serum dilution that exceeded three times the stdrilaviation above the mean background
absorbance.

Statistical analysis.Significance was determined by one-way ANOVA witbrBerroni
multiple comparison post-test, unpaired studenitesk, or Mann-Whitney test, using Graphpad

Prism 5 software. Differences were noted as sicguifi wherP <0.05.
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Methods from Chapter IV

Protein expression and purification DNA segments encoding FliC and FliC-HIV
epitope-scaffold fusion constructs were synthesweiia optimized codon usage and RNA
structure (Codon Devices, Genscript Corp.), suketiianto pET29 (EMD Biosciences), and
transformed into BL-2E. coli (Invitrogen). Epitope-scaffolds T88, T117, ania84 were
expressed as previously described (164). The saliderfGFP (GFP) pET29b and the FIiC-GFP
pPET23b plasmids were generously provided by DreReNoderviszt and then transformed into
transformed into BL-21 Stdt. coli (Invitrogen) for expression (141). Single aoles were
expanded from starter cultures in Luria Broth a@mehtinduced with 1 mM IPTG when OD595
reached 0.6, plus kanamycin (100 mg/ml), incub&ted hr at 37° C and then overnight at 16°
C. Cultures were then pelleted and stored at 20%@ets were resuspended in standard
buffer (50 mM Tris, 500 mM NaCl, 10 mM imidazole5dng/ml lysozyme), sonicated on ice,
and clarified by centrifugation. Supernatants wearabled with 10 ml of nickel-NTA resin
(Superlow NTA, QIAGEN) for 30 min at 4 ° C. Theirew/as then rinsed twice with 10 mM
imidazole, once with standard buffer plus 20 mMdazrole and eluted with standard buffer plus
250 mM imidazole. Eluates were concentrated bfiliration (Amicon Ultra, Millipore) and
filtered through 0.22 mm Ultrafree-MC spin colun{iillipore). Proteins were then purified by
preparative size exclusion chromatography (SEC3uperdex 75 16/60 columns (GE
Healthcare) at room temperature in 25 mM PIPES{gh, 150 mM NaCl, 1 mM EDTA, and
0.02% w/w sodium azide (PNEA). The eluted protsifurther purified by passage through a
Proteospin Endotoxin Removal Maxi Kit (Norgen) éonove any residual LPS. Endotoxin levels

were <1 pgkg of protein, as measured using the limulus flumeasassay (Lonza). All purified
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flagellin was characterized biochemically and itddyical activity for TLR5-dependent activity
was determined prior to mouse studies.

NF-kB luciferase reporter assayCHO K1 cells were stably transfected with mouse
TLR5 cDNA cloned into the pEF6 V5/His TOPO vectbnjtrogen) or the empty vector, plus
the ELAM-LUC plasmid; luciferase assays were perfed as previously described (48, 49).

Mice and immunizations. The University of Washington Institutional Animaaf@ and
Use Committees approved all animal protocols. Mieee bred and housed in a specific
pathogen-free facility at the University of Washimgy A/J and C57BL/6 animals were
purchased from Jackson Laboratories and bred iseh@+14 week old matched animals were
used in all experiments. Retro-orbital bleeds vwendormed on all animals prior to
immunization to obtain naive serum. Mice receiwed sequential i.p. immunizations with 8@
GFP alone, or 3Qig flagellin and 3Qug GFP, or 3Qug FIIC-GFP, separated by 21 days.
Otherwise, mice received four sequential i.p. immations with 3Qug flagellin, T88, T117,
T284, F88, F117, or F284 separated by a minimu@tiLafays. For all immunized animals blood
was drawn two weeks following each immunization.

Antibody analysis. High binding capacity 96 well plates (COSTAR) weoated with 1
ug/mL of monomeric flagellin, GFP, FliC-GFP, T69M84, T93, T117, T235, T284, F88, F117,
F284, or gp140 diluted in PBS (OmniPur) and alldweincubate overnight at room
temperature (RT). Plates were washed three timgsRBS containing 0.05% tween-20, and
blocked for 1 hour RT in PBS containing 1% BSA (8&). Plates were washed and serial
dilutions of serum were added to the wells andvated for 1 hour at RT. Plates were washed
again and horse radish peroxidase conjugated sapoadtibodies (anti-1gG, -IgG1, -IgG2a—

HRP) (Jackson Immunoresearch), were added andatediffior another hour at RT. Plates were
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developed with TMB substrate (Thermo), stopped Wit80, and absorbance was read at 450
nm (Molecular Devices). Antibody end point titerss@efined by the reciprocal of the maximal
serum dilution that exceeded three times the stdmdkviation above the mean background
absorbance.
Statistical analysis.Significance was determined by Mann-Whitney tesing

Graphpad Prism 5 software. Differences were nosesigmnificant wherP <0.05.

Methods from Chapter V

Flagellin sequence alignmentsFlagellin sequences were aligned using Clustadvu®

displayed with boxshade.



10.

11.

12.

13.

14.

15.

16.

96
References

Stecher, B., S. Hapfelmeier, C. Muller, M. Kremie Stallmach, and W.-D. Hardt. 2004.
Flagella and chemotaxis are required for efficiadtction of Salmonella enterica
serovar Typhimurium colitis in streptomycin-pretehmice Infection and immunity2:
4138-4188.

Lertsethtakarn, P., K. Ottemann, and D. Hendnx2011. Motility and chemotaxis in
Campylobacter and Helicobact@&nnual review of microbiolog§5: 389-799.

Macnab, R. 2003. How bacteria assemble flag&haual review of microbiology7: 77-
177.

Pallen, M. J., C. W. Penn, and R. R. Chaud2005. Bacterial flagellar diversity in the
post-genomic erd.rends in microbiology3: 143-149.

Hallstrom, K., and B. McCormick. 2011. Salmoadfiteraction with and Passage
through the Intestinal Mucosa: Through the LenthefOrganismErontiers in
microbiology2: 88.

Lai, M., E. Quarles, A. Lopez-Yglesias, X. Zh&o Hajjar, and K. Smith. 2013. Innate
immune detection of flagellin positively and negaty regulates salmonella infection.
PloS one8.

Griffin, A., and S. McSorley. 2011. Developmenprotective immunity to Salmonella,
a mucosal pathogen with a systemic ageMiscosal immunology: 371-453.

Janeway, C., and R. Medzhitov. 2002. Innate imgmecognitionAnnual review of
immunology20: 197-413.

Hayashi, F., K. Smith, A. Ozinsky, T. Hawn, B, B. Goodlett, J. Eng, S. Akira, D.
Underhill, and A. Aderem. 2001. The innate immuesponse to bacterial flagellin is
mediated by Toll-like receptor Blature410: 1099-1202.

Miao, E., C. Alpuche-Aranda, M. Dors, A. Clal, Bader, S. Miller, and A. Aderem.
2006. Cytoplasmic flagellin activates caspase-1saudetion of interleukin 1lbeta via
Ipaf. Nature immunology: 569-644.

Kofoed, E., and R. Vance. 2011. Innate imm@oegnition of bacterial ligands by
NAIPs determines inflammasome specificldature477: 592-597.

Zhao, Y., J. Yang, J. Shi, Y.-N. Gong, Q. Lu), L. Liu, and F. Shao. 2011. The
NLRC4 inflammasome receptors for bacterial flagedind type 11l secretion apparatus.
Nature477: 596-1196.

Miao, E., E. Andersen-Nissen, S. Warren, anfderem. 2007. TLR5 and Ipaf: dual
sensors of bacterial flagellin in the innate immsegstem Seminars in immunopathology
29: 275-363.

Jones, S., V. Brahmakshatriya, G. Huston, BblBj and S. Swain. 2010. TLR-activated
dendritic cells enhance the response of aged 1@DAT cells via an IL-6-dependent
mechanismJournal of immunology (Baltimore, Md. : 195185: 6783-6877.

Bates, J., S. Uematsu, S. Akira, and S. ME@09. Direct stimulation of tlr5+/+ CD11c+
cells is necessary for the adjuvant activity ofjélin. Journal of immunology
(Baltimore, Md. : 1950182: 7539-7586.

Ceballos-Olvera, I., M. Sahoo, M. Miller, L. D#arrio, and F. Re. 2011. Inflammasome-
dependent pyroptosis and IL-18 protect against Boideria pseudomallei lung infection
while IL-1p is deleteriousPL0S pathogens.



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

97

Gewirtz, A., T. Navas, S. Lyons, P. Godowshki d. Madara. 2001. Cutting edge:
bacterial flagellin activates basolaterally expees$LR5 to induce epithelial
proinflammatory gene expressialaurnal of immunology (Baltimore, Md. : 195057
1882-1887.

Honko, A., and S. Mizel. 2005. Effects of fldigeon innate and adaptive immunity.
Immunologic researcB3: 83-184.

Sanders, C., Y. Yu, D. Moore, |. Williams, ahdGewirtz. 2006. Humoral immune
response to flagellin requires T cells and actorabf innate immunityJournal of
immunology (Baltimore, Md. : 195Qy7: 2810-2818.

Gewirtz, A., P. Simon, C. Schmitt, L. Taylor, idagedorn, A. O'Brien, A. Neish, and J.
Madara. 2001. Salmonella typhimurium translocagsgellin across intestinal epithelia,
inducing a proinflammatory respondéne Journal of clinical investigatioh07: 99-208.
Hawn, T., W. Berrington, I. Smith, S. UematSuAkira, A. Aderem, K. Smith, and S.
Skerrett. 2007. Altered inflammatory responsesliR3-deficient mice infected with
Legionella pneumophilalournal of immunology (Baltimore, Md. : 1950§9: 6981-
6988.

Vijay-Kumar, M., F. Carvalho, J. Aitken, N. &fara, and A. Gewirtz. 2010. TLR5 or
NLRC4 is necessary and sufficient for promotiomomoral immunity by flagellin.
European journal of immunologh0: 3528-3562.

Shibata, T., N. Takemura, Y. Motoi, Y. Goto Karuppuchamy, K. Izawa, X. Li, S.
Akashi-Takamura, N. Tanimura, J. Kunisawa, H. Kigp8. Akira, T. Kitamura, J.
Kitaura, S. Uematsu, and K. Miyake. 2012. PRAT4Aatedent expression of cell
surface TLR5 on neutrophils, classical monocytesdandritic cellsinternational
immunology

Uematsu, S., and S. Akira. 2009. Immune regmaBTLR5(+) lamina propria dendritic
cells in enterobacterial infectiofdournal of gastroenterologg4: 803-814.

Uematsu, S., M. Jang, N. Chevrier, Z. Guo, Mm&gai, M. Yamamoto, H. Kato, N.
Sougawa, H. Matsui, H. Kuwata, H. Hemmi, C. CobarKawai, K. Ishii, O. Takeuchi,
M. Miyasaka, K. Takeda, and S. Akira. 2006. Detattf pathogenic intestinal bacteria
by Toll-like receptor 5 on intestinal CD11c+ lamimapria cellsNature immunology':
868-942.

Kasahara, S., and E. Clark. 2011. Dendriticasgociated lectin 2 (DCAL?2) defines a
distinct CD&-dendritic cell subseflournal of leukocyte biology

Kinnebrew, M., C. Buffie, G. Diehl, L. Zenewjdz Leiner, T. Hohl, R. Flavell, D.
Littman, and E. Pamer. 2012. Interleukin 23 Prouchby Intestinal
CD103(+)CD11b(+) Dendritic Cells in Response totBdal Flagellin Enhances
Mucosal Innate Immune Defengemunity

Feng, T., Y. Cong, K. Alexander, and C. Elsz®il2. Regulation of Toll-like Receptor 5
Gene Expression and Function on Mucosal DendrigitsCPloS oner.

Mizel, S., and J. Bates. 2010. Flagellin aadjovant: cellular mechanisms and potential.
Journal of immunology (Baltimore, Md. : 195085: 5677-5759.

Goto, A., and J.-L. Imler. 2012. Toll SignalimgFlies and Mammals: Two Sorts of
MyD88. Immunity36: 555-562.

Hawn, T., A. Verbon, K. Lettinga, L. Zhao, S, R. Laws, S. Skerrett, B. Beutler, L.
Schroeder, A. Nachman, A. Ozinsky, K. Smith, andAderem. 2003. A common
dominant TLR5 stop codon polymorphism abolishegdlin signaling and is associated



32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

42.

43.

44,

45,

98

with susceptibility to legionnaires' disea3é@e Journal of experimental medicih@8:
1563-1635.

Means, T., F. Hayashi, K. Smith, A. Aderem, and.uster. 2003. The Toll-like receptor
5 stimulus bacterial flagellin induces maturatiowl @hemokine production in human
dendritic cellsJournal of immunology (Baltimore, Md. : 1950j0: 5165-5240.
Lopez-Yglesias, A., X. Zhao, E. Quarles, M.,[JaiVandenbos, R. Strong, and K. Smith.
2014. Flagellin Induces Antibody Responses thraud@hR5- and Inflammasome-
Independent Pathwayournal of immunology (Baltimore, Md. : 1950)

Didierlaurent, A., . Ferrero, L. Otten, B. O, M. Reinhardt, H. Carlsen, R. Blomhoff,
S. Akira, J.-P. Kraehenbuhl, and J.-C. Sirard. 260dgellin promotes myeloid
differentiation factor 88-dependent developmentla?-type responsdournal of
immunology (Baltimore, Md. : 195Qy2: 6922-6952.

Letran, S., S.-J. Lee, S. Atif, S. UematsliAldra, and S. McSorley. 2011. TLR5
functions as an endocytic receptor to enhancelfiaggecific adaptive immunity.
European journal of immunologil: 29-67.

Franchi, L., R. Mufioz-Planillo, and G. NUfie@12. Sensing and reacting to microbes
through the inflammasomeNature immunology3: 325-357.

Kofoed, E., and R. Vance. 2012. NAIPs: Buildarginnate immune barrier against
bacterial pathogens: NAIPs function as sensorsititeite innate immunity by detection
of bacterial proteins in the host cell cytodibEssays : news and reviews in molecular,
cellular and developmental biology

Gong, Y.-N., and F. Shao. 2012. Sensing battefections by NAIP receptors in
NLRC4 inflammasome activatioRrotein & cell3: 98-203.

von Moltke, J., N. Trinidad, M. Moayeri, A. Kirer, S. Wang, N. van Rooijen, C.
Brown, B. Krantz, S. Leppla, K. Gronert, and R. ¥an2012. Rapid induction of
inflammatory lipid mediators by the inflammasomevivo. Nature490: 107-111.
Lightfield, K., J. Persson, S. Brubaker, C.td/id. von Moltke, E. Dunipace, T. Henry,
Y.-H. Sun, D. Cado, W. Dietrich, D. Monack, R. Tisphnd R. Vance. 2008. Critical
function for Naip5 in inflammasome activation bg@nserved carboxy-terminal domain
of flagellin. Nature immunolog$: 1171-1179.

Lightfield, K., J. Persson, N. Trinidad, S. Baker, E. Kofoed, J.-D. Sauer, E. Dunipace,
S. Warren, E. Miao, and R. Vance. 2011. Differdmgguirements for NAIP5 in
activation of the NLRC4 inflammasoml@fection and immunity9: 1606-1620.

Wright, E., S. Goodart, J. Growney, V. Hadindib Endrizzi, E. Long, K. Sadigh, A.
Abney, I. Bernstein-Hanley, and W. Dietrich. 200ip5 affects host susceptibility to
the intracellular pathogen Legionella pneumopl@atrent biology : CBL3: 27-63.

Gong, Y.-N., and F. Shao. 2012. Sensing battefections by NAIP receptors in
NLRC4 inflammasome activatioRrotein & cell3: 98-203.

Kupz, A., G. Guarda, T. Gebhardt, L. SandefSKort, D. Diavatopoulos, O. Wijburg, H.
Cao, J. Waithman, W. Chen, D. Fernandez-Ruiz, Atn& W. Heath, R. Curtiss, J.
Tschopp, R. Strugnell, and S. Bedoui. 2012. NLR@kKummasomes in dendritic cells
regulate noncognate effector function by memory GP8 cells.Nature immunology
13:162-171.

Sander, L., M. Davis, M. Boekschoten, D. AmsgnDascher, B. Ryffel, J. Swanson, M.
Muller, and J. Blander. 2011. Detection of prokaiyonRNA signifies microbial

viability and promotes immunitWNature474: 385-394.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

99

Samatey, F., K. Imada, S. Nagashima, F. Vonsldyv. Kumasaka, M. Yamamoto, and
K. Namba. 2001. Structure of the bacterial flagghietofilament and implications for a
switch for supercoilingNature410: 331-338.

Yonekura, K., S. Maki-Yonekura, and K. Namb@02 Complete atomic model of the
bacterial flagellar filament by electron cryomicropy.Nature424: 643-693.

Smith, K., E. Andersen-Nissen, F. Hayashi, #ol%, M. Bergman, S. Barrett, B.
Cookson, and A. Aderem. 2003. Toll-like receptae&ognizes a conserved site on
flagellin required for protofilament formation abdcterial motility.Nature immunology
4:1247-1300.

Andersen-Nissen, E., K. Smith, K. Strobe, Sr&8 B. Cookson, S. Logan, and A.
Aderem. 2005. Evasion of Toll-like receptor 5 bggiéllated bacteridroceedings of the
National Academy of Sciences of the United Stdtésnerical02: 9247-9299.

Gewirtz, A., Y. Yu, U. Krishna, D. Israel, Sydns, and R. Peek. 2004. Helicobacter
pylori flagellin evades toll-like receptor 5-medidtinnate immunityThe Journal of
infectious diseasek39: 1914-1934.

Yoon, S.-i., O. Kurnasov, V. Natarajan, M. HpAgV. Gudkov, A. L. Osterman, and |.
A. Wilson. 2012. Structural Basis of TLR5-FlagelRecognition and Signalingcience
335.

Miao, E., D. Mao, N. Yudkovsky, R. Bonneau,LGrang, S. Warren, |. Leaf, and A.
Aderem. 2010. Innate immune detection of the typselcretion apparatus through the
NLRC4 inflammasomeProceedings of the National Academy of Sciencdsedinited
States of America07: 3076-3156.

Bobat, S., A. Flores-Langarica, J. Hitchcock/ldrshall, R. Kingsley, M. Goodall, C.
Gil-Cruz, K. Serre, D. Leyton, S. Letran, F. GaspalChester, J. Chamberlain, G.
Dougan, C. Lépez-Macias, |. Henderson, J. Alexarid&tacLennan, and A.
Cunningham. 2011. Soluble flagellin, FIiC, indue@sAg-specific Th2 response, yet
promotes T-bet-regulated Thl clearance of Salmangiihimurium infectionEuropean
journal of immunologyl: 1606-1624.

Liu, F., J. Yang, Y. Zhang, D. Zhou, Y. Chen, ®@4i, W. Shi, Q. Li, P. Tien, and H.
Yan. 2010. Recombinant flagellins with partial dieles of the hypervariable domain
lose antigenicity but not mucosal adjuvanBiychemical and biophysical research
communication892: 582-589.

Sanders, C., L. Franchi, F. Yarovinsky, S. UsmneS. Akira, G. Nufiez, and A. Gewirtz.
2009. Induction of adaptive immunity by flagellio&s not require robust activation of
innate immunityEuropean journal of immunolo@g: 359-430.

McSorley, S., B. Ehst, Y. Yu, and A. GewirtP02. Bacterial flagellin is an effective
adjuvant for CD4+ T cells in vivadlournal of immunology (Baltimore, Md. : 1950§9:
3914-3923.

Honko, A., N. Sriranganathan, C. Lees, and eM2006. Flagellin is an effective
adjuvant for immunization against lethal respirptcinallenge with Yersinia pestis.
Infection and immunity4: 1113-1133.

Nempont, C., D. Cayet, M. Rumbo, C. BompardyMeret, and J.-C. Sirard. 2008.
Deletion of flagellin's hypervariable region abrtaggantibody-mediated neutralization
and systemic activation of TLR5-dependent immurdgurnal of immunology
(Baltimore, Md. : 1950181: 2036-2079.



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

100

Palm, N., and R. Medzhitov. 2009. Pattern rattaan receptors and control of adaptive
immunity. Immunological reviewg27: 221-233.

Iwasaki, A., and R. Medzhitov. 2010. Regulad@adaptive immunity by the innate
immune systemScience (New York, N.Y327: 291-295.

Pedra, J., S. Cassel, and F. Sutterwala. Z¥tsing pathogens and danger signals by the
inflammasomeCurrent opinion in immunolog®1: 10-16.

Akira, S. 2003. Mammalian Toll-like recepto@irrent opinion in immunology5: 5-11.
Roach, J., G. Glusman, L. Rowen, A. Kaur, McBll, K. Smith, L. Hood, and A.
Aderem. 2005. The evolution of vertebrate Toll-lleeeptorsProceedings of the
National Academy of Sciences of the United Stdtésnerical02: 9577-9582.

Bates, J., A. Honko, A. Graff, N. Kock, and\Bzel. 2008. Mucosal adjuvant activity of
flagellin in aged miceMechanisms of ageing and developnitf: 271-352.

Mizel, S., A. Graff, N. Sriranganathan, S. Bn\C. Lees, M. Lively, R. Hantgan, M.
Thomas, J. Wood, and B. Bell. 2009. Flagellin-Fiusion protein is an effective plague
vaccine in mice and two species of nonhuman prisa@ienical and vaccine
immunology : CVIL6: 21-29.

Lee, S., S. Kim, B. Jeong, Y. Kim, S. Bae, @nAJ.-J. Lee, H.-C. Song, J. Kim, H.
Choy, S. Chung, M.-N. Kweon, and J. Rhee. 2006a¢tdrial flagellin, Vibrio vulnificus
FlaB, has a strong mucosal adjuvant activity taugelprotective immunitynfection and
immunity74: 694-1396.

Smith, K., E. Andersen-Nissen, F. Hayashi, #ol%, M. Bergman, S. Barrett, B.
Cookson, and A. Aderem. 2003. Toll-like receptae&ognizes a conserved site on
flagellin required for protofilament formation abdcterial motility.Nature immunology
4:1247-1300.

Eaves-Pyles, T., H. Wong, K. Odoms, and R.$2y801. Salmonella flagellin-
dependent proinflammatory responses are localzdoet conserved amino and carboxyl
regions of the proteirdlournal of immunology (Baltimore, Md. : 1950§7: 7009-7025.
Cunningham, A., M. Khan, J. Ball, K.-M. Toelin&. Serre, E. Mohr, and |I.
MacLennan. 2004. Responses to the soluble flagaitaein FIiC are Th2, while those to
FliC on Salmonella are ThEuropean journal of immunolog@4: 2986-3081.

McSorley, S., and B. Cookson. 2000. Charaaeam of CD4+ T cell responses during
natural infection with Salmonella typhimuriufhe Journal of ...

Bergman, M., L. Cummings, R. Alaniz, L. Mayetd&;ellnerova, and B. Cookson. 2005.
CD4+-T-cell responses generated during murine Sadfteoenterica serovar
Typhimurium infection are directed towards multiplgitopes within the natural antigen
FliC. Infection and immunity3: 7226-7235.

Atif, S., S. Uematsu, S. Akira, and S. McSar2§13. CD103-CD11b+ dendritic cells
regulate the sensitivity of CD4 T-cell responsebaoterial flagellinMucosal
immunology

Kajikawa, A., L. Zhang, J. Long, S. Nordone Stoeker, A. LaVoy, S. Bumgardner, T.
Klaenhammer, and G. Dean. 2012. Construction amauinological evaluation of dual
cell surface display of HIV-1 gag and Salmonelltegna serovar Typhimurium FliC in
Lactobacillus acidophilus for vaccine delive@jinical and vaccine immunology : CVI
19: 1374-1381.



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

101

Vassilieva, E., B.-Z. Wang, A. Vzorov, L. Wang;C. Wang, J. Bozja, R. Xu, and R.
Compans. 2011. Enhanced mucosal immune responsiY tarus-like particles
containing a membrane-anchored adjuvario2: 10.

Wang, B.-Z., H. Gill, S.-M. Kang, L. Wang, Y.-@/ang, E. Vassilieva, and R. Compans.
2012. Enhanced influenza virus-like particle vaesigontaining the extracellular domain
of matrix protein 2 and a Toll-like receptor ligaf@linical and vaccine immunology :
CVI19: 1119-1125.

Treanor, J., D. Taylor, L. Tussey, C. Hay, @la4, T. Fitzgerald, G. Liu, U. Kavita, L.
Song, I. Dark, and A. Shaw. 2010. Safety and imngeneity of a recombinant
hemagglutinin influenza-flagellin fusion vaccineAX125) in healthy young adults.
Vaccine28: 8268-8342.

Taylor, D., J. Treanor, C. Strout, C. John§orkitzgerald, U. Kavita, K. Ozer, L.
Tussey, and A. Shaw. 2011. Induction of a potemume response in the elderly using
the TLR-5 agonist, flagellin, with a recombinantfegglutinin influenza-flagellin fusion
vaccine (VAX125, STF2.HA1 Sl)accine29: 4897-5799.

Taylor, D., J. Treanor, E. Sheldon, C. JohnSotymlauf, L. Song, U. Kavita, G. Liu, L.
Tussey, K. Ozer, T. Hofstaetter, and A. Shaw. 2@ elopment of VAX128, a
recombinant hemagglutinin (HA) influenza-flagelfursion vaccine with improved safety
and immune responséaccine30: 5761-5769.

Mori, J., T. Vranac, B. Smrekar, M. Cernilec,S&rbec, S. Horvat, A. lhan, M. Bena,
and R. Jerala. 2012. Chimeric flagellin as the-adjtivanting antigen for the activation
of immune response against Helicobacter py\aiccine30: 5856-5863.

Pulendran, B., and R. Ahmed. 2011. Immunoldgreechanisms of vaccinatioNature
immunologyl2: 509-517.

Rappuoli, R., C. Mandl, S. Black, and E. Dedere. 2011. Vaccines for the twenty-
first century societyiNature reviews. Immunolodyl: 865-872.

Bates, J., A. Graff, J. Phipps, J. Grayson,&ndizel. 2011. Enhanced antigen
processing of flagellin fusion proteins promotes éimtigen-specific CD8+ T cell
response independently of TLR5 and MyD&®8urnal of immunology (Baltimore, Md. :
1950)186: 6255-6262.

Davis, B., H. Wen, and J. Ting. 2011. The imitaasome NLRs in immunity,
inflammation, and associated diseagemual review of immunolo@9: 707-742.
Marrack, P., A. McKee, and M. Munks. 2009. Tadgaan understanding of the adjuvant
action of aluminiumNature reviews. Immunolo@ 287-293.

Eisenbarth, S., O. Colegio, W. O'Connor, Fte3wala, and R. Flavell. 2008. Crucial
role for the Nalp3 inflammasome in the immunostiataty properties of aluminium
adjuvantsNature453: 1122-1126.

Li, H., S. Willingham, J. Ting, and F. Re. 20Q&itting edge: inflammasome activation
by alum and alum's adjuvant effect are mediateNIbRP3.Journal of immunology
(Baltimore, Md. : 1950)181: 17-21.

Kool, M., M. Willart, M. van Nimwegen, |. BergeP. Pouliot, J. Virchow, N. Rogers, F.
Osorio, C. Reis e Sousa, C. Reis E Sousa, H. HamenadB. Lambrecht. 2011. An
unexpected role for uric acid as an inducer of [pdre2 cell immunity to inhaled
antigens and inflammatory mediator of allergic asthimmunity34: 527-540.

Kuroda, E., K. Ishii, S. Uematsu, K. OhataQ@ban, S. Akira, K. Aritake, Y. Urade,
and Y. Morimoto. 2011. Silica crystals and aluminsalts regulate the production of



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102

prostaglandin in macrophages via NALP3 inflammasamependent mechanisms.
Immunity34: 514-526.

Yang, J., Y. Zhao, J. Shi, and F. Shao. 201Bn&h NAIP and mouse NAIP1 recognize
bacterial type Ill secretion needle protein fotanimasome activatiofroceedings of
the National Academy of Sciences of the UniteceSiaft Americd 10: 14408-14413.
Halff, E., C. Diebolder, M. Versteeg, A. SchenutT. Brondijk, and E. Huizinga. 2012.
Formation and Structure of a NAIP5-NLRC4 Inflamnrasolnduced by Direct
Interactions with Conserved N- and C-terminal Regiof FlagellinThe Journal of
biological chemistry287: 38460-38472.

Elinav, E., J. Henao-Mejia, and R. Flavell. 20htegrative inflammasome activity in
the regulation of intestinal mucosal immune resperiducosal immunolog@: 4-13.
Sanders, C., D. Moore, I. Williams, and A. G#xvi2008. Both radioresistant and
hemopoietic cells promote innate and adaptive imemesponses to flagellidournal of
immunology (Baltimore, Md. : 195Q80: 7184-7192.

Hajjar, A., R. Ernst, E. Fortuno, A. Brasfiedl, Yam, L. Newlon, T. Kollmann, S.
Miller, and C. Wilson. 2012. Humanized TLR4/MD-2auireveal LPS recognition
differentially impacts susceptibility to Yersini@gtis and Salmonella enteri¢éd.oS
pathogens.

Flores-Langarica, A., J. Marshall, J. Hitchco€k Cook, J. Jobanputra, S. Bobat, E.
Ross, R. Coughlan, I. Henderson, S. Uematsu, SapAknd A. Cunningham. 2012.
Systemic flagellin immunization stimulates mucoS&1103+ dendritic cells and drives
Foxp3+ regulatory T cell and IgA responses in tlesemteric lymph noddournal of
immunology (Baltimore, Md. : 195Q@89: 5745-5754.

Uematsu, S., K. Fujimoto, M. Jang, B.-G. Ya¥ig,). Jung, M. Nishiyama, S. Sato, T.
Tsujimura, M. Yamamoto, Y. Yokota, H. Kiyono, M. Misaka, K. Ishii, and S. Akira.
2008. Regulation of humoral and cellular gut imntyibly lamina propria dendritic cells
expressing Toll-like receptor Blature immunolog9: 769-776.

Diez, E., S.-H. Lee, S. Gauthier, Z. Yaraghi,Tvemblay, S. Vidal, and P. Gros. 2003.
Bircle is the gene within the Lgn1l locus associated resistance to Legionella
pneumophilaNature genetic83: 55-60.

Garaude, J., A. Kent, N. van Rooijen, and anBér. 2012. Simultaneous targeting of
toll- and nod-like receptors induces effective turapecific immune responsescience
translational medicind.

Vijay-Kumar, M., J. Aitken, C. Sanders, A. F;i&/. Sloane, J. Xu, A. Neish, M. Rojas,
and A. Gewirtz. 2008. Flagellin treatment protesdainst chemicals, bacteria, viruses,
and radiationJournal of immunology (Baltimore, Md. : 195180: 8280-8285.
Hossain, M., D. Jaye, B. Pollack, A. Farris,Tdelanyane, E. David, J. Roback, A.
Gewirtz, and E. Waller. 2011. Flagellin, a TLR5 a, reduces graft-versus-host
disease in allogeneic hematopoietic stem cell plangation recipients while enhancing
antiviral immunity.Journal of immunology (Baltimore, Md. : 195087: 5130-5140.
Xu, M., T. Okada, H. Sakai, N. Miyamoto, Y.négisawa, A. MacKenzie, S. Hadano,
and J. lkeda. 2002. Functional human NAIP promisgerscription regulatory elements
for the NAIP and PsiNAIP geneBiochimica et biophysica acteb74: 35-50.
Romanish, M., H. Nakamura, C. Lai, Y. Wang] & Mager. 2009. A novel protein
isoform of the multicopy human NAIP gene derivemirintragenic Alu SINE
promotersPloS onel.



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

103

Katagiri, N., T. Shobuike, B. Chang, A. Kukigad H. Miyamoto. 2012. The human
apoptosis inhibitor NAIP induces pyroptosis in nogedrages infected with Legionella
pneumophilaMicrobes and infection / Institut Pasteur

Vinzing, M., J. Eitel, J. Lippmann, A. Hocke,Zahlten, H. Slevogt, P. N'Guessan, S.
Gunther, B. Schmeck, S. Hippenstiel, A. FliegerShttorp, and B. Opitz. 2008. NAIP
and Ipaf control Legionella pneumophila replicatinthuman cellsJournal of
immunology (Baltimore, Md. : 195Q@80: 6808-6823.

Boniotto, M., L. Tailleux, M. Lomma, B. Gicgu€. Buchrieser, S. Garcia, and L.
Quintana-Murci. 2012. Population variation in NAlmctional copy number confers
increased cell death upon Legionella pneumophfiction.Human immunology3:
196-200.

Mathur, R., H. Oh, D. Zhang, S.-G. Park, &,%e Koblansky, M. Hayden, and S.
Ghosh. 2012. A mouse model of salmonella typhiatda. Cell 151: 590-602.
Takeuchi, O., and S. Akira. 2010. Patterngaitoon receptors and inflammatioGell
140: 805-820.

O'Neill, L., and A. Bowie. 2007. The family ofe: TIR-domain-containing adaptors in
Toll-like receptor signallingNature reviews. Immunology 353-364.

Pifer, R., and F. Yarovinsky. 2011. Innatgoeses to Toxoplasma gondii in mice and
humansTrends in parasitolog27: 388-393.

Feldmann, M., and A. Easten. 1971. The relatipp between antigenic structure and the
requirement for thymus-derived cells in the immuesponseThe Journal of
experimental medicing34: 103-119.

Feldmann, M. 1972. Induction of immunity aalktance in vitro by hapten protein
conjugates. I. The relationship between the degréapten conjugation and the
immunogenicity of dinitrophenylated polymerizedgédlin. The Journal of experimental
medicinel35: 735-753.

Diener, E., K. Shortman, and P. Russell. 19%uction of immunity and tolerance in
vitro in the absence of phagocytic ceNature225: 731-732.

Mizel, S., A. Honko, M. Moors, P. Smith, andWest. 2003. Induction of macrophage
nitric oxide production by Gram-negative flageliivolves signaling via heteromeric
Toll-like receptor 5/Toll-like receptor 4 complexdsurnal of immunology (Baltimore,
Md. : 1950)170: 6217-6223.

Kawai, T., and S. Akira. 2011. Toll-like reteqs and their crosstalk with other innate
receptors in infection and immunitynmunity34: 637-687.

Seah, J., and J. Kwang. 2002. Productiomodmoclonal antibody specific to
Escherichia coli H33 flagellin by using predeteredrpolypeptidesArchives of
microbiologyl177: 192-196.

Kwang, J., R. Wilson, S. Yang, and Y. He. 1996pping of the H7-serospecific domain
of Escherichia coli flagellinClinical and diagnostic laboratory immunolo8y 523-526.
Korbsrisate, S., A. Thanomsakyuth, N. Banch@irMcKay, M. Hossain, and S.
Sarasombath. 1999. Characterization of a phasepitaopbe on Salmonella typhi flagellin
and its role in the serodiagnosis of typhoid fe¥ian Pacific journal of allergy and
immunology / launched by the Allergy and Immunol8ggiety of Thailand7: 31-39.
Joys, T., and F. Schodel. 1991. Epitope mappinhe d flagellar antigen of Salmonella
muenchenlinfection and immunit$9: 3330-3332.



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

104

McDonald, W., J. Huleatt, H. Foellmer, D. Hgwd. Tang, P. Desai, A. Price, A. Jacobs,
V. Takahashi, Y. Huang, V. Nakaar, L. Alexopoul&u Fikrig, and T. Powell. 2007. A
West Nile virus recombinant protein vaccine thaativates innate and adaptive
immunity. The Journal of infectious diseasE35: 1607-1617.

Burdelya, L., V. Krivokrysenko, T. Tallant, &trom, A. Gleiberman, D. Gupta, O.
Kurnasov, F. Fort, A. Osterman, J. Didonato, Enftgin, and A. Gudkov. 2008. An
agonist of toll-like receptor 5 has radioprotectagtivity in mouse and primate models.
Science (New York, N.Y320: 226-256.

Carapau, D., R. Mitchell, A. Nacer, A. Shaw(horo, U. Frevert, and E. Nardin. 2013.
Protective humoral immunity elicited by a needleefmalaria vaccine comprised of a
chimeric Plasmodium falciparum circumsporozoitet@iroand a Toll-like receptor 5
agonist, flagellinlnfection and immunitg1: 4350-4362.

Turley, C., R. Rupp, C. Johnson, D. TaylokValfson, L. Tussey, U. Kavita, L.
Stanberry, and A. Shaw. 2011. Safety and immuneggraf a recombinant M2e-
flagellin influenza vaccine (STF2.4xM2e) in healtégults.Vaccine29: 5145-5152.
Ada, G., and C. Parish. 1968. Low zone tolsdn bacterial flagellin in adult rats: a
possible role for antigen localized in lymphoidiifdés. Proceedings of the National
Academy of Sciences of the United States of Ametica56-561.

Miller, J., D. Johnsen, and G. Ada. 1968. &#hces in localization of Salmonella
flagella in lymph node follicles of germ-free anohwentional ratsNature217: 1059-
1061.

Janeway, C. A. 2013. Pillars article: appraagthe asymptote? Evolution and
revolution in immunology. Cold spring harb symp gquhkiol. 1989. 54: 1-13lournal of
immunology (Baltimore, Md. : 195QP1: 4475-4487.

Levitz, S. M., and D. T. Golenbock. 2012. Bay@mpiricism: informing vaccine
development through innate immunity reseafobll 148: 1284-1292.

Akira, S. 2011. Innate immunity and adjuvaRtsilosophical transactions of the Royal
Society of London. Series B, Biological scier8&s: 2748-2803.

Ramos, H., M. Rumbo, and J.-C. Sirard. 20@¢t&ial flagellins: mediators of
pathogenicity and host immune responses in mudeeads in microbiology2: 509-
526.

Cuadros, C., F. J. Lopez-Hernandez, A. L. Dguez, M. McClelland, and J.
Lustgarten. 2004. Flagellin fusion proteins as walpis or vaccines induce specific
immune responsemfection and immunity2: 2810-2816.

Liu, G., B. Tarbet, L. Song, L. ReiserovaV®Beaver, Y. Chen, H. Li, F. Hou, X. Liu, J.
Parent, S. Umlauf, A. Shaw, and L. Tussey. 201@numogenicity and efficacy of
flagellin-fused vaccine candidates targeting 20@9demic H1N1 influenza in mice.
PloS oneb.

Coffman, R., A. Sher, and R. Seder. 2010. Macadjuvants: putting innate immunity to
work. Immunity33: 492-995.

Mosca, F., E. Tritto, A. Muzzi, E. Monaci,Bagnoli, C. lavarone, D. O'Hagan, R.
Rappuoli, and E. De Gregorio. 2008. Molecular agltltar signatures of human vaccine
adjuvantsProceedings of the National Academy of Sciencésedinited States of
Americal05: 10501-10506.

Talbot, H. K., M. T. Rock, C. Johnson, L. TexgsU. Kavita, A. Shanker, A. R. Shaw,
and D. N. Taylor. 2009. Immunopotentiation of ttesa influenza vaccine when given



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

105

with VAX102, a recombinant influenza M2e vaccinedd to the TLR5 ligand flagellin.
PloS onéb.

Yang, J., M. Zhong, Y. Zhang, E. Zhang, Y. SunCao, Y. Li, D. Zhou, B. He, Y.
Chen, Y. Yang, J. Yu, and H. Yan. 2013. Antigedaepment of domains D2 and D3 in
flagellin promotes mucosal IgA production and atiztes flagellin-induced inflammatory
response after intranasal immunizatiblmman vaccines & immunotherapeutizs1084-
1092.

Cardoso, R., M. Zwick, R. Stanfield, R. KupértBinley, H. Katinger, D. Burton, and I.
Wilson. 2005. Broadly neutralizing anti-HIV antibpdE10 recognizes a helical
conformation of a highly conserved fusion-assodaitif in gp41Immunity22: 163-
236.

Zwick, M. B., A. F. Labrijn, M. Wang, C. Spehlkuer, E. O. Saphire, J. M. Binley, J. P.
Moore, G. Stiegler, H. Katinger, D. R. Burton, &dW. Parren. 2001. Broadly
neutralizing antibodies targeted to the membrawsipral external region of human
immunodeficiency virus type 1 glycoprotein gpdaurnal of virology75: 10892-10905.
Chan, D. C., D. Fass, J. M. Berger, and Rir8. 1997. Core structure of gp41 from the
HIV envelope glycoproteirCell.

Wyatt, R. 1998. The HIV-1 Envelope GlycoprogiFusogens, Antigens, and
ImmunogensScience

Kwong, P. D., R. Wyatt, J. Robinson, R. W. 8tand J. Sodroski.... 1998. Structure of
an HIV gp120 envelope glycoprotein in complex wvilie CD4 receptor and a
neutralizing human antibodiature

Gallo, S. A., C. M. Finnegan, M. Viard, andRaviv.... 2003. The HIV Env-mediated
fusion reaction... et Biophysica Acta (BBA....

Correia, B., Y.-E. A. Ban, M. Holmes, H. Xu, Kllingson, Z. Kraft, C. Carrico, E. Boni,
D. Sather, C. Zenobia, K. Burke, T. Bradley-HewlttBruhn-Johannsen, O. Kalyuzhniy,
D. Baker, R. Strong, L. Stamatatos, and W. ScRi@f0. Computational design of
epitope-scaffolds allows induction of antibodies@fic for a poorly immunogenic HIV
vaccine epitopeStructure (London, England : 19988: 1116-1142.

Klein, A., B. Toth, H. Jankovics, A. Muskotahd F. Vonderviszt. 2012. A
polymerizable GFP varian®rotein engineering, design & selection : PERS 153-157.
Correia, B., Y.-E. A. Ban, D. Friend, K. Etiison, H. Xu, E. Boni, T. Bradley-Hewitt, J.
Bruhn-Johannsen, L. Stamatatos, R. Strong, andcWef 2011. Computational protein
design using flexible backbone remodeling and fasurg: case studies in structure-
based antigen desigdournal of molecular biologg¢05: 284-381.

Merson, M. 2006. The HIV-AIDS pandemic at #%e-global respons&@he New

England journal of medicing54: 2414-2421.

McMichael, A., P. Borrow, G. Tomaras, N. Gadfeke, and B. Haynes. 2010. The
immune response during acute HIV-1 infection: clises/accine developmentature
reviews. Immunolog$0: 11-34.

Zolla-Pazner, S., and T. Cardozo. 2010. Siradunction relationships of HIV-1
envelope sequence-variable regions refocus vadesign Nature reviews. Immunology
10: 527-562.

Stanfield, R., M. Gorny, C. Williams, S. ZePazner, and |. Wilson. 2004. Structural
rationale for the broad neutralization of HIV-1 lhyman monoclonal antibody 447-52D.
Structure (London, England : 199B82: 193-397.



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

106

Corti, D., and A. Lanzavecchia. 2012. Broaw#ytralizing antiviral antibodiegnnual
review of immunolog$1l: 705-742.

Wyatt, R., and J. Sodroski. 1998. The HIV-tedope glycoproteins: fusogens, antigens,
and immunogensScience

Montefiori, D., Q. Sattentau, J. Flores, Jdtga, J. Mascola, and H. I. V. V. E. Working
Group convened by the Global. 2007. Antibody-bds$Bg&1 vaccines: recent
developments and future directioRd.0S medicind.

William, R. S., B. Yih-En Andrew, and S. Ledas. 2009. Challenges for structure-based
HIV vaccine designCurrent opinion in HIV and AIDS

Walker, L. M., M. Huber, K. J. Doores, andHalkowska.... 2011. Broad neutralization
coverage of HIV by multiple highly potent antiboslidlature

Finton, K. A., K. Larimore, H. B. Larman, Driénd, C. Correnti, P. B. Rupert, S. J.
Elledge, P. D. Greenberg, and R. K. Strong. 2012o#activity and exceptional CDR
plasticity (but not unusual polyspecificity) hindaicitation of the anti-HIV antibody
4E10.PLoS pathogeng.

Verkoczy, L., M. Diaz, and T. M. Holl.... 201Autoreactivity in an HIV-1 broadly
reactive neutralizing antibody variable region healain induces immunologic
toleranceProceedings of the ...

Rerks-Ngarm, S., R. M. Paris, S. ChunsutthiNaPremsri, C. Namwat, C.
Bowonwatanuwong, S. S. Li, J. Kaewkungkal, R. Taicroj, N. Churikanont, M. S. de
Souza, C. Andrews, D. Francis, E. Adams, J. FI@e§urunathan, J. Tartaglia, R. J.
O'Connell, C. Eamsila, S. Nitayaphan, V. NgauyTongcharoen, P. Kunasol, N. L.
Michael, M. L. Robb, P. B. Gilbert, and J. H. Kig013. Extended evaluation of the
virologic, immunologic, and clinical course of vateers who acquired HIV-1 infection
in a phase Il vaccine trial of ALVAC-HIV and AIDSAXX B/E. The Journal of

infectious disease&07: 1195-1205.

Ogushi, K.-i., A. Wada, T. Niidome, T. Okuéa,Llanes, M. Nakayama, Y. Nishi, H.
Kurazono, K. Smith, A. Aderem, J. Moss, and T. Mraa. 2004. Gangliosides act as
co-receptors for Salmonella enteritidis FIiC andrpote FliC induction of human beta-
defensin-2 expression in Caco-2 cellbe Journal of biological chemistB79: 12213-
122109.

Feldman, M., R. Bryan, S. Rajan, L. SchefferBrunnert, H. Tang, and A. Prince.
1998. Role of flagella in pathogenesis of Pseuda@a@eruginosa pulmonary infection.
Infection and immunit@6: 43-94.

Ada, G. L., and C. R. Parish. 1968. Low zaerance to bacterial flagellin in adult rats:
a possible role for antigen localized in lymphaatli€les. Proceedings of the National
Academy of Sciences of the United States of Am@ticas6.

Davidson, B. E. 1971. The alignment of cyamog@mide fragments from the flagellin
of Salmonella adelaid&uropean Journal of Biochemistry

Rappuoli, R., C. W. Mand|, S. Black, and E.®regorio. 2011. Vaccines for the twenty-
first century societyiNature reviews. Immunolodyl: 865-872.

Correia, B. E., J. T. Bates, R. J. LoomisBéneyx, C. Carrico, J. G. Jardine, P. Rupert,
C. Correnti, O. Kalyuzhniy, V. Vittal, M. J. ConheE. Stevens, A. Schroeter, M. Chen,
S. Macpherson, A. M. Serra, Y. Adachi, M. A. Holm¥sLi, R. E. Klevit, B. S.

Graham, R. T. Wyatt, D. Baker, R. K. Strong, JCEowe, P. R. Johnson, and W. R.



161.

162.

163.

164.

107

Schief. 2014. Proof of principle for epitope-focdsaccine desigature507: 201-

206.

Mariathasan, S., K. Newton, D. Monack, D. \¢u@. French, W. Lee, M. Roose-Girma,
S. Erickson, and V. Dixit. 2004. Differential adiion of the inflammasome by caspase-
1 adaptors ASC and Ipaflature430: 213-218.

Kuida, K., J. A. Lippke, G. Ku, M. W. Harding, J. Livingston, M. S. Su, and R. A.
Flavell. 1995. Altered cytokine export and apopasimice deficient in interleukin-1
beta converting enzym8cience267: 2000-2003.

Adachi, O., T. Kawai, K. Takeda, M. Matsumd#o,Tsutsui, M. Sakagami, K.
Nakanishi, and S. Akira. 1998. Targeted disruptibthe MyD88 gene results in loss of
IL-1- and IL-18-mediated functiodmmunity9: 143-150.

Correia, B. E., Y.-E. A. E. Ban, D. J. Friedd Ellingson, H. Xu, E. Boni, T. Bradley-
Hewitt, J. F. Bruhn-Johannsen, L. Stamatatos, RStkang, and W. R. Schief. 2011.
Computational protein design using flexible backboemodeling and resurfacing: case
studies in structure-based antigen desiguirnal of molecular biologg¢05: 284-297.



