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Abstract 

 

Small-molecule agonists have been identified for Toll-like Receptors (TLR) 2, TLR4, TLR7 and 

TLR8 thus far, and chemotypes other than those of canonical ligands are yet to be explored for a 

number of innate immune receptors. The discovery of novel immunostimulatory molecules would 

enhance the repertoire of tools available for interrogating innate immune effector mechanisms, and 

provide additional venues for vaccine adjuvant development. It is with this in mind that we aimed 

to identify novel immunostimulatory compounds by high-throughput screening, characterize 

transcriptomal ósignaturesô of innate immune stimulation and explore mechanisms of adjuvanticity 

for TLR2, TLR2/7 and TLR8 agonists.  

 

A multiplexed, reporter gene-based high-throughput assay capable of detecting agonists of TLR2, 

TLR3, TLR4, TLR5, TLR7, TLR8, TLR9, nucleotide-binding oligomerization domain-like 

receptors (NOD) 1 and NOD2 was utilized in screening 123,943 compounds, in which 

amphotericin B (AmpB) and nystatin were identified as prominent hits. The polyene antifungal 

agents act as TLR2- and TLR4-agonists. The TLR4-stimulatory activity of AmpB was similar to 

that of monophosphoryl lipid A, suggestive of TRIF-biased signaling. The adjuvantic activity of 

AmpB, at a dose of 100 micrograms, was comparable to several other candidate adjuvants in rabbit 

models of immunization. (Chapter 2) 

 

We sought to identify transcriptomal signatures of innate immune stimulating molecules using 

next-generation RNA sequencing with the goal of being able to utilize such signatures in 

identifying novel immunostimulatory compounds with adjuvantic activity. We observed that the 
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CC family of chemokines, particularly CC chemokines 1, 2, 3, 4, 7, 8, 17, 18, 20, and 23, were 

broadly upregulated by most TLR and nucleotide-binding domain and leucine-rich repeatï

containing receptors (NLR) stimuli, while the CXC chemokine family appeared to show 

distinctions in upregulation. Extracellular receptors such as TLR2, TLR4 and TLR5 induced the 

transcription of CXC chemokines including CXCL5, CXCL6 and CXCL8, whereas intracellular 

receptors such as TLR7 and TLR8 upregulated CXC chemokines 11 and 12. A comparison of a 

variety of TLR agonists in a standardized rabbit immunization model indicated prominent 

adjuvantic activity for TLR2 agonists. Strong chemokine induction by TLR2 agonists was 

observed in human peripheral blood mononuclear cells. In addition, human foreskin fibroblasts 

stimulated with TLR2/6 agonists, but not TLR1/2 agonists resulted in chemokine production, 

which was consistent with strong expression of TLR2 and TLR6, but not of TLR1, in fibroblasts. 

TLR2/6 stimulated fibroblasts demonstrated functional chemotactic responses to human T cell and 

natural killer cells subsets. (Chapter 3) 

 

We hypothesized that an ESAT-6-based subunit vaccine adjuvanted with a TLR2/7 hybrid would 

induce balanced T helper (Th) 1/Th2 responses capable of conferring protection against M. 

tuberculosis. We therefore covalently linked a potent TLR2 agonist with a dual TLR7/8 agonist, 

and observed that the resulting TLR2/7 hybrid molecules remained active, though less potent, 

against TLR2 and TLR7. The TLR2/7 hybrid was equipotent to the two individual TLR agonists 

in a standardized rabbit immunization model, but induced higher óqualityô antibodies as measured 

by surface plasmon resonance. Linear epitope mapping revealed that the hybrid induced 

immunoreactivity to more contiguous epitopes in a model antigen. The hybrid molecule was able 
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to induce increases in ESAT-6-specific interferon-ɔ spot-forming units in the lungs of mice, and 

reduce the mycobacterial burden in the lungs following M. tuberculosis challenge. (Chapter 4) 

 

Part-structures of the 2-aminobenzimidazole scaffold were examined with a view to identifying 

structural requisites corresponding to the smallest possible fragment of the benzimidazole core that 

would allow for retention of TLR8-agonistic activity. TLR8-specific agonistic activity was 

retained in 1-pentyl-4-phenyl-1H-imidazol-2-amine. The crystal structure of this compound bound 

to TLR8 ectodomain displayed binding interactions that are common to other TLR8 agonists. This 

compound showed markedly attenuated proinflammatory properties in ex vivo human blood 

models. Structure-activity relationship (SAR) studies revealed that 4-(2-(benzyloxy)phenyl)-1-

pentyl-1H-imidazol-2-amine inhibited TLR signaling in a variety of TLR reporter cell lines, as 

well as in pharmacologically-relevant human blood model systems. A kinase screen of this 

compound showed relative specificity for calmodulin kinases. (Chapter 5) 

 

The effects of TLR8 agonists on innate immune function suggest that these compounds could 

potentially be useful as vaccine adjuvants in neonatal vaccines. We examined how TLR8 agonists 

influence processing of soluble antigens by antigen presenting cells. TLR8-active compounds were 

unique in inducing pyroptosis-like death in monocytes, leading to the formation of CD14+ 

extracellular vesicles (ECV) of 100-400 nm diameter. ECV formation was dependent on myeloid 

differentiation primary response gene 88 (MyD88), interleukin-1 receptor-associated kinases 

(IRAK) 1 and 4, and p38 mitogen-activated protein kinase (MAPK). The monocyte-derived ECVs 

contain near-intact soluble antigens, and stimulate antigen-specific recall responses in autologous 
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CD4+ T lymphocytes. The formation of antigen-loaded, monocyte-derived ECVs may be a distinct 

mechanism underlying the adjuvantic activities of TLR8 agonists. (Chapter 6) 

 

The results presented here highlight the applicability of high-throughput screens for the 

identification of novel innate immune stimuli, and identified transcriptomal profiles to aid in 

determining adjuvanticity of new compounds, as well as aiding in target identification. The insight 

gained into mechanisms of adjuvanticity for the TLR2, TLR2/7, and TLR8 agonists highlights the 

utility of TLR agonists as vaccine adjuvants, and justifies the continued study of small -molecule 

innate immune stimuli for applications in vaccines.  
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Chapter 1.1 Pattern Recognition Receptors of the Innate Immune System 

The immune system is an incredibly intricate machine capable of discriminating subtle differences 

in foreign molecules, and then marshalling effector mechanisms to eliminate invading pathogens, 

with minimal damage to the host. Many of the initial responses to colonization or invasion by 

pathogens, or to the presence of non-self molecules are derived from the innate wing of the immune 

system. The innate immune system is characterized in a broad sense as being rapidly activated, not 

antigen specific, and without memory. In the absence of memory, the innate immune system relies 

on germline-encoded pattern recognition receptors (PRRs) to identify conserved microbial 

patterns, referred to as pathogen-associated molecular patterns (PAMPs), that are common across 

diverse families of microbial and viral pathogens. The innate immune system not only acts as an 

early defense against invading pathogens, but also serves to direct the subsequent adaptive immune 

responses, which are highly specific and endowed with long-term memory. 

 

There are four major families of PRRs in the human: the Toll-like receptors (TLRs), nucleotide-

binding oligomerization domain (NOD)-like receptors (NLRs), RIG-like receptors (RLRs), and C-

type lectin receptors (CLRs).1 PRRs serve as sentinels for the immune system against both 

extracellular and intracellular pathogens and, as such, these receptors are distributed throughout 

the cell, including the cell surface, within the cytosol, and within the endosomal pathway. The 

biology of the TLRs will be discussed below.  

 

There are 10 functional TLRs in humans. All of the TLRs are approximately 90 kDa 

transmembrane proteins that are located on the cell plasma membrane, or within endosomal 

vesicles.2 Structurally, TLRs contain a Toll-interleukin receptor (TIR) domain for signal 
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transduction, a single alpha helix spanning the membrane, and an extracellular leucine-rich repeat 

(LRR) domain for ligand binding. The global structural similarities notwithstanding, the TLRs can 

be divided into 5 subfamilies based on sequence similarity: TLR2, TLR3, TLR4, TLR5, and TLR9 

subfamilies.2 The subsequent chapters will focus on the two largest of the subfamilies: the TLR2 

and TLR9 subfamilies. 

 

Chapter 1.1.1 TLR2 Subfamily 

The TLR2 subfamily is the largest of the subfamilies and contains TLRs -1, -2, -6, and -10. All 

four of the members are expressed on the cell surface and detect extracellular PAMPs. They share 

approximately 60% sequence identity overall, and almost 90% sequence identity in the TIR 

domains.3 This family is unique among the TLRs in that TLR2 can heterodimerize with TLR1 and 

TLR6, while all of the other TLRs are known only to signal through homodimerization.4 TLR2 

utilizes two distinct co-receptors depending on the TLR binding partner; the TLR1/2 heterodimer 

utilizes CD14, while the TLR2/6 heterodimer functions with the transmembrane protein CD36 for 

cargo and receptor internalization.5 Despite the differences in co-receptors, the TLR1/2 and 

TLR2/6 complexes signal through the same adaptor molecules following ligand recognition. Upon 

ligand binding, the adaptor protein myeloid differentiation primary response gene 88 (MyD88) is 

recruited to the TIR domains of the TLRs, and ultimately results in signal transduction to the 

transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-əB), which 

leads to innate immune activation. The TLR2 family additionally recruits the adaptor protein 

MAL/TIR domain-containing adaptor protein (TIRAP), which is unique to the TLR2 and TLR4 

subfamilies, and is critical to MyD88-independent signal transduction to NF-əB.6-7  
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The TLR2 family has evolved to sense a wide variety of PAMPs commonly associated with cell-

wall-derived lipopeptides from numerous gram-negative and gram-positive bacteria, and also 

mycoplasma.8 TLR1/2 heterodimers sense triacylated species common in gram-negative bacteria 

and synthetic molecules such as PAM 3CSK4,
9-10 while TLR2/6 heterodimers recognize diacylated 

lipopeptides found in gram-positive bacteria, mycoplasmas and synthetic molecules such as 

PAM 2CSK4.
4  

 

Despite the diversity in TLR2 binding partners, the downstream adaptive immune responses are 

remarkably similar within a given animal model. It is to be noted, however, that the mouse, which 

is the primary animal model used in immunology, appears to diverge from the human with respect 

to adaptive immune responses following TLR2 stimulation, and has left the nature of T helper (Th) 

cell polarization up for debate. Investigators who have utilized the mouse as a model system tend 

identify TLR2 agonists as biasing towards humoral immunity through Th2 polarization via the 

identification of Th2 markers such as interleukin (IL)-4, IL-5, and the mouse antibody isotype 

IgG1.11-13 Additionally, the immunological outcomes of TLR2 stimulation in mice further point to 

Th2 driven immunity by exacerbation of Leishmania major infection, which is thought to be 

controlled through Th1 driven cellular immunity, following immunization with the TLR2/6 

adjuvant PAM 2CSK4, while the same adjuvant leads to protection from Th2 controlled Brugia 

malayi infection.12 

 

Many others have found the opposite in human responses to TLR2 agonists, and tend to associate 

TLR2 stimulation with Th1 polarization. They have demonstrated the presence of the Th1 markers 

IL-2, IL-12, and interferon (IFN)-ɔ in human PBMCs following TLR2 stimulation, and an absence 
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of IL-4.14-17 This builds upon previously reported IL-12 induction from isolated human dendritic 

cells stimulated with TLR2 agonists.18 While there is not yet clarity in defining TLR2 agonists by 

T helper polarization, this remains an active area of research and will be discussed in greater detail 

in chapters 3 and 4. 

 

Chapter 1.1.2 TLR9 Subfamily 

The TLR9 subfamily is composed of the endosomal receptors TLR7, -8, and -9. Within this family, 

TLR7 and TLR8 are most closely related with 42% identity and 73% similarity in their amino acid 

sequences.19-20 The TLR9 subfamily shares many of the signaling molecules with the TLR2 family, 

including the co-receptor CD14 and the adaptor protein MyD88,21 but differs significantly in 

ligand specificity and adaptive immune polarization. The TLR9 subfamily is further distinguished 

from the TLR2 family through additional signal transduction to the Interferon Regulatory Factors 

(IRFs), which exert transcription control of Type I and Type II IFNs. 

 

All three members of this family recognize various forms of genetic material; TLR7 and TLR8 

both recognize single stranded RNA, while TLR9 senses unmethylated deoxycytidyl-

deoxyguanosine (CpG) motifs in DNA.2 Additionally, small molecules targeting TLR7 and -8 

have been identified by many research groups, including ours, and will be given significant 

attention in chapters 4-6.22-29 While TLR7 and -8 share similarities in ligand recognition, they 

differ substantially in subsequent cytokine responses. TLR7 stimulation results in activation of the 

transcription factors IRF3 and IRF7, which lead to the secretion of the Type I interferons IFN-ɓ 

and IFN-Ŭ, respectively.30 TLR8 on the other, hand drives robust Type II interferon responses, 

namely IFN-ɔ, mediated through IRF1.31  
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Small molecule agonists of TLR9 have remained more elusive and there are currently no published 

small molecule TLR9 agonists. Despite the lack of small molecule TLR9 agonists, three broad 

classes of TLR9 active CpG DNAs have been identified based on distinct cellular activation and 

cytokine induction profiles.32-33 Class A CpG oligodeoxynucleotides (ODN) elicit strong natural 

killer (NK) cell and plasmacytoid dendritic cell (pDC) responses characterized by the induction of 

Type I interferons, while Class B CpG ODNs are potent activators of B lymphocytes. The final 

class of CpG ODNs described are the Class C ODNs.34-35 Members of this class share the qualities 

of both Class A and B ODNs by eliciting both B cell activation and pDC-mediated Type I IFN 

production.32  

 

Chapter 1.2 TLR Cellular Expression 

As TLRs are sensors for various pathogens and their engagement serves to catalyze subsequent 

innate and adaptive immune responses, they have broad expression in both hematopoietic and 

nonhematopoietic cell lineages. Antigen presenting cells (APC) such as monocytes, macrophages, 

and dendritic cells (DC) show broad, but not identical, TLR expression patterns. Monocytes and 

macrophages, in particular, show expression of many of the TLRs, but are not homogeneous in 

composition, with tissue specific expression of the various TLRs.2 DCs on the other hand have 

very specific TLR expression patterns, with pDC exclusively expressing TLR7 and -9, while the 

two major circulating conventional DC (cDC) populations, CD1c+ and CD141+, express TLR1, -

2, -3, -4, -5, -6, and -8, based on western blotting and PCR.36-37 However, there is evidence based 

on costimulatory marker upregulation that both populations of cDCs respond to TLR7 agonists, 

while only the CD1c+ respond to TLR8 agonists.38-39 Lymphocytic populations also bear TLRs, 

with NK cells expressing TLR2, -3, -4, -5, -7, and -9 40-41 and B cells expressing TLR1, -2, -4, -6, 



 7  

-7, and -9.42 Lastly, T lymphocytes, including both CD4+ and CD8+, show expression of TLR3, -

4, -7, and -9.43 

 

Cells of non-hematopoietic lineages also express TLRs. While not as well studied as leukocytes, 

epithelial cells express TLRs and likely contribute to innate immune responses. Expression of the 

TLRs varies dramatically in the mucosal membranes and is detected at both the mRNA and protein 

levels.44 The airway epithelium is perhaps the best studied of the epithelial cell types, and show 

strong expression of both TLR2 and TLR4.45-46 Stimulation of TLRs in airway epithelial cells 

enables engagement of innate immune responses to invading pathogens by directing the expression 

of mucin glycoproteins, a major component of mucus, well as human beta-defensins-1 and -4.47-48 

Epithelial cell TLRs can further amplify the early immune responses through the secretion of many 

inflammatory mediators and chemokines including tumor necrosis factor-alpha (TNF-Ŭ), IL-5, IL-

6, IL-8, macrophage inflammatory protein (MIP)-1Ŭ, and MIP-1ɓ. This, in turn, leads to the 

recruitment and influx of leukocytes such as DCs, macrophages, monocytes, NK cells, and 

polymorphonuclear cells (PMNs), enabling the clearance of pathogens and facilitating subsequent 

pathogen-specific adaptive immune responses.49-50 Epithelial TLRs, especially TLR2 and TLR4, 

are also believed to play a critical role in the induction and maintenance of asthma and allergy 

through similar mechanisms as the pathogen-specific responses, mentioned above, but with Th2 

skewed responses, leading to disease.48, 51  

 

Chapter 1.3 Vaccines and Vaccine Adjuvants 

Vaccines have proven to be one of the greatest tools available in medicine to prevent infectious 

diseases.52-53 Vaccines have several important functions within the healthcare setting. First, they 
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protect healthy individuals, including those who do not have fully competent immune systems, 

from disease, but also protect those who are unable to receive vaccinations through the process of 

ñherd immunityò. Herd immunity is achieved when a majority of the population, usually between 

75-94%, depending on the pathogen, have immunity and prevent colonization of the pathogen 

within the population, which, in turn, protects individuals that are unable to acquire immunity 

against that pathogen.54  

 

The practice of vaccination or inoculation was first shown to be effective by Edward Jenner in 

1798 when he inoculated an 8-year-old boy with pus derived from a cowpox lesion, and then 

infected the boy with the smallpox virus. The boy was ultimately protected from the smallpox 

virus. Vaccines now represent a twenty-four-billion-dollar market covering a wide range of 

pathogens. However, there is still a great unmet need for vaccines to a number of pathogens, such 

as malaria, tuberculosis, HIV, and several flaviviruses, as well as the need for improvement of 

existing vaccines such as the annual influenza vaccine and the acellular pertussis vaccine that 

remain suboptimal.55-56  

 

Chapter 1.3.1 Live Attenuated and Inactivated Vaccines 

Early vaccines were initially derived from whole inactivated or live attenuated pathogens. One of 

the best success stories utilizing both of these strategies has been the near-eradication of the 

poliovirus using the live attenuated oral poliovirus vaccine and the inactivated poliovirus 

vaccine.57 The oral poliovirus vaccine contains all three serotypes of poliovirus that have been 

attenuated by serial passage though African green monkey kidney cells, which resulted in 

significantly reduced pathogenicity.58 Following administration of this replication-competent 
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vaccine, the patient develops a sub-clinical infection in the mucosal membranes, allowing the host 

immune system to develop natural humoral and mucosal immunity to the virus.59 As such, this 

vaccine is widely used in the developing world due to low cost of manufacturing, ease of oral 

administration, and the strong induction of humoral and mucosal immunity. The live-attenuated 

polio vaccine is associated with rare vaccine-associated diseases, such as vaccine-associated 

paralytic poliomyelitis, which is clinically indistinguishable from the poliomyelitis caused by 

wild-type virus.60 Most industrialized countries, including the United States, have adopted the 

inactivated poliovirus vaccine, which differs from the attenuated oral vaccine in that the three 

poliovirus serotypes are inactivated by formalin. While the inactivated poliovirus vaccine is 

significantly safer than the attenuated vaccine, the inactivated vaccine does suffer from reduced 

efficacy at eliciting protective immunity in the lower intestinal tract, relative to the attenuated 

vaccine, and does not prevent intestinal shedding of the virus. The inactivated vaccines does 

however provide protection equal to that of the oral vaccine in pharyngeal membranes.61  

 

Chapter 1.3.2 Subunit Vaccines and Adjuvants 

The tradeoffs between safety and efficacy in the two types of poliovirus vaccines are also relevant 

in several other live-attenuated vaccines. Current trends in vaccine development have focused on 

use of highly purified protein antigens, and such vaccines are termed subunit vaccines. Examples 

are Hepatitis B, Haemophilus influenza type B, pertussis, and human papillomavirus vaccines. 

Although exceedingly safe, the highly purified antigens are frequently poorly immunogenic, and 

rely heavily on adjuvants to enhance immunogenicity and steer adaptive immune responses to the 

antigen.62-63.  
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The role of adjuvants in subunit vaccines is pivotal.  Once referred to as ñimmunologistôs dirty 

little secretò by Charles Janeway,64 adjuvants now represent a major area of inquiry in immunology 

and vaccinology. Only a small number of adjuvants are currently approved by the FDA. The most 

commonly used vaccine adjuvants to date are the aluminum salts (commonly referred to as óalumô), 

which can be found in the vaccines such as those against diphtheria, hepatitis B, pertussis, and 

Haemophilus influenza type B.62 The adjuvantic activity of the aluminum salts were originally 

described by Glenny and coworkers in 1926, in which they suggested antigen alone was too rapidly 

eliminated to induce robust immune responses, and required precipitation with alum in order to 

slow the rate of elimination of antigen.65 Many groups have built upon the work of Glenny and 

have expanded the understanding of the mechanisms of action for the aluminum salts, which can 

be summarized as increasing antigen uptake by DCs, recruiting leukocytes to the injection site, 

activating the innate immune system through the indirect engagement of the NLPR3 

inflammasome.66 Alum is believed to indirectly activate the inflammasome by inducing necrosis 

and causing the release of uric acid, a danger signal. However, there are currently no known 

receptors that are engaged directly by alum.67-68 Additionally, Wang and coworkers observed that 

alum stimulated a population of Grl+, IL-4+ eosinophils in the spleens of mice that primed B cells 

leading to Th2 polarization of the adaptive immune responses.69  

 

While alum-adjuvanted vaccines are generally safe and well tolerated with over one billion doses 

administered world-wide,70 they are not without limitations. Aluminum salt-adjuvanted vaccines 

polarize Th2 immunity, providing limited benefit in vaccines targeting intracellular pathogens that 

rely on either Th1 or Th17 driven immunity for protection and clearance. This was highlighted by 

Warfel et. al. in comparing the whole-cell pertussis vaccine to the alum adjuvanted acellular 
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pertussis vaccine in baboons.71 In this study the authors demonstrate that baboons vaccinated with 

acellular, alum adjuvanted Infanrix® (GlaxoSmithKline) were able to prevent major disease upon 

challenge with B. pertussis in a similar manner to the whole-cell vaccine, but failed to prevent 

either colonization of the bacterium or prevent transmission to naïve animals. They also noted that 

both natural infections and vaccinations with the whole-cell vaccine resulted in memory Th1 and 

Th17 cells, while the acellular vaccine yielded Th1 and Th2 responses. The acellular pertussis 

vaccine was able to protect animals from major disease, but it showed potential limitations in 

enabling ñherd immunityò.71  

 

The more recent FDA-approved vaccine adjuvants have focused more closely on biasing adaptive 

immune responses towards Th1 responses. AS04, the first adjuvant to gain approval against human 

papilloma virus types 16 and 18, builds upon the adjuvantic activity of alum immunogenicity 

through the absorption of the TLR4 agonist monophosphoryl lipid A (MPLA) to alum.72-73 

Didierlaurent and colleagues demonstrated that the adjuvantic activity of AS04 was driven 

primarily by the TLR4 component and resulted in enhancement of DC and monocyte antigen 

uptake and cytokine secretion both at the site of injection and draining lymph node, while the alum 

component of AS04 served to prolong the APC stimulation observed at the injection site.74 They 

also demonstrated that AS04 does not directly stimulate T cells through either CD69 upregulation 

or IFN-ɔ secretion, but only appeared to drive APC activation with strong expression of TNF-Ŭ, 

IL-6, and caspase 1-dependent IL-1ɓ.74  

 

The latest generation of adjuvants to gain approval are the oil-in-water emulsions MF59 (squalene 

in water) and AS03 (squalene and Ŭ-tocopherol in water) from Novartis and GlaxoSmithKline, 
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respectively. Despite being referred to as antigen delivery systems, these adjuvant systems are able 

to modulate immune responses. Early work on establishing mechanisms of action for these 

adjuvant systems demonstrated that neither of the systems worked through the formation of micro-

depots, but rather through leukocyte recruitment to the site of injection and the draining lymph 

nodes.75-76 The oil-in-water emulsions differ from many TLR agonists, such as MPLA in AS04, in 

that they act by inducing chemokines, such as CCL2 and CCL3, in APCs, which increase the 

number of leukocytes that migrate to the site of injection and increase antigen internalization. 

However, they do not induce strong co-stimulatory molecule upregulation in APCs or activate T 

cells directly.77-79 Within the leukocyte populations that respond to these adjuvants, monocytes 

serve as the primary antigen-internalizing cells at the site of injection, and also appear to transport 

the antigen to draining lymph nodes for B cells and DC presentation of the antigen to cognate T 

cells.78-79  

 

The adjuvants currently under development are generally comprised of ligands of novel targets 

such as the TLRs. AS04 contains the only TLR ligand currently approved by the FDA. However, 

there are several pure TLR agonists in clinical trials and many more, including some of compounds 

described in this work, in preclinical development. Some of the compounds in current clinical trials 

include TLR9 active CpG DNA (phase III), TLR5/NLRC4 ligand flagellin (phase II), and TLR4 

active glucopyranosyl lipid A (phase I).80 Given the important roles that TLRs occupy in bridging 

the innate and adaptive immune systems, targeting these innate immune receptors have been a 

fruitful area of research in the development of novel vaccine adjuvants.  Depending on the TLR 

engaged, downstream responses include leukocyte recruitment, APC activation and maturation, as 
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well as lymphocyte activation. More detail on the specifics of TLR-mediated immune activation 

will be provided in the subsequent chapters. 

 

The premise of the work presented here is to advance the knowledge of TLR mechanisms of 

adjuvantic action across the TLR2 and TLR9 subfamilies of receptors, and establish robust assays 

for assessing innate immune stimulation. Chapters 2 and 3 are dedicated to high-throughput 

screening for novel TLR stimuli and transcriptional profiling of established TLR ligands to enable 

the identification of patterns characteristic of innate immune stimulation. The subsequent chapters 

(4-6) describe our efforts to evaluate the mechanisms of TLR adjuvanticity.  
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Chapter 2. 

 

Identification of Amphotericin B 

as a TLR2/4 Agonist in a Poly-

TLR/NLR High-throughput 

Screening 
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2.1 Introduction  

We set out to identify novel innate immune-active chemical entities and expand the repertoire of 

potential vaccine adjuvants to combat the large number of devastating infectious diseases for 

which no effective vaccines currently exist. The major causes of mortality in pediatric populations 

in the developing world are attributable to lower respiratory infections, infectious diarrhea, malaria 

and measles,81 all of which are preventable illnesses. However, a significant impediment in the 

effective delivery of vaccines in the developing world is the requirement for most vaccines of 

multiple, booster doses for successful immunization. Methods of safely enhancing 

immunogenicity of vaccines would be an important step toward realizing the bold,82-83 but 

faltering84 vision of the Children's Vaccine Initiative: an affordable, heat-stable, orally 

administered, multiple-antigen, single immunization to be given at birth. As mentioned in Chapter 

1, in contrast to older vaccines which utilized inactivated whole organisms or attenuated live 

vaccines,85-86 there is an increasing emphasis in contemporary vaccines on the use of subunit 

vaccines which have the distinct advantages of ease of production, quality control, and safety; 

however, such subunit antigens are largely soluble proteins and tend to be poorly immunogenic, 

necessitating the use of adjuvants to induce robust immune responses.  

 

Our focus on the discovery and development of safe and effective vaccine adjuvants has served as 

an impetus for a detailed exploration of structure-activity relationships (SAR) in a variety of innate 

immune stimuli, including small molecule agonists of TLR2,87-89 TLR7,28, 90-97 TLR8,25-26, 97-100 

NOD1,101 as well as C-C chemokine receptor type 1 (CCR1).102 Other than canonical ligands or 

derivatives thereof, defined small molecule agonists are yet to be discovered for a large number of 

PRRs such as TLR3 and TLR9, and it was of interest to us to embark on high-throughput screens 
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with a view to identifying novel immunostimulatory chemotypes.  Desiring a strategy that would 

permit the identification of immunostimulatory molecular classes acting on a very broad range of 

PRRs, we designed and evaluated a multiplexed, reporter gene-based high-throughput assay. 

Among the most prominent of 'hits' in screening 123,943 compounds were the polyene antifungal 

agents amphotericin B (AmpB) and nystatin. Deconvolution and dose-response profiles of the 

polyenes demonstrated TLR2- and TLR4-agonistic activity.  Cytokine and chemokine induction 

profiles of AmpB closely resembled that of MPLA, suggesting a Tollïinterleukin-1 receptor 

domainïcontaining adaptor inducing interferon-b (TRIF)-biased signaling. AmpB as an adjuvant 

was comparable to several other candidate adjuvants in rabbit models of immunization. These 

results point to its potential applicability as an adjuvant for human vaccines. 

 

2.2 Results and Discussion 

Small-molecule agonists have been identified for TLR7,90-91, 96, 103-111 TLR8,26, 97, 99-100, 112-113 

TLR4,114-117 and TLR2.118-119  Chemotypes representing structural families other than those of 

canonical ligands are yet to be explored for a number of TLRs such as TLR3, TLR5 and TLR9, as 

well as other PRRs. The discovery of novel immunostimulatory molecules of defined receptor 

specificities would enhance the repertoire of tools available for interrogating innate immune 

effector mechanisms, and provide additional venues for vaccine adjuvant development. Our 

primary goal was, therefore, to identify novel PRR agonists. We envisioned that an efficient 

strategy would be to design and implement an assay that would permit the identification of 

immunostimulatory molecular classes acting on a very broad range of PRRs and, having cast a 

wide net, as it were, to then deconvolute signals and assign receptor specificities. 
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We tested this premise by first examining the responses of a human monocyte-derived THP-1 

reporter cell line; similar constructs have been successfully utilized to identify agonists of 

TLR4.114, 116  These cells responded robustly to TLR2 and TLR4, and feebly to TLR5, TLR8, 

NOD1 and NOD2 stimuli; agonists of TLR3, TLR7 and TLR9, however, failed to elicit any 

response (Fig. 1).   
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Figure 1. Responses of THP1-BlueÊ NF-əB reporter cells to various TLR and NLR agonists. 

Dose-response profiles indicate strong responses to PAM
3
CSK

4
 (TLR2 agonist) and LPS (TLR4 

agonist), and the absence of responsiveness to Poly I:C (TLR3 agonist), C4 (TLR7 agonist), and 

ODN2006 (TLR9 agonist). Attenuated responses were observed for flagellin (TLR5 agonist), 

KHP-3-126 (TLR8 agonist), C
12
-iE-DAP (NOD1 agonist) and Murabutide (NOD2 agonist).  
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We therefore set out to develop a óUniversal Reporterô cell line by constructing hybridomas 

derived from the fusion of CD14+ primary human monocytes with human embryonic kidney cells 

(HEK) expressing only the NF-əB-inducible secreted embryonic alkaline phosphatase (sAP) 

reporter gene (HEK-BlueÊ Null cells).102 Although we were able to isolate, expand and 

characterize the ploidy of the heterokaryons, these cells were unstable, rapidly regressing back to 

an embryonic, CD14- phenotype (data not shown). 

 

We reasoned that multiplexing (combining) individual reporter cell lines (HEK2, HEK3, HEK4, 

HEK5, HEK7, HEK8, HEK9, NOD1, NOD2 and HEK-Null) would also achieve our objective of 

simultaneously detecting signals from a wide range of PRRs. Utilizing this multiplexing approach, 

we conducted a pilot high-throughput screen of 34,848 compounds (Fig. 2A). Zô factors120 were 

optimized by varying several parameters (relative proportion of each reporter cell line, total cell 

density per well, incubation period, liquid handling protocols and plating methods). Responses in 

this assay were first characterized using both a óMaster Mixô (mixture of individual ligands, Fig. 

3), as well as individual stimuli (a metric for deconvolution) in each of the ninety-nine test plates 

(Fig. 2B). Although excellent Z' values were observed to individual stimuli (Fig. 2C), the relatively 

high baselines in unstimulated control wells (median: 1.5 AU, Fig. 2C), necessitated a cutoff value 

of 2.0 AU, which could potentially limit the dynamic range of the assay and possibly compromise 

the detection of weak signals.  
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Figure 2. Pilot HTS Screen.  

A. Composite heat 

map of 99 384-well 

plates used for the 

pilot screen using the 

full complement of 

10 multiplexed 

reporter cell lines.  

 

B. Heat map of Plate 

39 showing the 

organization of 

controls in the first 

two columns. Wells 

designated 'N' 

correspond to 

negative controls. 

Wells 1-11 

correspond, 

respectively, to 

PAM
2
CSK

4
, 

Poly(I:C), LPS, 

MPLA, Flagellin, C4 

(TLR7 agonist), 

IMDQ (Dual TLR7/8 

agonist), KHP-3-126 (TLR8 agonist), ODN-2006, C
12
-iE-DAP, and  Murabutide at 5 mg/mL. Well 

12 corresponds to a 'Master-Mix' combining all stimuli at 0.45 Õg/mL of the individual ligands.  

 

C. Distribution of baseline values and signals (a subset is shown for visual clarity). Means and 

standard deviations were computed for replicates from 99 plates from which Z' factors were 

calculated. Shown also are Gaussian fits of the histograms. 

Plate 39 

A 

B 

C 
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 We examined the possibility of improving signal-to-noise (S/N) ratios and dynamic range of the 

assay by eliminating possible redundancy in signaling in the individual reporter cell lines.  We 

tested the responses of each individual reporter cell line to well-characterized innate immune 

stimuli. We observed considerable redundancy and degeneracy within these reporter cells (Fig. 

4A).  

 

Virtually all of the reporter cell lines responded to Poly(I:C), a TLR3 ligand which also signals via 

the RIG-I-like receptors, RIG-I, Melanoma Differentiation-Associated protein 5 (MDA5), or the 

RIG-I-like RNA helicase LGP2.121-123 HEK2 cells responded, as expected, to canonical TLR2 

ligands (PAM2CSK4,
124 LTA,125 and the monoacyl human TLR2-specific lipopeptide, DBS-2-

217C), but also to flagellin and C12-iE-DAP,101 TLR5 and NOD1 agonists, respectively; HEK5 

cells responded, in reciprocal fashion, to flagellin and the TLR2 agonists, as well as C12-iE-DAP. 

Flagellin also activates, apparently ectopically, HEK3, HEK4, HEK7, HEK8, HEK9 and NOD1 

cells, presumably by alternate sensing via Naip5.126-127 HEK7 cells responded to pure TLR7 

agonists C4,91 EY-3-254B111 and to the dual TLR7/8 agonist IMDQ92, 96 (in addition to, as 

Figure 3. Structures of positive controls used in the HTS. 
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mentioned earlier, poly(I:C) and flagellin),  as well as to C12-iE-DAP. HEK8 cells showed 

responses to TLR8 agonists KHP-3-126,26 MB-152,100 and to the dual TLR7/8 agonist IMDQ; 

poly(I:C), flagellin and C12-iE-DAP also elicited NF-əB induction in these cells. An analysis of 

the redundancies indicated that a subset comprising HEK2, HEK4, HEK7, HEK8 and HEK9, when 

multiplexed, responded to all of the innate immune stimuli (Fig. 4B), while showing a markedly 

reduced baseline absorbance of 0.25 AU.  

 

 

A B 

Figure 4.  Responses of individual reporter cell lines to innate immune stimuli. A. Heat map 

of responses of individual reporter cell lines to a variety of TLR/NLR stimuli (see Fig 3 for 

structures of compounds), showing redundancy in PRR engagement. B. Multiplexing TLR2, 

TLR4, TLR7, TLR8, and TLR9 cells is sufficient and necessary for robust detection of signals. 
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This multiplexed platform was implemented in screening to screen 123,943 compounds and, as in 

the pilot screen, the inclusion of individual controls in each of the 354 assay plates (Fig. 2B) 

allowed the examination of S/N ratios and Z' factors for individual stimuli, which ranged from 

0.74 (HEK7) to > 0.85 for poly(I:C) and flagellin (Fig. 5). A cutoff value of 4s above in-plate 

absorbance mean yielded 552 provisional hits (Fig. 6). Among the most prominent of signals were 

those originating from the polyene antifungal agents AmpB and nystatin; both these compounds 

were identified as prominent hits in the Selleck as well as the Prestwick libraries (Fig. 6).  

 

Simultaneous deconvolution and dose-response profiles in individual reporter cell lines (HEK2, 

HEK3, HEK4, HEK5, HEK7, HEK8, HEK9, NOD1 and HEK-Null) were performed for all 

provisional hits. AmpB and nystatin showed dose-dependent NF-əB induction in human TLR2- 

and TLR4-specific reporter cell lines (Fig. 7), consistent with previous reports demonstrating 

TLR2 and TLR4 activation by these antifungal agents.128-130 

 

Figure 5. Distribution of negative and individual positive controls obtained in the modified 

multiplexed HTS screen. 
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AmpB has remained the frontline chemotherapeutic agent for serious systemic fungal infections 

for more than a half-century.131-132 AmpB is, as the name suggests, amphoteric which, compounded 

by its pronounced amphipathic nature (due to the asymmetric distribution of polar hydroxyl groups 

on one face of the molecule and a markedly hydrophobic, conjugated polyene on the other), has a 

marked propensity to self-associate with a critical aggregation concentration of ~ 0.2 µg/mL. 

Consequently, the drug is very sparingly soluble in water (< 1 µg/mL).133 AmpB was more potent 

than nystatin (Fig. 7), is an FDA-approved drug for parenteral use (which nystatin is not), and we 

had previously reported a practical and convenient  method for obtaining highly water-soluble 

(>100 mg/mL) formulations of AmpB using pyridoxal phosphate (vitamin B6) as a complexing 

Figure 6. HTS data on 123,943 compounds showing prominent signals originating from AmpB 

and nystatin. Hits were defined as signals > 4 ů (in-plate standard deviations for test compounds 

above negative control means). 




































































































































































































































































































































