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ABSTRACT OF THE DISSERTATION
Synthesis of Chemically Modified TLR Agonists
Used to Probe Innate and Adaptive Immune Responses
By
Janine K. Tom
Doctor of Philosophy in Organic Chemistry
University of California, Irvine, 2016

Associate Professor Aaron Esser-Kahn, Chair

The development of vaccines has resulted in a dramatic decrease in the number of cases
of diseases, such as measles and smallpox. With the emergence of Ebola and the Zika virus,
there is a greater need for the development of more effective and safer vaccines. However, the
challenge with designing new immunotherapies is that little is still known about how vaccines
work, since most have been empirically determined. Thus, our group is interested in using
chemical tools to probe and understand the immune response with the goal of designing more
effective vaccines. Dendritic cells, a vital part of the innate immune system, contain Toll-like
receptors (TLRs) that are activated by components of pathogens, such as bacterial
oligonucleotides and lipopeptides. These molecules are immune agonists that can act as
adjuvants, which help elicit or enhance an immune response toward a non-immunogenic protein
antigen, and are commonly used in vaccines. Recent studies indicate that vaccines containing
multiple TLR agonists enhance the immune response toward a target pathogen compared to the
use of a single ligand. A prime example is the Yellow Fever Vaccine, one of the most successful
vaccines, which activates the immune system through four different TLRs. Due to this

precedence, we hypothesized that activating specific receptors in a precise spatial manner could

XV



modulate how the immune system responds by mimicking natural pathogens and therefore
control downstream pathways. My research focuses on synthesizing multi-TLR agonist
conjugates to study the spatial organization of multiple TLR agonists and how different
combinations of agonists affect the immune response, as observed by cellular and antibody
responses. To study the effect of multiple TLR agonists on the immune response, we chemically
modified whole cell antigens with different TLR agonists as well as covalently conjugated
multiple TLR agonists together to present them in a localized manner. As a result of chemical
modification and linkage, we observed distinct changes in immune activation, via cytokine
production and antibody responses, suggesting implications for downstream immune system
signaling. We are applying our findings to more rationally develop safer and more effective

vaccine adjuvants and immunotherapies.
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CHAPTER 1

Introduction

1.1 Introduction

Vaccines are one of the most effective forms of immunotherapy for disease prevention,
treatment, and elimination.' These treatments work by activating one’s immune system toward a
target pathogen. Traditionally, vaccines involve administration of the pathogen in one of the
following forms: an attenuated or inactivated version of the pathogen via heat, UV, or formalin-
inactivation, or as a subunit vaccine, in which a recombinant protein or peptide fragment
associated with the pathogen is used.”> However, with these vaccination methods, there are
challenges with low immunogenicity, resulting in low efficacy of some vaccines. In addition,
most vaccines are empirically derived, with little being known or understood about the
mechanism of action, making it difficult to rationally and rapidly develop new vaccines. These
challenges make it difficult to develop vaccines for prevalent diseases, including malaria and
HIV, that do not have effective cures.

In the Esser-Kahn Lab, we are interested in probing the immune response using synthetic
chemical tools to understand how the immune system responds to pathogens. Stimulation of
multiple, different immune receptors enhances immune activation, and this type of immune
activation is known as an “immune synergy.” Utilizing chemical tools for immunological
research, we can covalently conjugate different combinations of immune agonists together to
chemically manipulate the immune response. Covalent conjugation of multiple agonists mimics
natural pathogens better than a single ligand or multiple agonists unconjugated in solution, as
pathogens contain multiple immune agonists in a distinct spatial arrangement. Different

combinations of immunostimulatory molecules are sensed as distinct molecular “codes” that



result in a specific immune response. We can use these chemical tools or codes to determine how
multiple molecular agonists affect the immune response, to understand the mechanism of action

behind synergistic immune activation, and to aid in the more rational development of vaccines.

1.2 The Innate and Adaptive Immune Systems

To study the immune system, we are interested in synthetically modifying specific
immune agonists to activate and control the immune response in order to understand how the
immune system functions at the fundamental and applied levels. The immune system is
comprised of the innate and adaptive immune responses, the body’s rapid and long term
responses to pathogens, respectively, which work together to protect one against bacteria and
viruses (Fig. 1.1). Innate immune cells include antigen-presenting cells (APCs), such as dendritic
cells and macrophages.*® APCs express pattern recognition receptors (PRRs) that are activated
by molecular components of pathogens called pathogen-associated molecular patterns (PAMPs).’
PRRs are important targets for vaccine development because native pathogens activate PRRs,
resulting in effective immune responses against a given target. Pathogen-associated molecules
are immune agonists that range from single stranded DNA (ssDNA) to lipopeptides to small
molecules. Our aim is to chemically modify these immune agonists, specifically Toll-like
Receptor (TLR) agonists, to study how different molecular agonists affect innate immune system
activation. By controlling how immune agonists stimulate the innate immune system using
chemical modifications, we can alter the adaptive immune response and learn information that

can be applied to designing more effective vaccines.



Figure 1.1 Innate and Adaptive Imnmune Systems and Responses
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The interaction between innate and adaptive immune responses impacts the body’s
protective response to foreign pathogens. This immune response is affected by the chemical
identity of the immune agonist and the corresponding receptor activated. Some classes of
PAMPs, like TLR agonists, initiate the immune signaling cascade by activating a PRR, resulting
in immune receptor dimerization with another PRR to form either a homo- or heterodimer.'""
The dimeric complex then recruits specific adaptor proteins, initiating an immune signaling
cascade that leads to the activation of different transcription factors and subsequent upregulation
of cell surface proteins and production of signaling cytokines.

These protein biomarkers and cell signaling molecules are used to communicate with the
adaptive immune system, which is comprised of T and B cells and maintains the body’s long
term immune response through cytokine and antibody responses. T cells can be differentiated
into several subsets, with different types of T cells polarizing the immune response down distinct

pathways. Two major types of T cell responses are Ty 1 and T,2, which correspond to cellular

and humoral or antibody responses, respectively (Fig. 1.1).* Cellular immune responses involve



activation of innate immune cells and T cells that respond to and attack foreign pathogens. In
contrast, humoral responses entail B cell activation and the production of antibodies against the
target pathogen. Depending on the bacteria or virus of interest, one or both types of immune
responses are required to effectively combat the pathogen. Since distinct immune responses are
necessary to fight off certain pathogens, the ability to activate specific immune cell populations
and responses using chemically modified agonists is a powerful tool. Chemical tools provide a
method to control the immune response at the molecular level, affecting the biochemical and

physiological responses, and leading to the design of more targeted and effective therapies.

1.3 Toll-like Receptors (TLRs), TLR Agonists, and their Role as Adjuvants

Toll-like receptors (TLRs) are one of the most well characterized classes of PRRs, with
10 known TLRs in human and 12 in mice (Fig. 1.2)."”"" The name “Toll-like” originates from
the Toll gene in Drosophila in which the TLR homology of the human receptor is similar to that
in the fruit fly. TLRs are composed of two main parts, the extracellular region and the
cytoplasmic region.”>"* The extracellular region contains leucine rich repeats (LRRs) and
protrudes from the cell membrane in a question mark-like shape. The LRR region is where
agonist binding occurs, and the binding motif varies between different TLRs." In contrast, the
cytoplasmic tail of the receptor, the Toll/IL-1R (TIR domain), is conserved among all TLRs.
When an agonist binds to the ectodomain of a TLR, a structural change in the TIR domain
occurs. Then, the TIR domains of two TLRs move closer in proximity to form a homo- or

heterodimeric complex, which recruits adaptor proteins to initiate a signaling cascade.'>'*"



Figure 1.2 Toll-like Receptors, TLR Agonists, and Signaling Pathways
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These receptors are interesting targets due to the wide range of agonists that activate the
TLR signaling cascade, ranging from oligonucleotides to bacterial cell wall components. The
first nine TLRs are the most studied and best characterized, where TLRs 1, 2, 4, 5, and 6 are
located on the cell surface and TLRs 3, 7, 8, and 9 are in the endosome.”'®!" The cellular
location of the TLRs corresponds to the types of ligands recognized. Cell surface TLRs
recognize bacterial cell wall components (lipids, lipopeptides, and proteins) and endosomal
TLRs bind to pathogen-derived nucleic acids (ssDNA, ssRNA, and dsRNA). Different TLR
agonists are associated with specific signaling pathways and transcription factors, resulting in
distinct cellular and antibody immune responses.

Many PAMPs, including TLR agonists, are used as vaccine adjuvants to enhance and
elicit specific immune responses against a co-administered antigen. Adjuvants are needed
because an attenuated or inactivated pathogen may not induce an effective or complete immune
response against the target pathogen compared to the native pathogen.”” In addition, the
peptide antigens used in subunit vaccines tend to be minimally immunogenic or non-
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immunogenic. Thus, adjuvants are required to boost the immune response toward the desired
antigen. Alum, which is composed of aluminum hydroxide and aluminum phosphate, and
Freund’s adjuvant, a water in oil emulsion containing heat-killed Mycobacterium tuberculosis,
were the first two adjuvants used in vaccines.”'** However, unwanted inflammation and side
effects have been observed with these adjuvants. Alum and Freund’s adjuvant also bias toward
eliciting strong antibody responses and weak cellular responses. These effects are unfavorable as
targeted inflammation is preferred over systemic inflammation in order to elicit an effective
immune response. In addition, both antibody and cellular responses are required to eliminate
many pathogens successfully.

TLR agonists are at the forefront of adjuvant discovery because their administration tends
to elicit a strong cellular Tl response in addition to antibody responses.””* As previously
mentioned, successful vaccines elicit both cellular and antibody responses to target specific
diseases and provide effective immune responses. Additionally, in terms of structure and
composition, TLR agonists are defined molecular entities, providing more homogeneous vaccine
formulations. As a result, researchers can parse out information about their role as vaccine
adjuvants and their effect on immune signaling pathways, as opposed to the entire pathogen,
which is more heterogeneous. Some TLR agonists, such as MPLA (TLR4 agonist), CpG-DNA
(TLR9 agonist), imidazoquinolines (TLR7 agonist), and flagellin (TLRS agonist), are being used
in clinical studies to treat diseases ranging from Hepatitis B to melanoma.”'***” Thus far, the
success with TLR agonists as adjuvants demonstrates promise for new adjuvant discovery and

formulation.



1.4 Immune Synergies: Administration of Multiple TLR Agonists

Unfortunately, individual TLR agonists are not always as effective as whole pathogens at
eliciting an effective immune response and at high doses can cause unwanted inflammation and
systemic toxicity. Recently, administering multiple TLR agonists together to study TLR immune
synergies has resulted in enhanced immune responses, more efficacious protection, and dose
sparing.'**" For example, Pulendran, et al.’' reported studies on the yellow fever virus vaccine,
one of the most successful vaccines due to the prolonged and targeted immune response elicited.
Only after the empirical discovery of the vaccine did they discover that the vaccine activated
four different TLRs (TLR2, 7, 8, and 9), which contributed to the success of the vaccine.”

1. introduced a temporal component to study immune synergies by

Furthermore, Napolitani, et a
adding two different TLR agonists at specific time intervals. By spacing out the agonist
incubation times, they found that the order of addition of certain agonist combinations resulted in
enhanced cytokine and gene production, where as other combinations did not.

Presently, chemistry and engineering methods are being used to address immunological
questions that cannot be solved solely by biological methods. For example, Hubbell, et al.**
fabricated a microfluidic chip that probed a wide array of cytokine responses from 10 different
TLR adjuvants. Using this device, they determined which pairs of agonists produced a
synergistic increase as well as inhibitory decrease in specific cytokines. Not only were changes
in cytokine responses observed, but also increases in antibody breadth and depth. Research
performed by Fox, et al.”> demonstrated that delivery of TLR4 and TLR7 agonists in a

nanoliposome formulation impacted antibody and cytokine responses. As a result, they

developed a manufacturable adjuvant formulation for clinical trials. Each of these studies



showcases how immune agonist synergies modulates the immune response and will be
significant for improved adjuvant development and new vaccine discovery.

Despite enhanced immune responses when administering multiple TLR agonists, little is
still known about mechanism behind these enhanced responses. Currently, there are several
proposed mechanisms.”*® One main hypothesis involves cooperative signaling between the two
adaptor proteins Myeloid Differentiation Primary Response 88 (MyD88) and TIR-domain-
containing adapter-inducing interferon-p (TRIF).””®* MyD88 and TRIF adaptor proteins are
recruited to the TIR domains of the dimeric TLRs after TLRs are activated. This recruitment then
initiates MyD88 and TRIF signaling pathways. Studies have shown that activation of both
pathways is required for synergistic immune activation, providing a strong case for this proposed
mechanism of action. The cooperation between the two adaptor proteins MyD88 and TRIF may
only be a contributing factor, and there are other potential immune signaling components that
may cause immune synergy. Investigating the mechanism of action is an ongoing and debated

field of research.

1.5 Application of Synthetic Chemistry to Synergistic Adjuvant Discovery

Many different TLR agonist combinations influence immune signaling pathways in both
spatially and temporally dependent manners. Until recently, understanding how the spatial
organization of multiple TLR agonists affects TLR activation and the overall immune response
has been difficult, as probing synergies has been limited to combining mixtures of TLR agonists
in solution. However, the mixture of unconjugated agonists does not recreate the defined spatial
arrangement of native agonists present in a pathogen. To probe and elucidate the mechanism of
action behind immune synergies, synthetic chemistry is being applied to covalently conjugate

immune agonists together.”™*' As a result of covalent linkage, the immunostimulatory molecules



are localized and delivered as one entity to the immune system, as opposed to unconjugated
agonists that suffer from diffusion in solution. This spatial confinement allows researchers to
study how multiple immunostimulatory agonists affect the immune response, like in a native
pathogen, and looking at the role of each specific molecule. Determining the optimal immune
response from a given molecule will enable adjuvant discovery and provide knowledge to direct
the immune response to a specific target.

Figure 1.3 Chemical Modifications of Whole Tumor Cell Antigens with TLR Agonists™
and Synthesis of Di- and Tri-TLR Agonist Conjugates”
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[a] Synthetic modification of whole tumor cell antigens with either one or two different TLR
agonist(s) used to enhance immunogenicity. [b] Chemical structure of a TLR2/6_9 di-agonist
used to study how linking two different TLR agonists with a defined linker length affects
immune activation. [c] Chemical structure of a TLR4_7_9 tri-agonist and how each TLR agonist
contributed to immune activation.

The main method used to study TLR synergy was to administer two agonists
unconjugated in solution, neglecting the spatial organization of native pathogens detected by the
immune system. Therefore, we sought to study the spatial arrangement of distinct TLR agonists
using two different methods. Chapters 2 and 3 of this dissertation discuss the study of immune

synergies with two different TLR agonists. The first approach involves covalently modifying

non-immunogenic whole tumor cell antigens with two different agonists compared to the use of a



single agonist. In the second method, we covalently linked two TLR agonists together to observe
how spatial confinement affected immune responses. We observed in both cases an increase in
NF-kB activation, dendritic cell surface markers, and cytokines produced by dendritic cells, all
components necessary for an effective adaptive immune response. Thus, these adjuvant
approaches show promise for cancer immunotherapies and novel adjuvant discovery.

Chapters 4 and 5 discuss our work to expand the immune synergy studies to treatment
with three different agonists, since the components of many successful vaccines activate three to
five TLRs. Thus, to gain a better understanding of TLR synergies, we covalently linked three
agonists together allowing spatially defined activation of three distinct TLRs. We observed that
treatment with the tri-agonist compound produced a distinct array of cytokines and immune-
related gene expression in vitro. This activity also translated in vivo to generate a wider set of
antibodies against a model vaccinia vaccine. Currently, we are synthesizing a library of tri-
agonist compounds to determine how different agonist combinations affect the immune response
in vitro and in an in vivo vaccination model. Our progress thus far is discussed. These studies
demonstrate how activation of multiple TLRs through chemically and spatially defined
organization assists in guiding immune responses, providing the potential to use chemical tools

to design and develop more effective vaccines.

1.6 Conclusion

Immune synergies are becoming an area of research with significant impact on vaccine
design and development. Here, we report and discuss our work using synthetic chemistry to
modify whole cell antigens with a synergistic combination of TLR agonists and to conjugate
TLR agonists together. Treatment with either type of conjugate resulted in immune response

modulation, via cellular and antibody responses, which is promising for applications in adjuvant
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discovery. Our compounds are currently being used as vaccine adjuvants in vaccination model

studies with the aim of developing more effective vaccines toward target pathogens.
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CHAPTER 2

Covalently Modifying Whole Cell Antigen Surfaces
with Multiple Toll-Like Receptor (TLR) Agonists

2.1 Introduction

Cell-based therapies are gaining widespread use in the vaccination field, where immune
cells are redirected or programmed to fight and eliminate targeted pathogens. This method has
been highly utilized for targeting tumors and treating different types of cancer.'” Since antigen-
presenting cells (APCs), such as dendritic cells, are the body’s first line of defense, there has
been a major push to create dendritic cell-based cancer therapies or modified tumor cells that
activate the innate immune system."” These therapies tend to contain one kind of immune agonist
that stimulates and signals only one type of PRR on an immune cell, resulting in a partial
immune response. In contrast, many effective vaccines, such as the yellow fever vaccine,” are
comprised of several molecular signals that interact with multiple PRRs to elicit a robust immune
response.””"" Our efforts to study the effect of administering multiple immune signals with a
whole tumor cell antigen are described here.

Targeting antigens with immune agonists is an important aspect of effective vaccines.'>"
The chemical identity of a stimulating signal and its proximity to target antigens enhance the
efficacy of a therapy by eliciting a specific immune response that is both directed and prolonged.
Spatially constraining immune agonists, such as TLR agonists, to an antigenic peptide or whole
cell antigen aids in localized delivery of the antigen and stimulatory signal. Several methods
used to localize antigens and agonists for cancer immunotherapies include lipid anchoring and

physical entrapment of a single molecular signal on tumor cells and are known to enhance the

immune response.*”'* By spatial confinement and close proximity of the agonist and antigen, an



increase in tumor targeting and decrease in tumor growth were observed. However, the covalent
attachment of multiple, synergistic agonist combinations to whole cell antigens has not been
attempted.

Figure 2.1 Diagram Illustrating Synthesis of
TLR Agonist Modified Lewis Lung Carcinoma
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[a] Conjugation of NHS-LTA (2.1), NHS-CpG-DNA (2.2), and both NHS-LTA and NHS-CpG-
DNA to Lewis Lung Carcinoma (LLC) cell surfaces via a polyethylene glycol (PEG), linker in
phosphate buffer (pH 7.4) for 30 min at RT.

Here, we report the use of a polymeric linker to covalently modify Lewis Lung
Carcinoma (LLC) with lipoteichoic acid (LTA — TLR2/6 agonist) and CpG-DNA (CpG — TLR9
agonist) (Fig. 2.1)."" We were interested if direct, chemical modification of cell surface
proteins would enhance stimulation and if the synergistic combination of agonists would increase
immune activation or direct the immune response. In these studies, we found that TLR agonist-
labeled LLCs upregulated cell surface marker expression, critical for T cell activation. The
multi-TLR agonist-labeled constructs also modulated cytokine production, allowing for the
potential to design targeted vaccines. We also observed the macrophagocytosis of our TLR
agonist-labeled cells, indicating a potential mechanism by which the immune-stimulating
constructs are presented to an endosomal TLR9. The direct, covalent attachment of LTA and

CpG to cell surface proteins on tumor cells enhanced dendritic cell activation compared to the

non-immunogenic tumor cells alone. Our approach demonstrates the significance of directly and



chemically conjugating TLR agonist signals to target cell antigens as well as the use of multiple

TLR agonists in developing more effective vaccines.

2.2 Synthesis of TLR Agonists Conjugated to a Bi-Functional PEG Linker

To modify cell surfaces with immune agonists, we aimed to synthesize TLR agonist—
polymer conjugates that react with free amines on cell surfaces (Scheme 2.1). TLR agonists were
used due to their potency and use in vaccination studies. LTA and CpG-DNA were chosen as the
initial TLR agonists. CpG-DNA is a 20 base pair sequence of single stranded DNA (ssDNA)
containing cytosine-guanosine repeats.”” The cytosine-guanosine repeats are the stimulatory
portion of the molecule that target TLRY in the endosome. On the other hand, LTA is located on
the cell surface of Gram-positive bacteria and targets TLR2 and TLR6.">'° LTA is a biopolymer
with a phosphate backbone, varying units of alanine and N-acetylglucosamine (GIcNAc), and
two lipid chains. The two lipid chains, common to most TLR2 agonists, are the stimulatory
component of the molecule.”® These two TLR agonists were used, since they are potent TLR
72122

agonists and often exhibit a synergistic effect when used in combination.

Scheme 2.1 Bioconjugation of TLR Agonists to NHS-PEG,-Maleimide Linker
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a) Conjugation of thiolated-LTA to the PEG, linker to provide NHS-LTA (2.1) and b)
conjugation of 3’-end thiol-CpG to the PEG, linker to provide NHS-CpG-DNA (2.2) by treating
each thiolated agonist with a NHS-PEG,-maleimide linker in phosphate buffer (pH 7.4) for 30
min and 2 h, respectively, at RT.



Hsiao, et al.” demonstrated the chemical attachment of ssDNA to cell surfaces via a
commercially available, bi-functional NHS-PEG,-maleimide linker. The maleimide end of the
linker was reacted with the free thiol on each TLR agonist. CpG-ODN 1826 (CpG),”* a CpG-
DNA sequence that activates murine immune cell lines, was purchased containing a disulfide
modification at the 3’-end for conjugation and 6-carboxyfluorescein (6-FAM) tag at the 5’-end
for quantification and compound tracking. The disulfide on the 3’-end of CpG (0.10 mL, 0.40
mM) was reduced using tris(2-carboxyethyl)phosphine (TCEP) providing a free thiol. Then, the
3’-end thiol of CpG was conjugated to the maleimide end of the NHS-PEG,-maleimide linker in
phosphate buffer (pH 7.4) after 2 hours at room temperature. For LTA attachment, the lipid-tails
of LTA are responsible for stimulation, so primary amines along the backbone were thiolated by
treating LTA (0.20 mL, 1.0 mM) with N-succinimidyl-S-acetylthiopropionate (SATP) in
phosphate buffer (pH 7.4 with 1.0 mM EDTA) for 1 hour at room temperature (see Appendix A,
Fig. S2.6). The acetylated thiol was then deprotected using 0.5 M hydroxylamine in PBS, pH
7.4, with 25 mM EDTA at 4 °C for 16 hours to provide the free thiol. Subsequently, the thiolated
LTA was reacted with the maleimide end of the linker in phosphate buffer (pH 7.4) for 30
minutes at room temperature. The resulting TLR agonist_ PEG,-NHS conjugate 2.1 was
confirmed via 'H NMR and thin-layer chromatography (TLC) (see Appendix A, Figs. S2.5—

S2.9) and conjugate 2.2 was confirmed via MALDI-TOF (see Appendix A, Fig. S2.10).

2.3 Synthetic Modification of Lewis Lung Carcinoma (LLC) Cells with TLR Agonists

We then conjugated the TLR agonist_ PEG,-NHS conjugates to Lewis Lung Carcinoma
(LLC) cells. LLC is a model lung cancer cell line often employed in C57BL/6 mice studies. The
NHS ester end of each TLR agonist_ PEG.—NHS conjugate (36 uM, 0.10 mL) was reacted with

free amines on LLC surface proteins in phosphate buffer (pH 7.4) for 30 minutes at room



temperature. To quantify the modification, CpG_LLCs (2.4) were detected by incubating 2.4
with the 6-FAM tagged anti-sense strand of CpG-ODN1826 (10 uL, 100 uM) in phosphate
buffer (pH 7.4) for 30 minutes at 0 °C (see footnote in Appendix A, Fig. S2.15). A similar
method was used to detect LTA_LLCs (2.3). Instead of a 6-FAM tag, Rhodamine B
isothiocyanate was conjugated to amines on the LTA backbone before modifying LLC cell
surfaces (see Appendix A, Figs. S2.2-S2.4). To synthesize CpG_LTA_LLCs (2.5), 2.1 and 2.2
(in a 1:1 molar ratio) were incubated with LLCs to provide the same total concentration of the

two TLR agonists as that used for the single TLR agonist modifications (2.3 or 2.4).

2.4 Characterization of TLR Agonist Modified Lewis Lung Carcinoma

We confirmed covalent attachment of the TLR agonist. PEG,-NHS conjugates to LLCs
using flow cytometry and confocal microscopy (Fig. 2.2). For all LTA and CpG LLC
modifications, we observed a shift in the median fluorescence intensity (MFI) of the 6-FAM or
RITC labeled LLCs using flow cytometry compared to unlabeled LLCs, confirming the cell
surface modifications (Figs. 2.2a-c). Minor non-specific sticking of the fluorescently tagged
TLR agonists to the LL.Cs was observed, but distinct cell populations were observed for all TLR
agonist_LLCs (see Appendix A, Fig. S2.11). Using confocal microscopy, we also observed
fluorescence for each single TLR agonist modified LLC as well as co-localized fluorescence for

the CpG_LTA_LLCs (Fig. 2.2d, and see footnote in Appendix A, Fig. S2.11).



Figure 2.2 Characterization and Analysis of Fluorescently Labeled
TLR Agonist Modified LL.Cs by Flow Cytometry
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a) CpG-ODN1826_LLCs incubated with 6-FAM CpG-ODN1826 anti-sense strand in Tris-
EDTA (TE) buffer for 30 min at 0 °C (unmodified LLCs-black, CpG_LLCs-green), b) RITC
LTA_LLCs (unmodified LLCs-black, LTA_LLCs-red), and ¢) CpG_LTA_LLCs (upper right
quadrant). d) Confocal microscopy images (at 488 nm for 6-FAM & 555 nm for RITC) of (a)
unmodified LLCs incubated with 6-FAM CpG-ODN1826 anti-sense strand exhibiting non-
specific sticking, (b) CpG_LLCs incubated with 6-FAM CpG1826 anti-sense strand, (c) RITC
LTA_LLCs, and (d) CpG_LTA_LLCs with 6-FAM and RITC fluorescent tags.
2.5 Testing In Vitro Activity of TLR Agonist_LLC Constructs
2.5.1 NF-xB Activity in RAW-Blue Macrophages

Next, we determined the effect of the TLR agonist modifications on the stimulation of
immune signaling pathways in RAW-Blue cells, a murine macrophage reporter cell line derived
from RAW?264.7 cells (Fig. 2.3). RAW-Blue cells are engineered to produce secreted embryonic
alkaline phosphatase (SEAP) when the transcription factor NF-kB, downstream of TLR
activation, is activated. The SEAP is then reacted with a colorimetric reagent to measure relative
NF-kB stimulation. In all experiments involving unmodified LLCs, we observed little

stimulation of the RAW-Blue cells. Incubating the RAW-Blue cells with single agonist labeled

2.3 or 2.4 for 18 hours at 37 °C displayed a five-fold increase in NF-kB activation from the



unmodified LLCs. Interestingly, both 2.3 and 2.4 stimulated the RAW-Blue cells to a similar
degree despite interacting with a cell surface and an endosomal TLR, respectively. Multi-agonist
labeled 2.5 evoked the greatest NF-kB signaling. Approximately a two-fold increase in
stimulation was observed compared to a single TLR agonist modification despite that 2.5
contained only half the total cell-surface concentration of each TLR agonist. This result suggests
that covalently conjugating multiple TLR agonists to a whole cell antigen increases immune
activation, which can lower loading levels compared to the use of a single immune agonist.

Figure 2.3 NF-kB Activation of RAW-Blue 264.7 Macrophage Cell Line Treated with
TLR Agonist Modified LLCs™
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[a] RAW-Blue cells were incubated with TLR Agonist_LLC constructs for 18 h at 37 °C. Each
bar is the result of n=6, where *p < 0.05, where the asterisk is compared to CpG_LTA_LLC
(2.5). Results are expressed as the mean + SD.

2.5.2 Cell Surface Marker Activation and Cytokine Production in Bone Marrow-
Derived Dendritic Cells (BMDCs)

To further examine the potential synergistic effects of covalently conjugated TLR
agonists, we tested TLR agonist_LLCs against bone marrow-derived dendritic cells (BMDCs).
BMDCs are a primary cell line harvested from the murine femur bones to provide monocytes
that are differentiated into dendritic cells using a cocktail of growth factors and signaling

molecules. After differentiation to the dendritic cell pathway, the BMDCs are then treated with
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the TLR agonist modified LLC constructs and analyzed for biomarkers downstream of the NF-
KB pathway to examine other aspects of immune activation.

Activation of BMDCs was confirmed via the upregulation of cell surface markers by cell
surface staining and analysis by flow cytometry. Cell-surface markers CD86, CD40, MHCII, and
CD80 are proteins on dendritic cells that bind to and present antigenic peptides to T cells. As a
result, the proteins act as costimulatory signals to help elicit T cell mediated immune responses.
The upregulation of these cell surface markers signifies the potential for robust T cell activation,
resulting in an adaptive immune response. To determine cell surface marker expression, BMDCs
were incubated with each construct for 18 hours at 37 °C, stained, and analyzed by flow
cytometry. Upon treatment with unmodified LLCs, minor upregulation of cell surface markers
CD86, CD40, and MHCII was observed. Expression of CD80 was also quantified, but the basal
level observed was high, resulting in minor upregulation of CD80 (see Appendix A, Fig. S2.15).
All of the TLR agonist_LLCs resulted in enhanced activation of BMDC cell surface markers.
The percentage of CD86 expressing BMDCs was 20% greater for cells treated with 2.4 and 30%
greater with 2.5 than cells treated with unmodified LLCs. 2.3 displayed greater activation
relative to the unmodified LLCs. However, 2.3 showed modest activation compared to the other
modified constructs. The discrepancy in activation could be explained by localization of the CpG
modified constructs inside and throughout the cell, resulting in more effective TLR9 stimulation
within the endosome. (see footnote in Appendix A, Fig. S2.20). The potency of each ligand may
also contribute to the difference in activation levels.”?® LLCs modified with both CpG and LTA
(2.5) enhanced BMDC activation, which demonstrated the potential for using multiple TLR
agonists to increase dendritic cell activation. All TLR agonist_LLCs provided increased

activation over BMDCs incubated with the unconjugated components (see Appendix A, Fig.
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S2.16). The TLR agonist_LLCs demonstrated that the covalent conjugation of multiple TLR
agonists to potential tumor-associated antigens (TAAs) can enhance immune activation,
indicative of T cell priming.

Figure 2.4 Analysis of BMDC Activation via Cell Surface Marker Expression and
Intracellular Cytokine Production using Flow Cytometry
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a) BMDC activation via cell surface marker expression when incubated with TLR agonist_LLC
constructs for 18 h at 37 °C. b) BMDC cytokine profile measured by intracellular cytokine
production when incubated with TLR agonist_LLC constructs for 8 h at 37 °C. IFN-y and IL-10
secretion were not observed for any TLR agonist_LLC constructs (see Appendix A, Fig. S2.18).

Sample legend: control (dark blue), unmodified LLCs (red), LTA_LLCs (green), CpG_LLCs
(purple), CpG_LTA_LLCs (light blue). Each result is from n=3, where *p < 0.05, **p < 0.01,
and ****p < (0.1. Results are expressed as the mean + SD.

To determine the cytokine profile elicited by the TLR agonist LLC constructs,
intracellular cytokine flow cytometry was used to analyze cytokine production (Fig. 2.4). TLR
agonist_LLCs were incubated with BMDCs for 8 hours at 37 °C. GolgiPlug (BD Biosciences),
containing Brefeldin A — a transport inhibitor, was added to cell cultures for the final 4 hours of
incubation to prevent cytokine release and build up produced cytokines inside the cells. The cells
can then be permeablized, stained for specific cytokines, and analyzed by flow cytometry. 2.4
elicited the greatest production of IL-6, IL-12, and TNF-a, all pro-inflammatory cytokines,

which are cell-signaling molecules that alert immune cells of infection as well as contribute to T

cell differentiation. 2.4 exhibited a 45% increase of IL-6, IL-12, and TNF-a production
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compared to unmodified LLCs. 2.5 produced the second greatest amount of IL-6, IL-12, and
TNF-a, approximately a 35% increase compared to unmodified LLCs. The production of pro-
inflammatory cytokines may lead to the activation of a cytotoxic T cell response toward the LLC
target antigen, resulting in the recruitment of APCs to the whole tumor cells. It also appeared that
the LTA modulated cytokine production, since 2.5 resulted in approximately a 5-10% decrease
in IL-6 and IL-12 compared to 2.4, while TNF-a cytokine production remained the same. 2.3
induced minor IL-6, IL-12, and TNF-a production, a 1-5% increase from unmodified LLCs. Our
data suggests that the TLR2/6 and TLR9 combination resulted in limited inflammation and a
muted Ty 1 response while still activating T cells via CD86 and CD40. This approach will allow
us to simultaneously activate the immune system and modify cytokine production. A
combination of T1/T,;2 responses may also be present, which is similar to an effective broad-
based vaccine, where both cellular (T,1) and antibody responses (Ty2) are produced. The
potential to modulate cytokine production may allow us to direct APC immune responses toward

a target antigen (see footnote in Appendix A, Fig. S2.18).

2.6 Probing the Mechanism of Action using Confocal Microscopy

To determine possible mechanisms by which our TLR agonist_LLCs stimulated APCs,
we examined dendritic cells using confocal microscopy. An immortalized dendritic cell line,
JAWS II, was employed as a model owing to its ease of use. APCs were labeled with DiO
(green) and our LLC constructs with Dil (red), lipophilic fluorescent dyes that integrate into the
cell membrane.”” CpG_LLCs were internalized by the APC cell line, confirming that
macrophagocytosis is one possible mechanism by which stimulation proceeds (Fig. 2.5, and see

Appendix A, Fig. S2.20).
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Figure 2.5 Confocal Microscopy Analysis of Dil-labeled CpG_LLCs (red)
Macrophagocytosed by DiO-labeled dendritic cells (green)

2.7 Conclusion

In this work, we presented the first covalent conjugation of multiple TLR agonists to
antigens on whole cells. A general, modular bioconjugation approach was employed, so different
combinations of immune agonists, antigens, and target cell types can be tested. Our studies
confirmed that directly and chemically modifying target cell antigens using multiple different
TLR agonists elicited greater stimulation of APC lines. Future immunotherapies can use these
techniques to enable a lower therapeutic dose and greater activation of dendritic cells in in vivo
immunotherapeutic applications as well as modify TAAs in biopsied tumor samples. The use of
these chemical tools can potentially enhance cell-mediated immunity and create more potent,

directed cancer immunotherapies.
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2.8 Experimental Procedures

TLR Agonist-PEG,NHS Conjugate Synthetic Procedures.

LTA’HWS&/\)&H/\LO%O\E@
0 o o

Lipoteichoic Acid-PEG,NHS Conjugate Synthesis (2.1).

Lipoteichoic acid (LTA) was fluorescently labeled by reacting amines in the alanine residues of
LTA (2 mg, 0.2 wmol) with rhodamine B isothiocyanate (RITC) (10.7 uLL of 10 mg/mL solution
in DMF, 0.2 uwmol) in phosphate buffered saline (PBS) buffer (pH 7.4 with | mM EDTA) for 15
min at RT. Subsequently, the remaining amines were thiolated by incubating the RITC-LTA
solution with N-succinimidyl-S-acetylthiopropionate (SATP) (0.16 mg per 1.0 mg LTA) in DMF
for 1 h at RT. The LTA solution was filtered using a Centriprep Centrifugal Filter Device (3K
device). The thiol was deprotected by incubating the filtered LTA solution with hydroxylamine
in PBS buffer (100 uL, pH 7.4, with 25 mM EDTA and 0.5 M hydroxylamine) at 4 °C overnight
(~16 h). The thiolated LTA was filtered using a Centriprep Centrifugal Filter Device (3K
device). The extent of RITC conjugation was quantified via UV-Vis to provide one RITC
molecule for every five LTA molecules (1:5 RITC:LTA). Thiolation of LTA was confirmed via
Ellman’s Assay. Thiols per LTA molecule were determined relative to a cysteine standard curve,
which resulted in a mixture where 60% of the LTA contained a thiol. (This indicated that one
LTA potentially contained more than one thiol.) The thiolated LTA (150 uL) was then reacted
with the NHS-PEG¢-maleimide linker (60 uL of 20 mg/mL solution in DMSO) for 30 min at RT.
The resulting conjugate was passed through a NAP-5 Column pre-equilibrated with PBS buffer

(pH 7.4). The conjugate was quantified via UV-Vis and confirmed using proton nuclear
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magnetic resonance ('H NMR) and thin-layer chromatography (TLC). '"H NMR spectra were

taken in D,0O. The TLC was run in 65:25:4 CHCl,:MeOH:H,0.

DNASO : (/\)\/sﬁ/\/lj\ b

CpG-PEG,-NHS Conjugate Synthesis (2.2).

Single stranded CpG-ODN1826 (5’-TCCATGACGTTCCTGACGTT-3’) was obtained with a
3’-disulfide modification. The 3’-disulfide modification was reduced to the free thiol using 3%
tris(2-carboxyethyl)phosphine hydrochloride (TCEP) in water (400 uL). The reduced CpG-
ODN1826 was precipitated in EtOH (1.5 mL) and 3 M NaOAc (50 uL) and placed in an -80 °C
freezer for 30 min. The precipitated CpG-ODN1826 was centrifuged at 13,000 RPM and 4 °C
for 20 min. The supernatant was removed and the precipitated CpG-ODN1826 was rinsed with
EtOH (200 uL). The CpG-ODN1826 was placed in a speed-vacuum to remove excess solvent
and dry the reduced CpG-ODN1826. The reduced CpG-ODN1826 (2.0 mM) was resuspended in
Tris-EDTA (TE) buffer (1x) and passed through a NAP-5 Column, which was pre-equilibrated
with TE buffer (1x). Subsequently, the NHS-PEG-maleimide linker (120 uL of 20 mg/mL
solution in DMSO) was added to the eluted DNA (0.40 mM, 100 uL). The reaction mixture was
incubated at RT for 2 h. The pH of the reaction was monitored to ensure a constant pH ~8. If
slightly acidic, PBS buffer (40 uL) was added to the reaction mixture. Maintaining a slightly
basic pH facilitated deprotonation of the thiol to increase the rate of conjugate addition. The

reaction mixture was passed through a NAP-5 Column pre-equilibrated with PBS buffer (pH

7.4). The conjugate was quantified via UV-Vis and confirmed using MALDI-TOF.
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TLR Agonist Cell Surface Modification of LLCs with LTA-PEG,-NHS (2.1) and/or CpG-
PEG4-NHS (2.2) to Provide TLR Agonist_LLC Constructs (2.3,2.4, or 2.5).

A solution of conjugate 2.1 or 2.2 or 2.1 and 2.2 (36 uM, 100 uL) in PBS buffer was incubated
with Lewis Lung Carcinoma (LLC) cells (2x10° cells) for 30 min at RT. The solution was mixed
thoroughly using a vortexer. The cell solution was centrifuged at 2500 RPM and RT for 10 min,
and the supernatant was removed. The modified cells were rinsed with PBS buffer (1 x 200 uL),
then cell media (2 x 200 uL) and finally incubated with dendritic cells.

The cell surface modification was quantified using flow cytometry and fluorescent microscopy.
To confirm the modification of CpG_LLCs, the 6-FAM-labeled CpG-ODN1826 anti-sense
strand (10 uL, 100 uM) was incubated with the modified CpG_LLCs. The solution was
incubated for 30 min at 0 °C removed from light. The cells were rinsed using PBS buffer (2 x
200 uL) and resuspended in PBS buffer (100 uL) to be analyzed.

To confirm the LTA_LLC modification, the LTA was labeled with rhodamine B as mentioned in
the synthesis of 2.1.

Cell Culture and Flow Cytometry Procedures.

Bone Marrow-Derived Dendritic Cell Harvest and Culture.

Femur bones were removed from 6-week-old C57BL/6 mice according to Matheu, et al.,” and
the bone marrow was extracted into PBS buffer. The cell suspension was made into a
homogeneous solution using a pipette and subsequently filtered through a 70 um cell strainer
(Fisher Scientific). The cell solution was centrifuged at 300 RCF for 10 min at RT. The
supernatant was removed, and ACK Lysing Buffer (Lonza) (3 mL) was added to the cell pellet
and incubated for 2 min at RT. PBS buffer (13 mL) was then added to the cell suspension, and
the cell solution was centrifuged at 300 RCF for 10 min at RT. The cell pellet was resuspended

in RPMI 1640 (Fisher Scientific Hyclone), and centrifuged at 300 RCF for 10 min at RT. The
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cell pellet was resuspended in BMDC primary media: RPMI 1640 (Life Technologies), 10% heat
inactivated fetal bovine serum (FBS), 20 ng/mL granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Cahalan Lab), 2 mM L-glutamine (Life Technologies), antibiotic-antimycotic
(1x) (Life Technologies), and 50 uM beta-mercaptoethanol (all components were sterile filtered
(0.22 wm) together before use). Harvested cells were then counted and plated at 1 million
cells/mL density in 100 mm petri dishes (10 mL total media) and incubated at 37 °C in a CO,
incubator (day O of cell culture). On day 3, 10 mL of BMDC primary media was added to each
petri dish. Day 5 BMDCs were released using a pipette, centrifuged at 300 RCF for 10 min at
RT, and replated in 24-well plates at 1.2 x 10° cells/mL density for cell surface marker activation

and cytokine profile flow cytometry experiments.

General Procedure for Flow Cytometry for Cell Surface Marker Upregulation.

BMDCs were incubated individually with each TLR Agonist_ LLC (2.3, 24, or 2.5) (9:1
BMDCs: TLR Agonist_LLCs in 0.5 mL culture media) for 18 h at 37 °C in a CO, incubator.
Stimulated BMDCs were released from the plate and transferred to 1 mL eppendorf tubes. The
cells were centrifuged at 2500 RPM and 4 °C for 10 min and the supernatant was removed. The
cell pellet was resuspended in cold FACS buffer (100 ulL) and incubated with CD16/32 FcR
blocking antibodies (1.0 ug/1*10° cells) (BioLegend) on ice for 10 min. The cell suspension was
centrifuged at 2500 RPM for 10 min at 4 °C and the supernatant removed. The cell pellet was
resuspended in cold FACS buffer (100 uL) and incubated with FITC-CD11c (1.0 ug/1*¥10° cells)
and PE-CDS86 (1.0 ug/1*10° cells), -CD40 (1.0 ug/1*10° cells), -MHCII (0.25 ug/1*10° cells), or
-CD80 (0.5 ug/1*10° cells)) on ice and removed from light for 30 min. Cold FACS buffer (300
uL) was added to each sample. The cell suspension was centrifuged at 2500 RPM and 4 °C for

10 min, and the supernatant was removed. The cells were then rinsed with cold FACS buffer
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(300 uL) one final time, and the supernatant was removed. The dendritic cells were resuspended

in cold FACS buffer (200 uL.) and kept on ice until being analyzed on the flow cytometer.

General Procedure for Intracellular Cytokine Flow Cytometry Staining.

BMDCs were incubated individually with a solution of TLR Agonist_LLC (2.3, 2.4, or 2.5) (9:1
BMDCs: TLR Agonist_ LLCs in 0.5 mL culture media) for 8 h at 37 °C in a CO, incubator.
GolgiPlug (BD Biosciences), containing Brefeldin A, was added to cell culture (according to BD
Biosciences Protocol) for the final 4 h of culture. After 8 h, stimulated BMDCs were released
from the plate and transferred to 1 mL eppendorf tubes. The cells were centrifuged at 2500 RPM
and 4 °C for 10 min, and the supernatant was removed. The cell pellet was resuspended in cold
FACS buffer (100 uL) and incubated with CD16/32 FcR blocking antibodies (1.0 ug/1*10° cells)
on ice for 10 min. The cell suspension was centrifuged at 2500 RPM and 4 °C for 10 min, and
the supernatant was removed. The cell pellet was resuspended in cold FACS buffer (100 uL) and
incubated with FITC-CD11c¢ (0.25 ug/1¥10° cells) on ice and removed from light for 30 min.
Cold FACS buffer (300 uL) was added to each sample. The cell suspension was centrifuged at
2500 RPM for 10 min at 4 °C, and the supernatant was removed. The cells were rinsed with cold
FACS buffer (300 uL.) one more time, and the supernatant was removed. The cell pellet was
resuspended in 100 uL. BD Cytofix/Cytoperm solution and incubated on ice and removed from
light for 20 min. The cell suspension was centrifuged at 2500 RPM and 4 °C for 10 min and the
supernatant removed. BMDCs were washed in BD Perm/Wash solution (2 x 300 uL) and the
supernatant removed. The cell pellet was resuspended in cold FACS buffer (100 ulL) and
incubated with APC-IFN-y (1.0 ug/1*¥10° cells), -TNF-o (0.25 ug/1*¥10° cells), -IL-6
(0.25 ug/1*10° cells), -IL-10 (0.25 ug/1*10° cells), or -IL-12 (0.25 ug/1*10° cells)) on ice and

removed from light for 30 min. Cold FACS buffer (300 ulL) was added to each sample. The cell
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suspension was centrifuged at 2500 RPM and 4 °C for 10 min, and the supernatant was removed.
The cells were rinsed with cold FACS buffer (300 ul) one more time. BMDCs were
resuspended in cold FACS buffer (200 uL) and kept on ice until analysis via flow cytometer.
General Procedure for RAW264.7 Macrophage (RAW-Blue) NF-xB assay.

RAW-Blue cells were plated at 10%10* cells/mL density (180 uL) in 96-well plates using D-
MEM High Glucose media (LifeTechnologies), 10% FBS, 2 mM L-glutamine, and antibiotic-
antimycotic (1x) and experiments were run in D-MEM High Glucose media (LifeTechnologies),
10% heat inactivated FBS, 2 mM L-glutamine, and antibiotic-antimycotic (1x). RAW-Blue cells
were incubated individually with 20 uL. of each TLR Agonist_LLC (2.3, 2.4, or 2.5) (9:1 RAW-
Blue:TLR Agonist_LLCs in 200 uL total cell media volume) for 18 h at 37 °C in a CO,
incubator. Cell media (50 uL) from the stimulated RAW-Blue cells was removed, placed into a
96-well plate, and incubated with QUANTI-Blue solution (Invivogen) (150 uL) for 1 h at 37 °C
in a CO, incubator. The absorbance (620 nm) was measured using a Bio-Tek wQuant microplate
spectrophotometer.

MALDI-MS.

CpG-PEG,-NHS Conjugate (2.2).

The reaction mixture was passed through ZipTip¢,s (Millipore) according to Millipore protocol:
A ZipTipq,s was equilibrated with 50% acetonitrile/water (2 x 10 uL) and subsequently 0.1 M
triethylammonium acetate (TEAA) (3 x 10 uL). The reaction mixture was passed through the
ZipTipc;s (10 x 10 uL). The ZipTipcs was washed with 0.1 M TEAA buffer (3 x 10 uL)
followed by nanopure water (3 x 10 uL). Conjugate 2.2 was eluted using 50% acetonitrile/water
(3 x 10 uL). Purified conjugate 2.2 was dried using a speed-vacuum and resuspended in 0.36 M

3-hydroxypicolinic acid matrix (1:1 acetonitrile:300 mM ammonium citrate solution in 50%
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acetonitrile/water) (2.0 uL). The sample was spotted on a MALDI plate and analyzed in negative
ion mode.

Confocal Microscopy.

Fluorescent Cell Labeling with DiO and Dil and Confocal Microscopy Colocalization
Experiments.

Stock solutions of Dil and DiO dye (1 mg/mL) were prepared in DMSO. Working solutions of
Dil and DiO (100 ug/mL) were prepared by diluting the stock solutions with glucose labeling
buffer (300 mM glucose and 10 mM HEPES in nanopure water).”’” The cells were plated one day
prior in 6-well plates at 2*10° cells/mL. Before labeling the cells, the media was removed. JAWS
IT and LLC cell lines were suspended in DiO or Dil solutions (0.5 mL of 100 ug/mL),
respectively, and incubated at 37 °C in a CO, incubator for 2 h. The Dil or DiO solution was then
removed. The cells were washed with glucose buffer (2 x 1 mL) and resuspended in cell media.
The LLCs were labeled with 2.1, 2.2, or 2.1 and 2.2 as described in the synthetic procedures. The
TLR Agonist_LLCs were incubated with the dendritic cell line overnight (~ 14-18 h) at 37 °C.
The cell media was removed. The cells were then resuspended in PBS buffer, and analyzed via
confocal microscopy.

Statistics.

Data was analyzed using a two-tailed t test. All values were reported as mean + SD, unless stated

otherwise.

*See Appendix A for Additional Figures.

31



2.9 References

(1) Banchereau, J.; Palucka, A. K. Dendritic Cells as Therapeutic Vaccines against Cancer.
Nat. Rev. Immunol. 2005, 5 (4), 296-306.

(2) Banchereau, J.; Steinman, R. M. Dendritic Cells and the Control of Immunity. Nature 1998,
392 (6673),245-252.

(3) Leen, A.M.; Rooney, C. M.; Foster, A. E. Improving T Cell Therapy for Cancer. Annu.
Rev. Immunol. 2007, 25 (1), 243-265.

(4) Shirota, H.; Klinman, D. M. CpG-Conjugated Apoptotic Tumor Cells Elicit Potent Tumor-
Specific Immunity. Cancer Immunol. Immunother. CII 2011, 60 (5), 659-669.

(5) Liu, H.; Kwong, B.; Irvine, D. J. Membrane Anchored Immunostimulatory
Oligonucleotides for In Vivo Cell Modification and Localized Immunotherapy. Angew.
Chem. Int. Ed Engl. 2011, 50 (31), 7052-7055.

(6) Pulendran, B. Learning Immunology from the Yellow Fever Vaccine: Innate Immunity to
Systems Vaccinology. Nat. Rev. Immunol. 2009, 9 (10), 741-747.

(7) Duggan,J.M.; You, D.; Cleaver, J. O.; Larson, D. T.; Garza, R. J.; Pruneda, F. A. G ;
Tuvim, M. J.; Zhang, J.; Dickey, B. F.; Evans, S. E. Synergistic Interactions of TLR2/6
and TLR9Y Induce a High Level of Resistance to Lung Infection in Mice. J. Immunol.
2011, /86 (10), 5916-5926.

(8) Shukla, N. M.; Mutz, C. A.; Malladi, S. S.; Warshakoon, H. J.; Balakrishna, R.; David, S.
A. Toll-Like Receptor (TLR)-7 and -8 Modulatory Activities of Dimeric
Imidazoquinolines. J. Med. Chem. 2012, 55 (3), 1106-1116.

(9) Garcia-Cordero, J. L.; Nembrini, C.; Stano, A.; Hubbell, J. A.; Maerkl, S. J. A High-
Throughput Nanoimmunoassay Chip Applied to Large-Scale Vaccine Adjuvant
Screening. Integr. Biol. Quant. Biosci. Nano Macro 2013, 5 (4), 650-658.

(10) Timmermans, K.; Plantinga, T. S.; Kox, M.; Vaneker, M.; Scheffer, G. J.; Adema, G.J.;
Joosten, L. A. B.; Netea, M. G. Blueprints of Signaling Interactions between Pattern
Recognition Receptors: Implications for the Design of Vaccine Adjuvants. Clin. Vaccine
Immunol. 2013, 20 (3), 427-432.

(11) Kasturi, S. P.; Skountzou, I.; Albrecht, R. A.; Koutsonanos, D.; Hua, T.; Nakaya, H. 1.;
Ravindran, R.; Stewart, S.; Alam, M.; Kwissa, M.; et al. Programming the Magnitude and
Persistence of Antibody Responses with Innate Immunity. Nature 2011, 470 (7335), 543—
547.

(12) Coffman, R. L.; Sher, A.; Seder, R. A. Vaccine Adjuvants: Putting Innate Immunity to
Work. Immunity 2010, 33 (4), 492-503.

(13) Levitz, S. M.; Golenbock, D. T. Beyond Empiricism: Informing Vaccine Development
through Innate Immunity Research. Cell 2012, 148 (6), 1284—1292.

(14) Goldstein, M. J.; Varghese, B.; Brody, J. D.; Rajapaksa, R.; Kohrt, H.; Czerwinski, D. K ;
Levy, S.; Levy, R. A CpG-Loaded Tumor Cell Vaccine Induces Antitumor CD4+ T Cells
That Are Effective in Adoptive Therapy for Large and Established Tumors. Blood 2011,
117 (1), 118-127.

(15) Cleveland, M. G.; Gorham, J. D.; Murphy, T. L.; Tuomanen, E.; Murphy, K. M.
Lipoteichoic Acid Preparations of Gram-Positive Bacteria Induce Interleukin-12 through a
CD14-Dependent Pathway. Infect. Immun. 1996, 64 (6), 1906—1912.

32



(16) Schwandner, R.; Dziarski, R.; Wesche, H.; Rothe, M.; Kirschning, C. J. Peptidoglycan- and
Lipoteichoic Acid-Induced Cell Activation Is Mediated by Toll-like Receptor 2. J. Biol.
Chem. 1999, 274 (25), 17406-174009.

(17) Krieg, A. M. Cpg Motifs in Bacterial Dna and Their Immune Effects*. Annu. Rev.
Immunol. 2002, 20 (1), 709-760.

(18) Krieg, A. M. The Role of CpG Motifs in Innate Immunity. Curr. Opin. Immunol. 2000, 12
(1),35-43.

(19) Kuramoto, E.; Yano, O.; Kimura, Y .; Baba, M.; Makino, T.; Yamamoto, S.; Yamamoto, T.;
Kataoka, T.; Tokunaga, T. Oligonucleotide Sequences Required for Natural Killer Cell
Activation. Cancer Sci. 1992, 83 (11), 1128-1131.

(20) Ginsburg, I. Role of Lipoteichoic Acid in Infection and Inflammation. Lancet Infect. Dis.
2002, 2 (3), 171-179.

(21) Tuvim, M. J.; Gilbert, B. E.; Dickey, B. F.; Evans, S. E. Synergistic TLR2/6 and TLR9
Activation Protects Mice against Lethal Influenza Pneumonia. PLoS ONE 2012, 7 (1),
€30596.

(22) Deininger, S.; Stadelmaier, A.; Aulock, S. von; Morath, S.; Schmidt, R. R.; Hartung, T.
Definition of Structural Prerequisites for Lipoteichoic Acid-Inducible Cytokine Induction
by Synthetic Derivatives http://www.jimmunol.org (accessed May 23, 2013).

(23) Hsiao, S. C.; Shum, B. J.; Onoe, H.; Douglas, E. S.; Gartner, Z. J.; Mathies, R. A.; Bertozzi,
C. R.; Francis, M. B. Direct Cell Surface Modification with DNA for the Capture of
Primary Cells and the Investigation of Myotube Formation on Defined Patterns. Langmuir
2009, 25 (12), 6985-6991.

(24) Chu,R. S.; Targoni, O. S.; Krieg, A. M.; Lehmann, P. V.; Harding, C. V. CpG
Oligodeoxynucleotides Act as Adjuvants That Switch on T Helper 1 (Thl) Immunity. J.
Exp. Med. 1997, 186 (10), 1623—-1631.

(25) Liu,J.; Xu, C.; Liu, Y .-L.; Matsuo, H.; Hsieh, R. P.; Lo, J.-F.; Tseng, P.-H.; Yuan, C.-J.;
Luo, Y.; Xiang, R.; et al. Activation of Rabbit TLR9 by Different CpG-ODN Optimized
for Mouse and Human TLR9. Comp. Immunol. Microbiol. Infect. Dis. 2012, 35 (5), 443—
451.

(26) Irvine, K. L.; Hopkins, L. J.; Gangloff, M.; Bryant, C. E. The Molecular Basis for
Recognition of Bacterial Ligands at Equine TLR2, TLR1 and TLR6. Vet. Res. 2013, 44
(1), 50.

(27) Underhill, D. M.; Bassetti, M.; Rudensky, A.; Aderem, A. Dynamic Interactions of
Macrophages with T Cells during Antigen Presentation. J. Exp. Med. 1999, 190 (12),
1909-1914.

(28) Matheu, M. P.; Sen, D.; Cahalan, M. D.; Parker, I. Generation of Bone Marrow Derived
Murine Dendritic Cells for Use in 2-Photon Imaging. J. Vis. Exp. JoVE 2008, No. 17.

33



CHAPTER 3

Covalent Linkage of Two TLR Agonists to
Study Spatial Effects on Immune Activation

3.1 Introduction
Since the molecular basis for TLR activation relies on the formation of higher-order

complexes,'™

we sought to study the spatial component of immune activation by covalently
linking two TLR agonists together. TLRs cluster when activated suggesting that signaling is
increased by spatial organization and receptor proximity, but spatially confining TLR agonists by
covalent linkage has not been directly tested on activation of multiple, unique TLRs. In addition,
pathogens, like a virus, have a defined spatial distance between native agonists, such as that
between the viral capsid and the genetic information (DNA/RNA) within a virus. As a result,
native agonists are presented to the immune system in a distinct spatial organization, resulting in
activation of different signaling pathways in a cell.

We hypothesized that the spatial confinement of two different TLR agonists would mimic
the spatial proximity of agonists in a pathogen. Therefore, linking two TLR agonists with a
defined spatial distance would present the agonists to immune cells in a similar manner as that in
a pathogen, providing increased immune activation compared to a mixture of the same agonists
in solution (Fig. 3.1). This could potentially occur through the confined association of multiple
receptors, thereby promoting TLR dimerization and subsequent immune activation.
Simultaneous activation of multiple TLRs results in increased stimulatory effects broadly called
synergies that result from activation of different combinations of pathways and direct the

polarization of the immune response.’® Several approaches, including the use of virus,

nanoparticle, and dendrimer motifs, have combined multiple agonists to localize delivery and
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mimic natural pathogens.”'* Additionally, in other immune cell systems, multivalent ligands
enhance activation.”'* Increased synergistic activity appears to be correlated with proximity or
multivalency, but this concept has not been shown with TLRs. Our operating hypothesis is that
multivalent TLR agonists might stimulate higher-order TLR structures. In this study, we found
that the coupling of TLR agonists results in increased stimulation, but we cannot yet conclude
that this behavior is due exclusively to TLR ordering.

Figure 3.1 Probing the Immune Response with TLR Agonists
Conjugated at a Discrete Molecular Distance

Viral Capsid Previous Work  This Work - Molecular Stimulation
~ onSynergies TLR2
Q \ I @1 separation MM 2 Lipoteichoic
L. TLR2  TLR9 « Acido
, d Agonist + N/\%O\/}O/\)I\”\’
O By TLR9 nm separation
° CpG -DNA \T‘L\F;é ? CpG-DNA

O O TLRY Agonist Mixture of Agonists
Herpes Virus Free in Solution

Others have studied TLR homodimers, where well-defined and short inter-agonist
spacings of imidazoquinoline homodimers resulted in synergistic or antagonistic modulation of
immunostimulation through TLR7 and TLRS." Similar to approaches used to investigate other

1920 we sought to explore the effect of inter-agonist proximity on the

biological heterodimers,
activation of two different TLRs. We used a bi-functional polyethylene glycol (PEG) linker to
synthesize a TLR di-agonist consisting of TLR2/6 and 9 immunostimulants that activate two
TLRs, known to have a mild synergy,”'** from two different signaling pathways. These TLR
agonists activate the corresponding TLRs, which are expressed in two different cellular
locations, on the cell surface and in endosomal compartments. The resulting conjugate provided

a synergistic enhancement of the innate immune response compared to the same agonists

unconjugated in solution. The increased potency resulted from the defined distance between the
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two agonists. Thus, the linked conjugate provided a more potent immunostimulant for vaccine

development and a defined molecular tool to explore the mechanism of action of this immune

synergy.

3.2 Synthesis and Characterization of the LTA_CpG (TLR2/6_9) Di-Agonist

The initial di-agonist synthesized was inspired by the Herpes Simplex Virus, which
activates TLRs 2 and 9.7'** We covalently conjugated CpG-DNA (CpG, TLR9) to lipoteichoic
acid (LTA, TLR2/6) using a bi-functional PEG, linker bearing N-hydroxysuccinimide (NHS)
and maleimide end groups (Figure 3.2). LTA (2 mg from 10 mg/mL solution in PBS, pH 7.4)
from Bacillus subtilis was first coupled to the bi-functional PEG, linker (12 uL. from 100 mg/mL
solution in DMSO) through the alanine side chain to the NHS ester end-group of the PEG, linker
in approximately 1:1 molar ratio maintained at pH 7.4 for 1 hour, as LTA is susceptible to
hydrolysis under acidic or basic conditions (see 3.6 Experimental Procedures for conjugation
procedures). The LTA_PEG,-maleimide was purified by spin dialysis. 'H NMR spectroscopy
was used to quantify the ratio of PEG linker to LTA (1:2), using the maleimide protons from the
linker and the methyl protons from the LTA lipid chains. We further elaborated the LTA_PEG,-
maleimide conjugate (approximately 2 mg in 200 uLL PBS, pH 7.4) to synthesize the LTA_CpG
(TLR2/6_9) di-agonist by treatment with CpG (50 uL from 1 mM solution in PBS, pH 7.4) for
15 hours at room temperature.

Figure 3.2 Synthesis of the LTA_CpG (TLR2/6_9) Di-Agonist

W

TLR2/6_9 Di-Agonist

° ° 1 LT;VMH? 7 H NG ™ T
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.OJ%/\oﬁ'e\/ \n/\/ ’\No‘:i H 6 0 o
o e} o TN M SH
2 CpG-DNA-SH TLR2/6 Agonist TLR9 Agonist
v Lipoteichoic Acid (LTA) CpG-DNA

PBS pH 7.4, 15 h, RT
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Initially, SDS-PAGE was used to detect the TLR2/6_9 conjugate. There appeared to be a
diffuse high molecular weight band, which was potentially the product since LTA is a
biopolymer (Fig. 3.3). To further confirm and characterize the desired bioconjugate, 'H NMR
spectroscopy, fast protein liquid chromatography, and UV/Vis spectroscopy were used for
analysis (see Appendix B, Figs. S3.2-S3.4). The LTA_CpG di-agonist was purified by FPLC
(Superdex G75, PBS pH 7.4, 0.2 mL/min) (Fig. 3.4) and quantified by UV/Vis spectroscopy at
495 nm by the 6-FAM tag on the 5’-end of the CpG (see Appendix B, Figs. S3.4-S3.5). Dynamic
light scattering (see Appendix B, Fig. S3.6) was performed to determine if the TLR2/6_9
conjugate formed particles in solution. Stable particles were not observed by DLS. However, the
LTA_CpG di-agonist was found to agglomerate over time; this is similar to LTA alone.

Figure 3.3 SDS-PAGE Analysis of the LTA_CpG Di-Agonist™

CpG
Dimers

:

O
°
©

[a] SDS-PAGE of CpG (left), LTA (middle), and the crude reaction mixture containing
LTA_CpG (right).
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Figure 3.4 FPLC Analysis of the LTA_CpG Di-Agonist™

LTA_CpG Cpe NHS-PEG -Maleimide

/

[a] FPLC traces of LTA_CpG (orange), CpG (green), and NHS-PEG¢-maleimide (black) using a
Superdex G75 column, PBS pH 7.4,0.2 mL/min.

Abs 260 nm (Normalized)

8 13 18
Elution Volume (mL)
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3.3 Testing In Vitro Activity of the LTA_CpG Di-Agonist
3.3.1 NF-xB Activity in RAW-Blue Macrophages

The LTA_CpG di-agonist was tested with two different murine cell lines, macrophage
RAW-Blue cells and bone marrow-derived dendritic cells (BMDCs). The RAW-Blue reporter
cell line was used to measure general immune cell stimulation via NF-xB activation (Fig. 3.5).
RAW-Blue cells were stimulated with LTA, CpG, an unconjugated mixture of LTA and CpG, or
the LTA_CpG di-agonist (see Appendix B, Fig. S3.7). Concentrations ranging from 10 to 100 ng
per mL were tested. In the case of the LTA_CpG di-agonist, the concentration was quantified
with respect to the 6-FAM tag on CpG. The LTA_CpG di-agonist activated the RAW-Blue cell

line to a greater extent than the unconjugated mixture of CpG and LTA.
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Figure 3.5 NF-kB Activation of RAW-Blue 264.7 Macrophage Cell Line
Treated with the LTA_CpG Di-Agonist™!

NF-xB Activation

O LTA_CpG (TLR2/6_9)
Di-Agonist

1 1 % %*
) % %3 ® LTA/CpG Mixture

Abs (620 nm)

0 0.02 0.04 0.06 0.08 0.1
Agonist Concentration (ug/mL)

[a] RAW-Blue cells were incubated with TLR2/6_9 di-agonist or a mixture of LTA and CpG
unconjugated for 18 h at 37 °C. Each bar is the result of n=6, where *p < 0.001. Results are

expressed as the mean + SD.

3.3.2 Cell Surface Marker Activation and Cytokine Production in Bone Marrow-
Derived Dendritic Cells (BMDCs)

The magnitude and polarization of the increased immune response was further examined in
BMDC:s to better understand the effect of the LTA_CpG di-agonist on the stimulation of primary
APCs. The LTA_CpG di-agonist (100 ng/mL) provided greater upregulation of cell surface
markers and cytokine production, associated with the activation of the innate immune response
and necessary for T cell activation, compared to the two agonists unconjugated (100 ng/mL of
each agonist). Exposure to the LTA_CpG di-agonist increased the expression of CD40, CDS80,
CD86, and MHCII. This increase was most evident with CD40, in which case there was over a
40% increase in cell surface expression for the LTA_CpG di-agonist relative to the unconjugated
mixture of the two agonists (Fig. 3.6a). The stimulation profile we observed indicates a potential
for an increase in T cell activation and antigen presentation based on increases in T cell adhesion
proteins and MHCII. These results suggest that the LTA_CpG di-agonists may perform as a

superior immunostimulant relative to either agonist alone or an unconjugated mixture. The high
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potency of the LTA_CpG conjugate may provide dose sparing in vivo, which allows
administration of a lower dose of the adjuvant, and is favorable in vaccine applications.

Figure 3.6 Analysis of BMDC Activation via Cell Surface Marker Expression and
Intracellular Cytokine Production using Flow Cytometry'

a Cell Surface Proteins b Polarizing Cytokines ® Resting

100 ; 100, CpG
(o2 7] o) = _ ok = TA
£5 £ 9 gp| 2 ’i* = LTA/CpG Mixture
® X © 5 *x LTA_CpG
S g S 2 60: (TLR2/6_9)
g’ Py g” 2 ] Di-Agonist

(%)
58 5% 40,
2 5 8L, ]
0 o =< 20
o= oL
2S 0 LS 0!
CD86 CD80 CD40 MHCII TNFoa IL-12 IL-6 IL-10

a) BMDC activation via cell surface marker expression when incubated with TLR2/6_9 di-
agonist, a mixture of LTA and CpG unconjugated, and the individual agonists for 18 h at 37 °C.
b) BMDC cytokine profile measured by intracellular cytokine production when incubated with
TLR2/6_9 di-agonist, a mixture of LTA and CpG unconjugated, and the individual agonists for 6
h at 37 °C. Resting/media control (dark blue), CpG (green), LTA (light blue), LTA/CpG mixture
(magenta), LTA_CpG (orange). Each bar is the result of n=3, where **p < 0.01 comparing
LTA_CpG to the Resting — media control. Results are expressed as the mean + SD.

To screen the types of cytokines produced, we measured the expression of five cytokines,
TNF-a., IL-6, IL-10, and IL-12, (Fig. 3.6b), and IFN-y (see Appendix B, Fig. S3.8). CpG, LTA,
and the mixture of CpG and LTA all induced the production of cytokines associated with a pro-
inflammatory response, typical of TLR agonists (TNF-a., IL-6, IL.-12). The LTA_CpG di-agonist
induced greater than a 30% increase in the production of each of these cytokines and also
induced the production of the anti-inflammatory cytokine IL-10 at low (3% of CD11c" dendritic

cells expressed IL-10), but significant levels (p < 0.001, for LTA_CpG as compared to the media

control).

3.4 Examining the Mechanism of Action using TLR Signaling Inhibitors

Mechanistic studies were performed with TLR2 and TLR9 antagonists (OxPAPC, TLR2
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and CpG-ODN2088, TLR9), an endosomal-protease inhibitor to block TLR9 activation
(chloroquine), and LTA conjugated to CpG-ODN2088 (Fig. 3.7). First, we used OxPAPC
(Invivogen, CA) to competitively inhibit the TLR2 pathway. The resulting decrease in
stimulation confirmed that LTA_CpG acts partially through TLR2. The addition of either CpG-
ODN?2088 or chloroquine with OxPAPC further decreased stimulation, confirming that the
activity was dependent on both TLR2 and TLR9. Stimulation also decreased upon the addition of
CpG-ODN2088 or chloroquine alone, showing that activation was partially dependent on the
TLRY pathway. A combination of CpG-ODN2088 and chloroquine produced an additive effect
in decreasing stimulation (see Appendix B, Fig. S3.7). Cumulatively, these results indicate that
stimulation by LTA_CpG proceeds through traditional TLR2/6 and TLR9 pathways. To test
whether the increased activity of LTA_CpG was due to activation of both TLRs, LTA was
conjugated to the antagonist CpG-ODN?2088. This sequence competitively binds TLR9, thereby
inhibiting activity while retaining TLR9 binding. Stimulation with the antagonist construct was
less than that observed with the LTA_CpG di-agonist but greater than that observed with a
mixture of the two TLR agonists. Taken together, these results suggest that although the ability
of the LTA_CpG di-agonist to access the TLR2/6 and TLR9 pathways is partially responsible for
the synergies, there may be a second mechanism at work, as inhibitor and antagonist treatment

did not completely return immune activity to baseline levels.
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Figure 3.7 NF-k B Activation of RAW-Blue 264.7 Macrophage Cell Line
Treated with the LTA_CpG (TLR2/6_9) Di-Agonist and
TLR2 or 9 Inhibitors and Antagonists'

_... . Determination of Active Receptors = Resting

§ 0.8 — = LTA/ CpG Mixture

= I e LTA_CpG Heterodimer

g 0.6 1 | = +OxPAPC (TLR2 Inhibitor)
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[a] RAW-Blue cells were incubated with a mixture of LTA and CpG unconjugated, LTA_CpG
di-agonist, or LTA_CpG* antagonist for 18 h at 37 °C. Each bar is the result of n=6, where *p <
0.1, **p <0.001, and ***NS is non-significant. Results are expressed as the mean + SD.

Our current operating hypothesis is that a molecular-level synergy between TLR2 and
TLR9Y is enhanced by tethering the TLR2/6 agonist LTA to the TLR9 agonist CpG. This
hypothesis is supported by synergies found in the herpes virus, which successively activates
TLR2 and then TLR9, and by the decreased activity when the respective inhibitors were added.”'
We are not yet sure of the mechanism of this synergy. One possibility is that the LTA_CpG di-
agonist creates an avidity effect for each TLR. Thereby, promoting formation of dimeric
signaling complexes and recruitment of adaptor proteins, which results in increased stimulation.
Although we have shown that the LTA_CpG di-agonist is sensitive to both TLR2 and TLR9
antagonists, we have not fully characterized the mechanism of increased stimulation. Therefore,
this rationalization remains only one possible explanation. We also observed the RAW-Blue cell
line stimulated with CpG or the LTA_CpG di-agonist by confocal microscopy. Cell binding and
entry differed in time and location for CpG compared to the LTA_CpG di-agonist. CpG

localized more rapidly, and LTA_CpG showed a greater, but more diffuse presence (see

Appendix B, Fig. S3.9). This evidence in conjunction with the antagonist/inhibitor assay
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provides support for the presence of a molecular-level synergy.

3.5 Conclusion

In summary, we synthesized a covalently coupled LTA_CpG di-agonist and observed
increases in immune cell stimulation with the LTA_CpG di-agonist relative to a mixture of LTA
and CpG. This increased stimulation was conserved across two different cell types and among T
cell adhesion proteins as well as polarizing cytokines. Enhancement of the formation of higher-
order signaling structures is a possible effect of covalent conjugation, but an effect that operates
outside of TLRs cannot be ruled out. Increases in cell adhesion proteins and antigen presentation
proteins were observed for the LTA_CpG di-agonist relative to a mixture of the two agonists.
The corresponding cytokine profile was also greater in magnitude for the LTA_CpG di-agonist
and suggested a pro-inflammatory, Tyl response, similar to many individual TLR agonists.
These results indicate that controlling the spatial presentation of agonists to dendritic cell
receptors alters the stimulation of dendritic cells. We plan to further probe this amplification in T
cell expansion assays. In addition, we are currently exploring different linker lengths and
alternative di-agonist combinations to confirm a molecular level effect as well as using confocal

microscopy to explore the mechanism of action.
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3.6 Experimental Procedures
Lipoteichoic Acid_CpG-ODN1826 Di-Agonist (LTA_CpG) Synthesis.

Synthesis of Lipoteichoic Acid Conjugate (LTA_PEG ;-maleimide)

LTA- NH 0
q W \) PBS pH7.4, 1 h, RT e W WNY\/?
NP
TLR2/6 Agonist
Lipoteichoic Acid (LTA)

A stock solution of lipoteichoic acid (LTA) was prepared by dissolving 5 mg of solid LTA in
500 uL of PBS (pH 7.4). In a typical reaction, the PEG linker (12 uL. of 100 mg/mL in DMSO)
was added to LTA (2 mg of 10 mg/mL in PBS), and the solution was incubated at RT with
constant shaking for 1 h. The crude reaction mixture was subjected to centriprep purification (3
kDa MWCO, PBS pH 7.4). Removal of excess PEG linker was confirmed by monitoring the
UV/Vis absorbance of the filtrate at 260 nm (typically, 3 mL of buffer was required). The
resulting LTA_PEG¢-maleimide conjugate was diluted to a final volume of 200 uL. PBS (pH 7.4)

before analysis by FPLC and UV/Vis (Abs,,,, = 260 nm).

For analysis of LTA by SDS-PAGE: The free amines of LTA and LTA_PEG¢-maleimide were
reacted with fluorescein isothiocyanate (FITC). A stock solution of FITC (10 mg/mL in DMF)
was diluted to a working concentration or 0.1 mg/mL in PBS. Aliquots (3 uL) of LTA (10
mg/mL in PBS) and the purified LTA_PEG¢-maleimide conjugate (10 mg/mL in PBS) were
incubated with 1 puL each of the FITC stock solution at 40 °C for 15 min. Samples were
immediately analyzed by SDS-PAGE without further purification. For confocal microscopy
FITC (10 pL of 1 mg/mL in DMF) was added to a larger LTA aliquot (0.1 mL of 10 mg/mL in

PBS), and the reaction mixture was incubated at 40 °C for 24 h. Excess FITC was removed from

the LTA_FITC conjugate via centriprep purification (3 kDa MWCO, PBS). Removal of excess

44



FITC was confirmed by monitoring UV/Vis absorbance of the filtrate at 495 nm (see Appendix

B, Fig. S1).

Disulfide Reduction of 5’-FAM-tccatgacgttcctgacgtt-3’-SH (CpG)

The DNA sequence 5’-FAM-tccatgacgttcctgacgtt-3’-SS-Et was obtained from Eurofins MWG
Operon and diluted to a concentration of 1 mM in endotoxin free water. The 5’-FAM-
tccatgacgttcctgacgtt-3’-SS-Et (100 uL. of 1 mM in H,0) was added to 300 uL of a 3% aqueous
TCEP solution, and the reaction was incubated at RT for 1 h with constant shaking. Next, 50 uL.
of 3 M sodium acetate and 1.5 mL of EtOH were added to the reaction mixture. The solution was
cooled at -78°C for 30 min. The frozen solution was centrifuged for 20 min at 4 °C, the
supernatant was removed, and the pellet was dissolved in 400 uL of endotoxin free water. This
procedure was repeated 3 times and the resulting CpG pellet was dried in vacuo before dilution
to 1 mM PBS (pH 7.4) as measured by UV/Vis at 260 nm (¢ = 196184 M'cm™). In a typical
reaction, the extent of reduction was 70-80% as measured by Ellman’s Assay. The reduced CpG

was then wused without further purification from the unreduced starting material.

Synthesis of Lipoteichoic Acid_CpG-ODN1826 Di-Agonist (LTA_CpG Di-Agonist)

o MMy fMSH TLR2/6_9 Di-Agoniost

o (e] /TN,
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NNl o O PBSpPH7.4,15h, RT o \[*4F 0 0
TLR2/6 Agonist TLR9 Agonist
Lipoteichoic Acid (LTA) CpG-DNA

In a typical conjugation reaction, reduced CpG (50 uL. of 1 mM in PBS) was added to
LTA_PEG¢-maleimide (approximately 2 mg) diluted from the previous step to 200 uL. in PBS

(pH 7.4). The reaction mixture was incubated at RT overnight (15 h) with constant shaking. The
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crude reaction mixture was passed through a 0.2 wm filter and directly purified by fast protein
liquid chromatography (Superdex G75, PBS, 0.2 mL/min). Elution of the LTA_CpG di-agonist
was confirmed by monitoring the elution absorbance at 260 nm (see Appendix B, Fig. S3.3). The

LTA_CpG di-agonist was analyzed by UV/Vis and quantified via the local Abs,,, at 495 nm (¢ =

8.6 mL mg' cm™) as CpG by mass relative to known standards at 10 ug/mL (Di-agonist Abs
495/260 = 4.4, CpG Abs 495/260 = 3.2, see Appendix B, Fig. S3.4). The LTA_CpG di-agonist
was further characterized via SDS-PAGE (see Appendix B, Fig. S3.5) and dynamic light
scattering. Stable particles were not found by DLS (see Appendix B, Fig. S3.6) for CpG, LTA, a
CpG/LTA mixture, or the CpG_LTA di-agonist when tested at a concentration of 10 ug/mL.
Over time, agglomeration/sedimentation was detected for the LTA_CpG di-agonist and this was
consistent with the sedimentation observed with LTA alone or in a mixture with CpG
(LTA_CpG di-agonist T = -11.9 mV). Significant particle formation was also not observed by
confocal microscopy (see Appendix B, Fig. S3.9).

Statistics.

Data was analyzed using a two-tailed t test. All values were reported as mean + SD, unless stated

otherwise.

*See Appendix B for Additional Figures.
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CHAPTER 4

Synthesis of a TLR4_7_9 Tri-Agonist and
In Vitro and In Vivo Biological Testing Thereof

4.1 Introduction

Since many effective, whole pathogen vaccines activate the innate immune system through
synergistic interactions of multiple immune cell receptors, where Toll-like receptor (TLR)
synergies are the most established, we sought to expand our immune synergy studies to
covalently conjugating three TLR agonists together.'™ To determine how the spatial arrangement
of three agonists affects immune synergies and to eliminate diffusion issues, a single molecular
entity that activates multiple receptors is needed. Here, we covalently conjugated three TLR
agonists via a tri-functional, small molecule core and correlated how the specific spatial
arrangement directly controlled innate immune cell activation. We observed that treatment with
the tri-agonist compound produced a distinct array of cytokines in vitro, and this activity
translated in vivo to generate a wider set of antibodies against a model vaccinia virus vaccine.

In recent years, the conjugation of up to two TLR agonists has been explored, where
treatment with covalently conjugated TLR agonists can generate immune responses that are
synergistic or repressive.”® However, the components of many vaccines activate three to five
TLRs. A prime example is the Yellow Fever Vaccine, one of the most successful vaccines,
which activates four different TLRs (2, 7, 8, and 9)."”'° Some of these enhanced synergies are
postulated to result from cooperation between MyD88 and TRIF adaptor proteins that are
downstream from TLR activation and modulate changes in transcription."™'® As a result, our
working hypothesis was that stimulating a specific set of TLRs on one cell via covalent linkage

of three TLR agonists would activate a distinct pattern of cell-signaling molecules as measured
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by transcription. If each molecular combination yields a distinct immune response profile, then
the synthetic, spatial manipulation of TLR agonists could guide a particular immune response.
To gain a better understanding of TLR synergies, we covalently attached three agonists together
allowing spatially defined activation of three distinct TLRs.

In this chapter, we present the conjugation of pyrimido[54-bJindole, loxoribine, and
CpG-ODN1826, TLR4, 7, and 9 agonists, respectively, into a single tri-agonist compound. TLR7
and 9 are endosomal receptors, while TLR4 is located on the cell surface and in the endosome.
Once stimulated, each TLR activates a specific immune signaling pathway."'* TLR4, 7, and 9
agonists were chosen on the basis of these agonists’ previously reported synergistic effects on the
immune response.'”* Using these agonists, the tri-agonist would activate multiple signaling
pathways from the endosome or from both the endosome and cell surface, instead of a single
pathway, which could result in a modulated cytokine and chemokine immune response. Immune
activation with our tri-agonist was determined by measurement of NF-kB activation in
RAW264.7 macrophage cells (RAW-Blue) and cytokine transcription levels in bone marrow-
derived dendritic cells (BMDCs). Immune cells incubated with the covalently conjugated TLR4,
7, and 9 agonists exhibited an increase in NF-kB activation and changes in cytokine expression
profiles relative to a mixture of the three unconjugated agonists. Additionally, using gene
expression profiling, we observed that the covalent tri-agonist displayed a shift from a
characteristic Tyl biased response (cellular response) toward a balanced response with
upregulation of genes linked to a T,2 type response (humoral/antibody response), B cell
activation, and innate and adaptive immune cell recruitment. Subsequently, we used the
corresponding TLR signaling inhibitors to confirm contribution from TLR4 and TLRO activation

pathways. Additional studies comparing the effect of the tri-agonist on wild-type, MyD88, and
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TRIF knockout mice verified activation of MyD88 and TRIF pathways, thus contributing to a
synergistic increase in the immune response. Taking our studies into an in vivo vaccination
model demonstrated that covalent conjugation of TLR agonists changes antibody production in
terms of antibody breadth and depth, showing how synthetic chemical tools can shape the
immune response. By chemically linking the three agonists in close proximity, we can begin to
decipher how spatial arrangement contributes to immune agonist synergies at the molecular,

cytokine, and gene expression levels.

4.2 Synthesis, Purification, and Characterization of a TLR4_7_9 Tri-Agonist

To covalently probe TLR synergies, we first synthesized a tri-agonist compound using
three agonists exhibiting synergistic activity through specific TLRs (Scheme 4.1, and for
additional synthetic details see Appendix C, Schemes S4.1-S4.5). The agonists were linked using
orthogonal coupling chemistries on a tri-functional small molecule core. The triazine based
molecule was synthesized by treating cyanuric chloride with amines containing alkyne, amine,
and maleimide functional handles.” Increasing the reaction temperature with the addition of each
moiety resulted in a modular asymmetric core. This approach allows many three-TLR agonist

combinations to be synthesized and tested in future studies.
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Scheme 4.1 Synthesis of the Tri-Functional Core and TLR4_7_9 Tri-Agonist
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With a core that could be conjugated to three different bioactive molecules, we attached
three TLR agonists, a pyrimido[54-bJindole (Indole, TLR4 agonist), loxoribine (Lox, TLR7
agonist), and CpG-ODN1826 (CpG, TLR9 agonist) to our core.**> As mentioned, we chose
these TLR agonists based on previous immune synergy studies activating two of the three TLRs
together."”** A pyrimido[5.4-bJindole compound was used to activate TLR4.** The carboxylic
acid precursor of the pyrimido[54-bJindole compound was conjugated to the primary amine
functionality on the core. Next, to activate TLR7, we attached an azide-modified loxoribine to
the alkyne handle using copper-catalyzed Huisgen cycloaddition chemistry. Finally, to conjugate
the TLRY agonist CpG, the protected maleimide was revealed via a retro-Diels-Alder reaction
and conjugated to a 5-C6 linked thiol modified CpG-ODN1826 providing the tri-agonist
conjugate, Indole_Lox_CpG (TLR4_7_9). 89.5% conversion was achieved when treating CpG
with the TLR4_7 di-agonist (4.9) to provide the tri-agonist (4.10), as determined by gel
electrophoresis using ImagelJ software. The tri-agonist was extracted from the gel and isolated as

the purified tri-agonist before analysis and use. Synthesis of the tri-agonist was confirmed by
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MALDI-TOF and quantified via UV/Vis spectroscopy using the fluorescent 6-FAM tag on CpG
(Fig. 4.1a-c, and see Appendix C, Fig. S4.1). In parallel reactions, the corresponding di-agonist
compounds, Indole_Lox (TLR4_7), Lox_CpG (TLR7_9), and Indole_CpG (TLR4_9), were also
synthesized to determine how each agonist contributed to immune activation (see Appendix C,
Schemes S4-S5).

Figure 4.1 Structure and Characterization of the
TLR4_7_9 Tri-Agonist (Indole_Lox_CpG)
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a) Chemical structure of the covalently conjugated tri- agonist compound (Indole_Lox_CpG)
(left). Diagram illustrating how each TLR agonist (pyrimido-indole, loxoribine, or CpG-ODN)
and the corresponding combinations (Indole_Lox, Lox_CpG, or Indole_CpG) contributed to
innate immune activation (right). (b) Confirmation of synthesized Indole_Lox_CpG via MALDI-
TOF. (c) Analysis of Indole_Lox_CpG via gel electrophoresis: CpG-ODN1826 reference (lane
1) and Indole_Lox_CpG reaction mixture (lane 2). Tri-agonist was extracted from the gel and
isolated as purified Indole_Lox_CpG.
4.3 Testing In Vitro Biological Activity of TLR4,7,9 Di- and Tri-Agonists
4.3.1 NF-xB Activity in RAW-Blue Macrophages
First, to determine how covalent attachment of the three agonists affected synergistic

activity, we measured NF-kB activation, one of the main transcription pathways involved in

immune-related cytokine transcription, using the colorimetric macrophage reporter cell line,
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RAW-Blue. The tri- and di- agonist compounds were incubated with RAW-Blue cells for 18 h,
where Indole_Lox_CpG activity (0.5 uM) was compared to the same three TLR agonists in
solution (0.5 uM Indole/0.5 uM Lox/0.5 uM CpG) as well as the related di-agonists (0.5 uM)
(see Appendix C, Fig. S4.4 for dose response curves). For all further experiments, we used our
compounds exclusively at 0.5 uM, which was the concentration at which we observed the most
distinct differences in NF-kB activation (with RAW-Blue cells) and cytokine production (with
bone marrow-derived dendritic cells) between tri- and di-agonist compounds.

Figure 4.2 NF-kB Activation of RAW-Blue 264.7 Macrophage Cell Line
Treated with the TLR4_7_9 Tri-Agonist™
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[a] RAW-Blue macrophage cells were treated with each compound at 0.5 uM for 18 h at 37 °C.
Each bar is the result of n=6, where *p < 0.05 and **p < 0.01. All statistics represent the
asterisked compound compared to Indole_Lox_CpG. Results are expressed as the mean + SD.
We evaluated the differences in NF-kB activity between tri- and di-agonist constructs.
Interestingly, comparing the dose response curves of Indole_Lox_CpG and Indole/Lox/CpG in
RAW-Blue cells demonstrated that the linked tri-agonist and the individual agonists in solution
were equipotent, but different levels of NF-kB activity were observed at 0.5 uM (Fig. 4.2 and
see Appendix C, Fig. S4.4). RAW-Blue cells treated with our tri-agonist compound,

Indole_Lox_CpG, exhibited a 15% increase in NF-kB activation compared to the addition of the

mixture of individual agonists (Fig. 4.2, *p < 0.05). This increase in NF-kB activation was
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attributed to the covalent attachment between multiple TLR agonists. We hypothesized that the
chemically linked agonists were presented to cells in a local manner that provided enhanced
activation. Incubation with either the di-agonist compound, Lox_CpG, or CpG_core (only CpG
attached to the small molecule center) resulted in a 15% decrease in NF-xB activation compared
to the tri-agonist compound (**p < 0.01 and ***p < 0.001, respectively). These results
demonstrated how Lox (TLR7) had no effect on immune activation when conjugated to only
CpG (TLR9). This observation was likely due to CpG (ECs,: 0.15 uM) being a more potent
agonist relative to Lox (see Appendix C, Fig. S4.7 for loxoribine dose response curve).”?* In
addition, we incubated RAW-Blue cells with the TLR4_9 di-agonist, while increasing the
concentration of soluble Lox. We observed that at least 50 uM of soluble Lox was required to
increase NF-kB activity over that elicited by just the TLR4_9 di-agonist (see Appendix C, Fig.
S4.5, *p < 0.05), supporting that Lox is a weaker agonist. Therefore, Lox in the mixture of three
agonists should contribute little to the overall immune activation at 0.5 uM. There was also no
significant difference in NF-kB activity between Indole_ Lox_CpG and the di-agonist compound
Indole_CpG. This result was also likely due to the lower potency of Lox. However, Indole_CpG
exhibited 27% higher NF-xB activity than CpG_core (**p < 0.01), showing that Indole (TLR4)
contributed to an increase in CpG (TLR9) activation. These results demonstrated that treatment
with covalently linked Indole_Lox_CpG activated immune cells more than the mixture of three
TLR agonists at equimolar concentrations, suggesting that agonist proximity has an effect on
immune activation.
4.3.2 Cytokine Production in Bone Marrow-Derived Dendritic Cells (BMDCs)
We then analyzed how our molecules affected cytokine levels by testing our compounds on

primary murine bone marrow-derived dendritic cells (BMDCs). BMDCs were incubated with
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each compound (0.5 uM) for 6 h, and then analyzed by intracellular cytokine staining (ICS) to
quantify changes in IL- 12 production, a pro-inflammatory cytokine signature of TLR activation
(Fig. 4.3, and see Appendix C, Fig. S4.8 for flow cytometry histograms)."** These studies
defined more subtle changes in immune activation. We observed that cells incubated with
Indole_Lox_CpG exhibited a two-fold increase in the median fluorescent intensity (MFI) of IL-
12 expressing cells compared to cells treated with Indole/Lox/CpG (**p < 0.01). These results
correlated with our RAW-Blue studies that Indole_Lox_CpG resulted in increased immune
activation compared to Indole/Lox/CpG. By placing the agonists in closer proximity due to
covalent conjugation, Indole_Lox_CpG possibly achieves more effective stimulation of multiple
TLRs, resulting in the observed synergy. In contrast, when the three agonists are in solution, the
molecules freely diffuse through the cellular environment. This diffusion could prevent
localization of the TLR agonists and subsequent activation of TLR4, 7, and 9 in a spatial manner.

Figure 4.3 Analysis of BMDC IL-12 Cytokine Profile™
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[a] BMDC activation via IL-12 cytokine profile as measured by intracellular cytokine staining
flow cytometry, represented as the fold change of median fluorescent intensity (MFI) of IL-12
expressing cells compared to the no agonist control (Resting). BMDCs were incubated with each
compound at 0.5 uM for 6 h at 37 °C, where Brefeldin A was added for the last 4 h of
incubation. Each bar is the result of n=3, where **p < 0.01. All statistics represent the asterisked
compound compared to Indole_Lox_CpG. Results are expressed as the mean + SD.

To further examine how each agonist contributed to immune activation, we also compared
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covalently conjugated di-agonist combinations that activated only two TLRs. IL-12 production
of Indole_CpG, Lox_CpG, and CpG_core treated cells was comparable to that of
Indole/Lox/CpG. On the other hand, Indole_Lox_CpG displayed nearly 1.5-fold higher IL-12
production than Indole_CpG, and Indole_CpG exhibited nearly 1.5-fold higher IL-12 production
relative to CpG_core. Although both results were not significant, this data alluded to Lox’s
contribution to the upregulation of TLR activation in the tri-agonist and Indole’s (TLR4)
contribution to the upregulation of TLR activation when presented to immune cells with CpG
(TLRY9). These observations were confirmed with significant results in the gene expression
profile experiments. In contrast, the activity of Lox_CpG was similar to that of CpG_core,
demonstrating that Lox (TLR7) did not affect CpG (TLR9) activity and thus resulted in no
change in IL-12 production. These results suggest how each agonist added to the overall activity
of Indole_Lox_CpG, implying that particular agonist combinations give distinct responses.
4.3.3 Gene Expression Profiling of BMDCs

Since these covalent synergies were suggestive of specific changes in the cytokine levels
based on the covalent conjugation and agonist combinations, we examined the global influence
of these two parameters on dendritic cell gene expression profiles. Using microarray gene
expression profiling, we measured changes in the transcription level of 561 genes associated with
an immune response using a NanoString Immunology Assay (Fig. 4.4a). BMDCs were
incubated with tri- and di-agonist constructs at 0.5 uM for 18 h. Then, total RNA was extracted
(Qiagen RNeasy kit) and subsequently analyzed in triplicate using the microarray technology
(UC Irvine Genomics High Throughput Facility). We mapped the activity of our compounds to
gene expression for specific immune-related functions, such as Tyl and T2 linked responses

(Fig. 4.4b), to observe if activating specific agonist combinations in close proximity upregulated
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a response and to what extent. We validated that the gene expression of /12 agreed with our
intracellular flow cytometry experiments (Fig. 4.4¢).

Figure 4.4 BMDC Gene Expression Profile

a % 5 LY Y b T /T2
I - -
== 2 Gene Expression Profile
na2p Q
Tgib1 R 2
cr7 é’ @©
e s E— Stat2 o xc 3 TH1 | TH2
——— 6 o S
| ceda ©L
= == |
e e T 2
e — — Tnf ]
e o c
e e Cd40 O S 1 |
- Bel3 &
e Bcel6 3 I
=_=— Statba mlé 0
=+ g 1112 Cd40 Ccl5 1lI15 1I6 1110 Ccl2
e e B E— e £
0 +—
T 2 ¢ 2 ¢ & ¢& Legend:
£ -§ 8‘ S ¢ 9 9 g
- x [} x . . -
°© ¥ 8 38 3 3 5 @ Pyrimido-indole @ CpG-ODN
4 s ] )
[=} - -
° [=}
0o 1 2 = 2 @ Loxoribine Y core
Cc T, 2 T, 1 Cd40 T, 5
.
o 150 33“302 o 80 o 20
o 2100 wx @ - 2 60 *kk -2 *k gk
] *kk o & 40 ool *kk o & 10
g o £5 2 E5
0 0 0
S © 0 o0 & 0 > o O O
o(‘\éo 90‘ [ .‘SQQ R & 00@ I I o‘(‘o 00« (ﬂ oQ _QOQ
e Qo o O\e/ & o+ < o ot e O e ¢ Q(, & °+/
[ & MY RV E ): (SN b° R
Y& vE S € bo\w
&
T2 b T, e T.2 N
o 20 Ccl2 P %gg Ccl5 0120 1o
%%k * *
K=} CC” *k k) 2,150 *rk o % K=} g’ gg o
cc 10 C ® 100 o ®
e S L c 58 L s 30
0
o O I N
& R R &K &R R &K &x"\ & & E LS
OB ONP SEN N & S L @ & N o
© &F o KV E e & VEST
A € & &

a) Heat map of immune function related genes. Each bar represents n=3. BMDCs were incubated
with each compound for 18 h at 37 °C. Total RNA was then isolated using RNeasy kit (Qiagen)
and analyzed using NanoString Technology. b) Graph illustrating T,1/T,2 gene expression
profile comparing the gene transcription level of Indole_Lox_CpG to Indole/Lox/CpG. c)
BMDC gene profile illustrating the main trend: Indole_Lox_CpG treated cells elicited the most
upregulation in a subset of gene expression. Each figure illustrates the fold change of the
specified agonist compared to the no agonist, media control and is the result of n=3, where *p <
0.05, **p <0.01, and ***p < 0.001. All statistics represent the asterisked compound compared to
Indole_Lox_CpG. Results are expressed as the mean + SD.

Additionally, we observed two main trends in the gene profile data: one in which a subset
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of gene expression related to T2 and T and B cell development was upregulated and a second in
which a subset of gene expression related to inflammation and chemotaxis was upregulated, but
to a lesser extent. The first trend corresponded to what we observed for 7//2 gene expression
where Indole_Lox_CpG expressed the highest gene count, followed by Indole_CpG and last,
Lox_CpG, CpG_core, and Indole/Lox/CpG, which were typically comparable (Fig. 4.4b-c). This
major trend of upregulation was observed not only with 7//2 expression, which is associated with
a Ty1 polarized response, but also with a subset of gene expression related to T};2 responses and
activation of innate and adaptive immunity, which included 116, 1110, 1115, Cd40, Ccl2, and Ccl5
(Fig. 4.4¢)."

Comparing CpG_core to the di-agonists, Indole_CpG and Lox_CpG, showed that Indole
(TLR4) upregulated CpG (TLR9) activity as exemplified by the 1.3-fold increase in 1//2 gene
expression of Indole_CpG compared to CpG_core (Fig. 4.4c, **p < 0.01). Lox (TLR7), on the
other hand, did not change CpG (TLR9) activity in Lox_CpG, and Indole_Lox still did not
activate immune cells. However, the addition of Lox (TLR7) to the TLR4_9 combination in
Indole_Lox_CpG was associated with upregulation of the immune response gene expression
profile. This upregulation correlated with our previous observations, signifying the importance of
activating specific TLR agonist combinations in close proximity and the effect of synergistic
interactions on innate immune cells.

Interestingly, Indole_Lox_CpG activity also exhibited a lower level of gene upregulation
with a subset of genes compared to the agonists in solution (Fig. 4.5). Regulatory genes and
those in the TNF ligand family were upregulated to a lower degree by our covalent compound
Indole_Lox_CpG compared to Indole/Lox/CpG (**p < 0.01). This subset of genes included

Tnfsfl4, Tgfbi, and Tnfsf13b.”* In other cases, when compared to Lox_CpG, the tri-agonist
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compound exhibited a decrease in gene upregulation, with genes such as 7nf and Ccl4 (***p <
0.001 and *p < 0.05, respectively), related to inflammation and immune cell chemoattraction. In
general, this repressive trend showed that Indole_CpG and Indole_Lox_CpG exhibited lower
gene expression compared to Lox_CpG and CpG_core. This result suggested that Indole (TLR4)
caused less upregulation of a subset of genes related to the TNF ligand family and inflammation,
which contributed to the lower fold change in gene expression observed with Indole_Lox_CpG
treated cells. Comparing the tri- and di- agonist compounds demonstrated how each TLR agonist
affected specific families of genes. Thus, particular agonist combinations upregulated defined
subsets of gene expression to different extents, possibly affecting downstream signaling and
adaptive immune responses.
Figure 4.5 BMDC Gene Expression Profile Data
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a-d) BMDC gene expression profile illustrating second main trend observed, where Indole
contributed to a decrease in CpG immune activity exhibited by Indole_Lox_CpG. BMDCs were
incubated with each compound for 18 h at 37 °C. Total RNA was then isolated using RNeasy kit
(Qiagen) and analyzed using NanoString Technology. Each figure illustrates the fold change of
the specified agonist compared to the no agonist control and is the result of n=3, where *p <
0.05, **p <0.01, and ***p < 0.001. All statistics represent the asterisked compound compared to
Indole_Lox_CpG. Results are expressed as the mean + SD.
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4.4 Mechanism of Action: TLR Inhibitor and Knockout Studies

To understand what signaling pathways were involved in Indole_Lox_CpG activation, we
used BMDCs harvested from MyD88 knockout (MyD88") and TRIF knockout (TRIF") mice.
MyD88 and TRIF are adaptor proteins downstream of TLR activation and control transcription
of immune-signaling molecules. Research has shown that MyD88 and TRIF work together to
synergistically activate cytokine production and enhance the immune response.'"'> We treated
each group of BMDCs with Indole_Lox_CpG for 6 h and then assessed IL-12 production using
ICS. When treated with the tri-agonist, both TRIF" and MyD88” BMDCs showed decreases in
IL-12 production compared to treated wild-type (WT) BMDCs, nearly two-fold and seven-fold
decreases (*p < 0.05 and **p < 0.01), respectively (Fig. 4.6a). These results demonstrated that
Indole_Lox_CpG activated the TRIF pathway, probably originating from Indole, since TLR4
agonists can signal via both MyD88 and TRIF pathways.'*'"** Activation was heavily dependent
on MyDS88 activation, as shown by the seven-fold decrease in IL-12 production, which was
likely due to CpG (TLRY) being a strong MyD88 activator.” The difference in TRIF and MyD88
activation levels may also be due to a temporal component of immune pathway activation that
will require further investigation.® With the ability to change MyD88 and TRIF activation levels
using tri-agonist constructs, we can synthesize other multi-agonist adjuvants that potentially

provide tailored immune responses.
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Figure 4.6 BMDC Cytokine and Gene Expression Profile of Mechanistic Studies using
TRIF and MyD88 Knockout Mice or TLR Signaling Inhibitors
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a) IL-12 cytokine profile of wild-type (WT), TRIF knockout (TRIF"), and MyD88 knockout
(MyD88") BMDCs treated with Indole_Lox_CpG, represented as the fold change of median
fluorescent intensity (MFI) of IL-12 expressing cells compared to the no agonist, media control.
BMDCs were incubated with Indole_Lox_CpG for 6 h at 37 °C, where Brefeldin A was added
for the last 4 h of incubation. Each figure is the result of n=3, where *p < 0.05 and **p < 0.01. b)
BMDC IL-12 cytokine profile with TLR signaling inhibitors, represented as the fold change of
median fluorescent intensity (MFI) of IL-12 expressing cells compared to the no agonist, media
control. BMDCs were incubated with the designated inhibitor for 1 h at 37 °C and then each
compound for 6 h at 37 °C. Brefeldin A was added for the last 4 h of incubation. Each figure is
the result of n=3, where *p < 0.05 and **p < 0.01. c-d) Gene expression profile representative of
the two main trends observed when BMDCs were treated with TLR signaling inhibitors: ¢) 1112
expression of Indole_Lox_CpG treated cells incubated with CLI-095 (TLR4 inhibitor) and CpG-
ODN2088 (TLRY antagonist), showing contributions from TLR4 and TLR9 pathways, and d)
upregulation of gene expression profile when TLRY signaling was inhibited. Each figure
illustrates the fold change of the specified agonist compared to the no agonist, media control and
is the result of n=3, where *p < 0.05 and ***p < 0.001. All statistics represent the asterisked
compound compared to Indole_Lox_CpG. Results are expressed as the mean + SD.

In order to identify the precise role of each agonist/receptor set in directing BMDCs, we
used a TLR inhibitor and antagonist to perform mechanistic studies. Our hypothesis was that
inhibiting activation of a single type of TLR would lead to a subsequent change in cytokine
levels and gene expression, confirming that receptor’s role in the response elicited from
Indole_Lox_CpG. A TLR4 intracellular domain inhibitor, CLI-095,”7** and a TLR9 antagonist

oligonucleotide, CpG-ODN2088.”” were used to selectively inhibit TLR signaling or block TLR
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agonist binding, respectively. The inhibitor or the antagonist was used along with the tri-agonist
compound, Indole_Lox_CpG. Resulting cytokine production allowed us to determine the
contribution of each agonist and TLR activation pathway.

First, we examined whether each signaling inhibitor reduced IL-12 production. BMDCs
were incubated with a designated inhibitor for 1 h before adding in Indole_Lox_CpG. The cells
were then incubated for an additional 6 h, and ICS was performed to assess IL.-12 production.
Using CLI-095 (100 nM), a minimal, but significant, decrease in IL-12 (20% decrease of
Indole_Lox_CpG IL-12 production with CLI-095 compared to Indole_Lox_CpG, *p < 0.05) was
observed (Fig. 4.6b, and see Appendix C, Fig. S4.9 for flow cytometry histograms). When
incubating with CpG-ODN 2088 (100 nM), greater inhibition of IL-12 production (80% decrease
of Indole_Lox_CpG IL-12 production with CpG-ODN2088 compared to Indole_Lox_CpG, **p
< 0.01) was observed, confirming that TLR9 was the main contributor of IL-12 production when
treating cells with Indole_Lox_CpG. The TLR9 antagonist, CpG-ODN2088, was used to
synthesize an antagonist version of the tri-agonist compound (Indole_Lox_CpG2088).
Incubating Indole_Lox_CpG2088 with BMDCs reduced IL-12 production to near resting state
(see Appendix C, Fig. S4.10, **p < 0.01). The low amount of cytokine production without CpG
was attributed to the potency of CpG, also showing that the incorporation of CpG was necessary
to observe synergistic activity between TLR4, 7, and 9.

Expanding our studies to a broader range of cytokines and proteins via the NanoString
assay, we analyzed gene expression of BMDCs after exposure to CLI-095 or CpG-ODN2088
and Indole_Lox_CpG (Fig. 4.6¢c-d). We observed two main trends that correlated to the two
trends observed in the previous tri- and di-agonist comparisons: first, that activation of all three

receptors is important for the upregulation of genes to elicit a more balanced response, and
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second, that defined agonist combinations control the specific direction of the activity. The ICS
experiment matched the main trend observed in the gene studies. I//2 gene expression was
reduced by CLI-095 (28% decrease of Indole_Lox_CpG 1112 expression with CLI-095 compared
to Indole_Lox_CpG, ***p < 0.001) and further by CpG-ODN2088 (38% decrease of
Indole_Lox_CpG 1112 expression with CpG-ODN2088 compared to Indole_Lox_CpG, ***p <
0.001), confirming contribution from TLR4 and TLR9 signaling pathways. This trend applied to
the majority of genes, including pro-inflammatory genes 1/6 and 1115 as well as adaptive
immune-related genes Ccl2 and Ccl5. The second trend observed resulted in gene upregulation
relative to Indole_Lox_CpG when TLR9 inhibition occurred and minimal to no decrease in gene
expression with TLR4 inhibition. This was observed for genes related to CD4" cell chemotaxis
and development as well as the TNF ligand family. This confirmed how close agonist proximity
through covalent modifications resulted in contribution from multiple TLR activation path-
ways, which altered and directed innate immune responses.
4.5 Testing In Vivo Activity for Antibody Depth and Breadth with a Vaccinia Virus
Vaccination Model

After studying how our compounds changed the immune response in vitro, we wanted to
observe how Indole_Lox_CpG performed in vivo using a model vaccination system, vaccinia
virus (small pox). C57BL/6 mice were immunized via intramuscular (i.m.) injection with heat-
inactivated vaccinia virus (2.5 x 107 pfu/ mL) and adjuvanted with either phosphate buffered
saline (PBS) as the vehicle, Indole/Lox/CpG (0.05 nmol of each agonist), or Indole_Lox_CpG
(0.05 nmol). Mice were boosted on day 14 with the designated vaccine. Serum was drawn from
the mice on day 0, 7, 14, 21, and 28, and analyzed using a vaccinia protein microarray*’ to

determine antibody depth and breadth. Looking at the immunodominant vaccinia antigen
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(WR148), Indole_Lox_CpG displayed the greatest depth in IgG1 antibody response (Fig. 4.7a).
Additionally, Indole_Lox_CpG elicited the broadest breadth in antigen-specific antibody
response compared to the no adjuvant vehicle or Indole/Lox/CpG (Fig. 4.7b, **p < 0.01). In
contrast, Indole/ Lox/CpG did not significantly change antibody depth or breadth compared to
the vehicle. These results demonstrated that delivering a single, spatially defined tri-agonist
compound in vivo can control antibody responses. The difference in antibody response between
the tri-agonist, Indole_Lox_CpG, and Indole/Lox/CpG may be attributed to the different immune
signaling pathways that are activated and the order in which the TLRs are stimulated, as a result
of the covalent linkage and spatial arrangement of the TLR agonists. We are currently working
on performing more in vivo studies to understand the mechanism and effect of different agonist
combinations. These experiments show the utility and influence covalently linked multi-agonists
might have on immunotherapy development.

Figure 4.7 Vaccinia Virus Vaccination Model with Indole_Lox_CpG as the Adjuvant
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a-b) Effect of Indole_Lox_CpG on IgG1 immune response in heat-inactivated vaccinia virus
immunized mice. Mice were vaccinated via i.m. injection on day O with heat inactivated vaccinia
virus (2.5 x 107 pfu/mL) adjuvanted with PBS (Vehicle), Indole/Lox/CpG, or Indole_Lox_CpG
with a total injection volume of 50 uL. Mice were boosted on day 14. At day 28, the experiment
end point, serum was collected from mice and probed on a vaccinia protein microarray. a) Mean
signal intensities of sera toward vaccinia immunodominant antigen WR 148 at day 28, where **p
< 0.01. b) Number of reactive antigens in sera of immunized mice at day 28, where **p < 0.01.
Results are expressed as the mean + SEM; n = 8/group; unpaired, two-tailed t test. All statistics
represent the asterisked compound compared to the no adjuvant vehicle.
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4.6 Conclusion

Here, we present evidence that the spatial arrangement of TLR agonists and the specific
combinations of stimulated receptors resulted in defined activation patterns of dendritic cells. We
detailed the synthesis of a tri-agonist construct, expanding recent two agonist synergistic studies
to the use of three agonists. Through conjugation of a third agonist and in close proximity, we
created a distinctive, more balanced response, shifting the immune response from Tyl
polarization to a more balanced Tyl1/T,2 response and activation of innate and adaptive
immunity. By comparing the tri-agonist compound to di-agonist constructs, we observed how
each agonist shaped the innate immune response. Mechanistic studies were performed with
adaptor protein knockout mice and the corresponding TLR inhibitor and antagonist to show the
specific receptors and pathways through which the tri-agonist compound proceeded. We also
observed that Indole_Lox_CpG increased antibody breadth and signal intensity toward a specific
antigen when compared to the mixture of three agonists. In future studies, we plan to synthesize
other TLR agonist combinations. These molecules will aid in determining how covalent
synergies direct antigen presentation and the types of cell populations that become activated. The
covalently linked Indole_Lox_CpG aided in elucidating how TLR4, 7, and 9 synergies
contributed to the observed changes in innate immune responses. Chemically controlling the
spatial organization of innate immune agonists and specific agonist combinations can be used as
a tool to direct immune responses and further understand how the immune system responds to
pathogens. From this, researchers can potentially start to develop more effective

immunotherapies using adjuvants designed to elicit targeted responses.
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4.7 Experimental Procedures

RAW264.7 Macrophage (RAW-Blue) NF-xB Assay.

RAW-Blue cells were plated at 10 x 10* cells/mL density (180 uL) in 96-well plates using
testing media: D-MEM High Glucose medium (Life Technologies), 10% heat inactivated FBS, 2
mM L-glutamine, and antibiotic-antimycotic (1x). RAW-Blue cells were incubated with 20 uL.
of each agonist for 18 h at 37 °C in a CO, incubator. Cell medium (50 uL) from the stimulated
RAW-Blue cells was removed, placed into a 96-well plate, and incubated with QUANTI-Blue

solution (InvivoGen) (150 uL) for 1.5 h at 37 °C in a CO, incubator. The absorbance (620 nm)

was measured using a Fisher Scientific MultiSkan FC.

In Vitro Bone Marrow-Derived Dendritic Cell Culture and Intracellular Cytokine Staining.
Monocytes were harvested from 6-week-old C57BL/6, B6.129P2(SJL)-Myd88™"'""/J(MyD88"
), or C57BL/6J-TicamI™*/J (TRIF") mice." Monocytes were differentiated into dendritic
cells (BMDCs) using supplemented culture medium: RPMI 1640 (Life Technologies), 10% heat
inactivated fetal bovine serum (Sigma), 20 ng/mL granulocyte-macrophage colony-stimulating
factor (produced using “66” cell line), 2 mM L-glutamine (Life Technologies), antibiotic-
antimycotic (1x) (Life Technologies), and 50 uM beta-mercaptoethanol (Sigma). After 5 days of
culture, BMDCs were incubated with each agonist (0.5 uM) in culture medium for 6 h at 37 °C
in a CO, incubator. GolgiPlug (BD Biosciences), containing Brefeldin A, was added to cell
culture for the final 4 h of culture. Cells were stained for intracellular IL-12 cytokine production
and analyzed using BD Accuri C6.

Immunization.

C57BL/6 mice were vaccinated intramuscularly (i.m.) at day O with heat-inactivated vaccinia

virus Western Reserve (VVWR) strain (2.5 x 107 pfu/mL) adjuvanted with specified multi-
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agonist compound(s) (0.05 nmol) or PBS as a control in a total injection volume of 50 uL. Mice
received vaccine boost at day 14. Serum samples were collected from mice via saphenous vein at
day 0,7, 14,21, and 28 post vaccination.

Viruses.

VVWR stocks were grown on HeLa cells in T175 flasks, infecting at a multiplicity of infection
of 0.5. Cells were harvested at 60 h, and virus was isolated by rapidly freeze-thawing the cell
pellet three times in a volume of 2.3 mL of RPMI plus 1% fetal calf serum (FCS). Cell debris
was removed by centrifugation. Clarified supernatant was frozen at -80 °C as virus stock.
VVWR stocks were titered on Vero cells (2 x 108 pfu/mL). Heat-inactivated VVWR stock was
prepared by incubating virus on a water bath at 65 °C for 1 h.

Gel Electrophoresis.

CpG-ODN containing compounds were purified using Mini-PROTEAN TBE-Urea Precast Gels
(BIO-RAD) and Mini-PROTEAN Tetra Cell system. Compounds were loaded into gels in TBE
urea buffer (7:20 compound:loading buffer). Gels were run in TBE buffer at 100 V for 1 h. The
resulting gels were imaged using a GE Typhoon gel scanner. The desired band was excised,
crushed, and eluted into HPLC grade water overnight at 37 °C. The resulting solution was
concentrated using 3k Amicon Centrifugal Filter Units (EMD Millipore) and filtered using 0.2
uM cellulose acetate syringe filter (Restek). The resulting product was desalted using ZipTipcs,
analyzed by MALDI-TOF using 3-hydroxypicolinic acid matrix, and quantified using a
NanoDrop spectrophotometer.

MALDI-TOF.

The reaction mixture was passed through ZipTip¢,s (Millipore) according to Millipore protocol:

ZipTipq,3 was equilibrated with 50% acetonitrile/water (2 x 10 uL) and subsequently 0.1 M
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triethylammonium acetate (TEAA) (3 x 10 uL). The oligonucleotide-containing compound was
passed through the ZipTipq;s (10 x 10 uL). The ZipTipc,; was washed with 0.1 M TEAA buffer
(3 x 10 uL) followed by nanopure water (3 x 10 uL). The desired product was eluted using 50%
acetonitrile/water (3 x 10 uL). The eluted product was concentrated using a speed-vacuum and
mixed with 0.36 M 3-hydroxypicolinic acid matrix (1:1 acetonitrile:300 mM ammonium citrate
solution in 50% acetonitrile/water) (2 ulL). The sample was spotted directly onto the MALDI
plate and analyzed in negative ion mode. For small molecules, the sample was spotted with o-
cyano-4-hydroxycinnamic acid matrix (in 1:1 acetonitrile:water with 0.1% TFA) and analyzed in
positive ion mode.

Production and Probing of Vaccinia Protein Microarray.

The cloning and expression platform is described in detail previously.*’ Briefly, custom PCR
primers comprising 20 bp of gene-specific sequence with 33 bp of “adapter” sequences were
used in PCRs with vaccinia virus WR strain genomic DNA as a template. The adapter sequences,
which become incorporated into the termini flanking the amplified gene, were homologous to the
cloning site of the T7 expression vector pNHisCHA (Gene Therapy Systems, San Diego, CA)
and allowed the PCR products to be cloned by homologous recombination in competent DH5a
cells. The adapters also incorporated a 5’-polyhistidine epitope, an ATG translation start codon,
and a 3’-hemagglutinin epitope and T7 terminator. Sequence-confirmed plasmids were expressed
in 5 h in vitro transcription-translation reactions (RTS 100 kits from Roche) according to the
manufacturer’s instructions. Protein expression was monitored either by dot blot or by
microarray using both monoclonal anti-polyhistidine (clone His-1 from Sigma) and monoclonal
anti-hemagglutinin (clone 3F10 from Roche) antibodies, followed by appropriate secondary

antibodies. Microarrays were printed onto nitrocellulose coated glass slides (FAST from
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Schleicher & Schuell Bioscience) using an Omni Grid 100 microarray printer (Gene Machines).
Prior to array staining, the sera were diluted to 1/100 in Protein Array Blocking Buffer
(Schleicher & Schuell Bioscience) containing Escherichia coli lysate at a final concentration of
10% and incubated at room temperature for 1 h with constant mixing. The arrays were
rehydrated in blocking buffer for 30 min and probed with the pretreated sera for 2 h at room
temperature with constant agitation. The slides were then washed 3 times in Tris buffer
containing 0.05% Tween-20 and incubated with biotin conjugated anti-mouse IgG1 secondary
antibodies at 1:200 in blocking buffer for 1 h. The slides were then washed 3 times with Tris
buffer containing 0.05% Tween-20 followed by incubation with streptavidin-Surelight P-3
conjugated at 1:200 in blocking buffer for 45 min. After washing, the slides were air-dried under
brief centrifugation and stored in a desiccator at room temperature. The microarrays were
scanned using a Gene Pix 4100A scanner (Molecular Devices, Sunnyvale, CA), and image
analysis was performed with Genepix Pro 5.0 software (Molecular Devices). The spot intensity
was calculated as the median spot value minus local spot background. A secondary correction for
background binding to E. coli proteins in the reaction mixture was done by subtracting an

average of the no-DNA spots from the background-corrected spot value.

Synthetic Procedures
Compounds 4.2 and 4.3 (synthetic scheme provided in Scheme 4.1 in the main text) were

1‘23

synthesized according to Banerjee, R. et al.” Pyrimido-indole carboxylic acid derivative (see

Appendix C, Scheme S4.1) was synthesized according to Chan, M. et al.**
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2-(piperidin-4-ylmethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (4.4).
Exo-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (3.6 mL, 0.030 mol) was
dissolved in ethanol (30.1 mL). 4-(Aminomethyl) piperidine (3.6 mL, 0.030 mol) was
subsequently added to the solution. The reaction mixture was heated at reflux for 3 h. The
mixture was concentrated and dissolved in deionized water. The aqueous layer was washed with
dichloromethane (5x). The organic layer was dried with sodium sulfate, filtered, and
concentrated. The desired product was a white solid (3.2 g, 40% yield). 'H NMR (500 MHz,
CD,0D) 6 6.55 (s, 2H), 5.15 (s, 2H), 3.34 (d, J = 5, 2H), 2.99 (br td, J = 12.5, 3, 2H), 2.92 (s,
2H),2.49 (td,J=12.5,3,2H), 1.84-1.76 (m, 1H), 1.60 (app. brd, J = 12.5,2H), 1.05 (qd, J = 25,
12.5,4,2H). "C NMR (500 MHz, CD,0D)
0 178.7, 137.6, 82.3, 48.3, 46.3, 45.1, 35.7, 30.8. HRMS: m/z caled for C,H;N,O; [M+H]"

263.1396, observed 263.1393.
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Tert-butyl (2-((4-(4-((1,3-dioxo0-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-
yl)methyl)piperidin-1-yl)-6-(prop-2-yn-1-ylamino)-1,3,5-triazin-2-yl)amino)ethyl)carbamate
(4.5). Compound 4.3 (0.10 g, 0.31 mmol) was dissolved in anhydrous DMF (1.0 mL). DIPEA

(59 uL) and 4.4 (0.090 g, 0.34 mmol) were subsequently added to the solution. The reaction
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mixture was heated at 80 °C for 3 h. The mixture was concentrated and purified by column
chromatography (100% EtOAc). The product was a light yellow shiny solid (0.16 g, 95% yield).
'H NMR (500 MHz, CDCL,) & 6.52 (s, 2H), 5.27 (s, 2H), 4.70 (br s, 2H), 4.15 (br s, 1H), 3.48 (br
s, 2H), 3.38 (d,J =7.5,2H), 3.30 (br d, J = 4, 2H), 2.85 (s, 2H), 2.75 (app. br t, J = 10.5, 2H),
221 (t,J=2.5,1H), 1.98 (br m, 1H), 1.65 (app. brd, J =12.5,2H), 1.42 (s, 9H), 1.16 (app. br q,
J=11,2H). "C NMR (500 MHz, CDCl,) § 176.5, 166.2, 165.3, 164 .4, 156.2, 136.5, 80.9, 79.1,
70.8,56.0,47.3,44.1,42.8,41.5,40.5, 349, 30.3, 29.5, 28.3. HRMS: m/z calcd for C,;H;;N;O;

[M+Na]* 575.2706, observed 575.2717.

Perfluorophenyl 2-((4-oxo-3-phenyl-4,5-dihydro-3H-pyrimido[S 4-b]indol-2-yl)thio)acetate
(PFP-pyrimido-indole, 4.6). The carboxylic acid derivative* (0.50 g, 1.4 mmol) was dissolved
in anhydrous DMF (2.8 mL). DIPEA (049 mL, 2.8 mmol) and pentafluorophenyl
triflouroacetate (PFP-TFA) (0.37 mL, 2.1 mmol) were then added. The reaction stirred for 18 h
at room temperature and the solution turned dark brown black color. The reaction mixture was
concentrated and recrystallized using ethyl acetate to obtain brown, green crystals. The product
was confirmed by 'H NMR, ""F NMR, and ESI-MS and submitted crude. 'H NMR (500 MHz,
DMSO-d,) & 134 (s, 1H),9.03 (d,J=9.5,1H), 7.78 (br t,J =7,3H), 7.71 (app. brdd, J = 7.5,
2H), 7.68 (app. brd, J =10, 1H), 7.60 (t,J = 8, 1H), 7.39 (t,J = 8, 1H), 3.57 (br s, 1H), 3.09 (br
s, 1H). "F NMR (400 MHz, DMSO-d,) § -164.1, -167.3. ESI-MS: m/z calcd for C,,H,,FsN;0,S

[M+H]" 540.0, observed 540.0.
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N-(2-((4-(4-((1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)methyl)piperidin-
1-yl)-6-(prop-2-yn-1-ylamino)-1,3,5-triazin-2-yl)amino)ethyl)-2-((4-0x0-3-phenyl-4,5-
dihydro-3H-pyrimido[S4-blindol-2-yl)thio)acetamide (Indole_core, 4.7). Compound 4.5
(0.20 g, 0.36 mmol) was dissolved in dichloromethane (0.90 mL). Trifluoroacetic acid (0.90 mL)
was then added. The reaction was allowed to stir for 2 h at RT. The solution was concentrated.
The crude residue was dissolved in a dilute sodium bicarbonate solution. The aqueous layer was
washed with dichloromethane (3x). The organic layer was dried with sodium sulfate, filtered,
and concentrated to provide a sticky white solid (150 mg, 91% crude yield). The product was
confirmed by '"H NMR and ESI-MS and submitted crude. "H NMR (500 MHz, CDCL,) 6 6.54 (s,
2H), 5.28 (s,2H),4.79 (d,J = 12, 1H), 4.65 (br s, 1H), 4.17 (br s, 2H), 3.81 (br s, 2H),3.42 (d, J
= 6.5, 2H), 3.38 (br s, 2H), 291 (s, 2H), 291 (br s, 2H), 2.27 (br s, 1H), 2.06 (br m, 1H), 1.74
(app. br t, J = 13, 2H), 1.22 (app. br q, J = 11, 2H). ESI-MS: m/z calcd for C,,H,xN;O; [M+H]"
453 .2, observed 453 4.

Boc-deprotected core (0.20 g, 0.45 mmol) and 4.6 (0.25 g, 0.49 mmol) were dissolved in
anhydrous DMF, followed by the addition of DIPEA (0.16 mL, 0.90 mmol). The solution was
stirred at RT for 24 h and then concentrated. The crude mixture was purified by column

chromatography (100% EtOAc). The desired product was a yellow, brown solid (0.28 g, 80%
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yield). '"H NMR (500 MHz, DMSO-d,) & 7.69-7.66 (br m, 3H), 7.39 (t,J = 7.5, 4H), 7.15 (t,J =
7,2H), 6.57 (s,2H), 5.16 (s, 2H), 4.65 (br s, 2H), 3.96 (br s, 2H), 3.71 (br s, 1H), 3.48 (br s, 2H),
3.35 (brs, 3H), 3.25 (br s, 2H), 3.01 (brs, 1H),2.95 (brd, J = 8,2H), 2.70 (br s, 2H), 1.84 (br m,
1H), 1.55 (app. br d, J = 13, 2H), 099 (br s, 2H). "C NMR (500 MHz, CDCIl,)
0 176.7,165.7, 164.3, 138.3, 136.4, 134.3, 129.0, 124.0, 119.7, 112.7, 82.5, 80.4, 71.9, 47.1,

43.2,42.1,40.1, 34.5,29.4,29.0. HRMS: m/z caled for C,H; N, OS [M+H]" 786.2935,

observed 786.2941.
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N-(2-((4-(((1-((5-(7-allyl-2-amino-6 8-dioxo-1,6,7 8-tetrahydro-9H-purin-9-yl)-3 4-
dihydroxytetrahydrofuran-2-yl)methyl)-1H-1,2 3-triazol-4-yl)methyl)amino)-6-(4-((1,3-
dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)methyl)piperidin-1-yl)-1,3,5-
triazin-2-yl)amino)ethyl)-2-((4-oxo-3-phenyl-4,5-dihydro-3H-pyrimido[5 4-b]indol-2-
ylthio)acetamide (Indole_Lox core, 4.9). Compounds 4.7 (30 mg, 40 umol) and 4.8 (17 mg,
46 umol) were dissolved in anhydrous DMF (0.50 mL). Copper sulfate pentahydrate (9.5 mg, 38

umol) and sodium ascorbate (8.3 mg, 42 umol) were then added to the mixture and the reaction
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was allowed to stir at RT for 22 h. The reaction mixture was concentrated and purified by semi-
prep HPLC to provide 15 mg of product as a lyophilized white powder. Analysis for purity
checked by analytical HPLC C8, A: water + 0.1% TFA, B: acetonitrile + 0.1% TFA (10-90%
acetonitrile/water + 0.1% TFA gradient, 0-11 minutes), where t;: 8.78 min. MALDI-TOF: m/z

caled for CHyoN,,0,,S [M+H]* 1150 4, observed 1150 4.

General Procedure to Conjugate CpG-ODN.
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Tri-agonist (4.10). Compound 4.9 (0.80 mg, 0.70 umol) was dissolved in anhydrous DMSO
(0.050 mL). The solution was heated at 110 °C for 5 h in a sealed vial. The solution was
concentrated and submitted crude. MALDI-TOF: m/z calcd for C,,Hs,N,,O,S [M+H]" 1082 .4,
observed 1082.2.

Maleimide-deprotected Indole_Lox (0.040 mg, 56 nmol) was dissolved in anhydrous DMSO
(0.040 mL) and treated with CpG-ODN1826 (0.10 mg, 14 nmol) in PBS (14 uL). The reagents

were allowed to react at RT on a shaker for 4 h. The solution was purified by gel electrophoresis.
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The product band was excised and eluted into HPLC grade water overnight at 37 °C. The
solution was concentrated using a 3k centrifugal filter unit (EMD Millipore). The product was
confirmed using MALDI-TOF and quantified using UV-Vis at 495 nm. MALDI-TOF: m/z calcd

[M-H] 8227.1, observed 8224.6.

Modified Loxoribine Procedures.

J
N)o‘ji’\‘io
N

o)

H
HoN

Tsoﬁ

HO  OH
(5-(7-allyl-2-amino-6,8-dioxo-1,6,7 8-tetrahydro-9H-purin-9-yl)-3 4-
dihydroxytetrahydrofuran-2-yl)methyl 4-methylbenzenesulfonate (4.11). To a cooled
solution (0 °C) of loxoribine (1.0 g, 2.9 mmol) in dry pyridine (9.7 mL), a solution of 4-
toluenesulfonyl chloride (0.72 g, 3.8 mmol) in dry pyridine (2.5 mL) was added dropwise. The
reaction was stirred at 0 °C and was allowed to warm to room temperature for 24 h. The reaction
was quenched with methanol (4 mL) and concentrated. The crude mixture was purified using
column chromatography (3:5 MeOH: DCM) to provide the product (770 mg, 54% yield). 'H
NMR (500 MHz, CD,0OD) 8 7.71 (d,J = 8.5,2H), 7.29 (t,J = 8.5, 2H), 5.99-5.93 (m, 1H), 5.74
(app.d,J =4, 1H), 5.17 (app. dt,J =1.5,2H),4.77 (qd, J =4, 1.5, 1H),4.52 (dd, J = 5, 1, 2H),
446 (td,J=6,2,1H),4.33(dd,J=11,3.5,1H),4.26 (dd,J = 11,7, 1H), 4.04-4.01 (m, 1H), 2.39
(s, 3H). "C NMR (500 MHz, CD,0D) & 154.8, 153.8, 152.8, 150.0, 148.8, 146.3, 134.1, 130.7,
129.1, 117.6, 100.8, 88.6, 82.7,73.0, 71.7, 71.6, 45.1, 21.6. HRMS: m/z calcd for C, H,;N;O,S

[M+Na]* 516.1165, observed 516.1153.
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7-allyl-2-amino-9-(5-(azidomethyl)-3,4-dihydroxytetrahydrofuran-2-yl)-7,9-dihydro-1H-
purine-6,8-dione (4.8). Compound 4.11 (140 mg, 0.28 mmol), sodium azide (24 mg, 0.37
mmol), and dry DMF (1.4 mL) were added to a round bottom flask. The solution was heated at
80 °C for 24 h. Then, the mixture was concentrated and purified by column chromatography (4:5
MeOH:DCM) to provide the desired product (56 mg, 55% yield). 'H NMR (500 MHz, CD,OD)
0 5.99-591 (m, 1H), 5.84 (d,J = 4.5, 1H), 5.15 (br s, 1H), 5.12 (d,J = 7.5, 1H), 5.00 (t,J = 5,
1H),4.53 (d,J =5,2H),447 (t,J =5, 1H),4.02 (q,J = 6.5, 1H), 3.57 (dd, J = 13,7, 1H), 3.47
(dd, J =13, 3.5, 1H). "C NMR (500 MHz, CD;OD) 8 155.0, 153.9, 153.0, 149.2, 134.2, 117.3,
100.9, 88.4, 84.3, 72.6, 72.5, 52.9, 45.0. HRMS: m/z calcd for C;H,,N;Os [M+Na]" 387.1141,
observed 387.1139.

Synthesis of Di-agonists Compounds.

re
S N H
DNA o N_N_N_Z
|
N\|¢N
HN 1
NHBoc

CpG_core (4.12). Followed general procedure for CpG-ODN conjugation. Compound 4.5 (7.5
mg, 14 umol) was dissolved in anhydrous DMSO (0.20 mL). The solution was heated at 110 °C
for 5 h in a sealed vial. The solution was concentrated and submitted crude. Maleimide-
deprotected tricore (27 ug, 56 nmol) was dissolved in anhydrous DMSO (0.040 mL) and treated

with CpG-ODN1826 (0.10 mg, 14 nmol) in PBS (14 uL). The reagents were allowed to react at
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RT on a shaker for 4 h. The solution was purified by gel electrophoresis. The product band was
excised and eluted into HPLC grade water overnight at 37 °C. The solution was concentrated
using a 3k centrifugal filter unit (EMD Millipore). The product was confirmed using MALDI-

TOF and quantified using UV-Vis at 495 nm. MALDI-TOF: m/z caled [M-H] 7629.7, observed

7628 4.
0
DNAS&Z/\G\I N N_F
° A
.

Indole_CpG (4.13). Followed general procedure for CpG-ODN conjugation. Compound 4.7 (6.3
mg, 8.0 umol) was dissolved in anhydrous DMSO (0.15 mL). The solution was heated at 110 °C
for 5 h in a sealed vial. The solution was concentrated and submitted crude. Maleimide-
deprotected tricore (0.040 mg, 56 nmol) was dissolved in anhydrous DMSO (0.040 mL) and
treated with CpG-ODN1826 (0.10 mg, 14 nmol) in PBS (14 uL). The reagents were allowed to
react at RT on a shaker for 4 h. The solution was purified by gel electrophoresis. The product
band was excised and eluted into HPLC grade water overnight at 37 °C. The solution was
concentrated using a 3k centrifugal filter unit (EMD Millipore). The product was confirmed
using MALDI-TOF and quantified using UV-Vis at 495 nm. MALDI-TOF: m/z caled [M-HJ

7862.9, observed 7864.5.
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Lox_core (4.14). Compounds 4.5 (41 mg, 75 umol) and 4.8 (0.030 g, 82 wmol) were dissolved
in anhydrous DMSO:MeOH:degassed H,O (2:7:1) (1.5 mL). Copper sulfate pentahydrate (19
mg, 75 umol) and sodium ascorbate (16 mg, 82 umol) were then added to the mixture and the
reaction was allowed to stir at RT for 23 h. The reaction mixture was filtered and the solid was
purified by semi-prep HPLC to provide the product as a lyophilized white powder in quantitative

yield. MALDI-TOF: m/z calcd for C,,Hs,N,,O,, [M+H]" 917 4, observed 917 4.
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Lox_CpG (4.15). Followed general procedure for CpG-ODN conjugation. Compound 4.14 (11
mg, 12 umol) was dissolved in anhydrous DMSO (0.70 mL). The solution was heated at 110 °C
for 5 h in a sealed vial. The solution was concentrated and submitted crude. Maleimide-
deprotected tricore (24 pg, 28 nmol) was dissolved in anhydrous DMSO (0.040 mL) and treated

with CpG-ODN1826 (0.10 mg, 14 nmol) in PBS (14 uL). The reagents were allowed to react at
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RT on a shaker for 4 h. The solution was purified by gel electrophoresis. The product band was
excised and eluted into HPLC grade water overnight at 37 °C. The solution was concentrated
using a 3k centrifugal filter unit (EMD Millipore). The product was confirmed using MALDI-
TOF and quantified using UV-Vis at 495 nm. MALDI-TOF: m/z caled [M-H] 7994.0, observed
7995.3.

Statistics.

Data was analyzed using a two-tailed t test. All values were reported as mean + SD, unless stated

otherwise.

*See Appendix C for Additional Figures and Characterization Data: NMR spectra and

HPLC traces.
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CHAPTER 5

Synthesis of a Tri-Agonist Library and
In Vitro and In Vivo Biological Testing Thereof

5.1 Introduction

With the increase in antibody depth and breadth observed with the first tri-agonist, we
sought to synthesize a library of covalently conjugated tri-agonists and determine the effects of
different agonist combinations on the immune response. Since our group and others have
reported that specific agonist combinations elicit defined responses,'” we aimed to perform a
comparative study of the immune response produced by different tri-agonist combinations.
Characterization of the immune response from distinct tri-agonists would allow us to determine a
trend or “code” for immune activation. If we could methodically determine the molecular code
of agonists to produce a specific cellular and/or antibody response desired for a disease of
interest, then that specific agonist combination could be used as the optimal adjuvant in a vaccine
targeting that disease.

Our aim was to compare the immune response elicited by compounds in our tri-agonist
library and use the tri-agonist compounds as adjuvants in a vaccination model. First, we
synthesized new tri-agonist combinations, by introducing three other TLR agonists into the set of
agonists used for conjugation. Five new agonist combinations have been synthesized to date, and
the syntheses of additional combinations that include the TLRS agonist flagellin are in progress.
Immunological activity of each tri-agonist was evaluated in vitro using the NF-xB RAW-Blue
macrophage reporter cell line. In addition, cell surface marker upregulation and cytokine
production were assessed in a BMDC primary cell line to observe changes in the immune

response downstream of NF-kB. Subsequent administration of our compounds in vivo allowed us
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to study the effects in a vaccination model. We chose Q fever as our vaccination model due to its
prevalence and lack of a safe and effective vaccine.* Q fever is caused by the infectious agent C.
burnetii and is a current bioterrorism threat. The only licensed vaccine is available in Australia,
but safety concerns make approval unlikely in the U.S. We are using the tri-agonist compounds
to adjuvant Q fever antigens and determine which tri-agonist adjuvants prove optimal against Q
fever, with the main objective of formulating a better Q fever vaccine.

Here, we report modulation of the immune response in vitro with three new tri-agonists,
TLR4_7_9 (second generation), TLR2/6_4_7, and TLR1/2_4_7, and their corresponding di-
agonists. Differences in immune activation and potency were observed with each combination
when compared to the corresponding three agonists unconjugated as well as the respective di-
agonists. In vitro studies with the other two tri-agonists are currently ongoing. Using the
TLR2/6_4_7 tri-agonist as an adjuvant, we performed in vivo toxicity and vaccination studies
with a Q fever mouse model. From the vaccination model study, we observed the linked and
unlinked tri-agonist combinations increased antibody production against specific Q fever
antigens as compared to the antigen only control. The ability to elicit targeted antibody
production with the tri-agonist adjuvant is a promising result because directed antibody
responses largely contribute to the efficacy of the immune response against C. burnetii. In vivo
studies are still ongoing with the TLR2/6_4_7 tri-agonist and the remaining agonist
combinations to fully understand the properties of the adjuvant and vaccine as a whole. Once
murine vaccination studies are complete, we will be taking the best candidates onto murine
challenge studies as well as non-human primate studies to determine the best formulation for a Q

fever vaccine.
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5.2 The Second Generation TLR4_7_9 Tri-Agonist
5.2.1 Synthesis of a Second Generation TLR4_7_9 Tri-Agonist

Even though our first TLR4_7_9 tri-agonist (Indole_Lox_CpG) proved to be a promising
adjuvant in a vaccinia virus model, we sought to improve the scaffold and agonists used.
Polyethylene glycol (PEG) linkers were incorporated between the agonist and scaffold to
improve solubility and flexibility. PEG,, length (46.5 A) was chosen because the TLR crystal
structures showed that the optimal distance from the TLR binding site to the edge of the TLR
itself ranges from 10-30 A, depending on the TLR.>® Having the longer linker length may also
help avoid any steric interactions between the different agonists as well as provide more degrees
of freedom for the TLR agonist to bind their respective TLRs. In addition, an imidazoquinoline
derivative was used as the TLR7 agonist instead of loxoribine due to the increased potency and
success of imidazoquinolines in therapeutic studies.”” The Indole and CpG-ODN1826 were kept
as the TLR4 and TLR9 agonists, respectively.

Scheme 5.1. Derivatization of Tri-Functional Core Scaffold to Provide a
Carboxylic Acid Functional Handle
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To synthesize the second-generation TLR4_7_9 tri-agonist, a derivative of the core

scaffold was synthesized to accommodate the amine functional handle on the imidazoquinoline.

The precursor to the original triazine scaffold, with alkyne and Boc-protected amine conjugation
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handles, (4.3) was treated with isonipecotic acid to provide a carboxylic acid functional handle
on the core (5.1) (Scheme 5.1). With the new small molecule scaffold, the imidazoquinoline®"
(TLR7, 5.2) could be functionalized with a PEG,, linker and conjugated to the core (Scheme
5.2). A pegylated (PEG,,) imidazoquinoline (5.3) was synthesized by coupling the benzyl amine
conjugation handle to a bi-functional NHS-PEG,,-NH-Fmoc. Subsequent Fmoc deprotection and
HATU coupling to the carboxylic acid functionalized core (5.1) yielded the TLR7_PEG,, Core
(54) in 57% yield. To install the TLR4 agonist, 5.4 was Boc-deprotected and coupled to the
NHS functional group on another bi-functional NHS-PEG,,-NH-Fmoc. 5.5 was then Fmoc
deprotected and coupled with the Indole-COOH (TLR4) using HATU to provide the desired
product (5.6) in 27% yield. Several coupling agents were screened, including HBTU/HOBt,
PyBOP, NHS esters, and PFP esters. However, 27% remained the highest yield achieved. The
low yield may be due to the potential side reactivity of the TLR4 Indole agonist or the additional
reactivity of the amidine nitrogen on the imidazoquinoline. Lastly, CpG (TLR9) was conjugated
via copper-catalyzed azide-alkyne click chemistry (CuAAC). The crude reaction mixture was
analyzed and purified by TBE-urea gel electrophoresis. The isolated product was confirmed by
MALDI-TOF (see Appendix D, Fig. S5.1) to provide the second generation TLR4_7_9 tri-
agonist (5.7) with 92% conversion. The corresponding di-agonists were also synthesized and

used as comparison in cellular studies.
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Scheme 5.2. Synthetic Route Toward the Second Generation TLR4_7_9 Tri-Agonist.
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5.2.2 In Vitro Biological Studies of the Second Generation TLR4_7_9 Tri-Agonist

With the second generation TLR4_7_9 tri-agonist in hand, we proceeded with in vitro
biological studies, assaying for NF-kB activity, cell surface marker upregulation, and cytokine
production. First, we tested our tri- and di-agonist compounds on RAW-Blue macrophages to
compare relative immune activation via NF-xB activity (Fig. 5.1). The TLR4_9 and TLR7_9 di-
agonists, the three individual TLR4, 7, and 9 agonists unconjugated in solution, and the linked
TLR4_7_9 tri-agonist were all tested on the macrophage cell line at a range of concentrations
(0.1 nM - 1 uM). The TLR4_7 di-agonist was also tested, but as previously observed there was

little to no activity above the media control (data not shown).
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All of the covalently linked di- and tri-agonists exhibited similar levels of NF-kB activity
compared to CpG (TLR9) alone, suggesting that the origin of most of the NF-kB activity is from
CpG (TLRY). This result may be due to the decreased activity of the imidazoquinoline (TLR7)
after conjugation (see Appendix D, Fig. S5.3) or the high potency of CpG (TLR9) compared to
the TLR4 and TLR7 agonists. CpG (TLR9) conjugation does not alter its immunological
activity, as previously shown in Chapter 4 (see Appendix C, Fig. S4.3). Immune cells treated
with the three agonists free in solution elicited 27% higher NF-xB activity than the chemically
conjugated TLR4_7_9 (***p < 0.001). This was not surprising as conjugating the
imidazoquinoline (TLR7) decreases activity compared to the native agonist (see Appendix D,
Fig. S5.3), and the Indole (TLR4) is not a potent agonist. In addition, a MTT assay and an
endotoxin test were performed to assay for cell cytotoxicity and endotoxin levels resulting from
our compounds, respectively. The MTT assay showed good cell viability (75-100%) for all
compounds (see Appendix D, Fig. S5.2). Endotoxin levels of our compounds were below 0.1
EU/mL (standard conditions — data not shown), confirming no additional immune activity from

endotoxin contamination.
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Figure 5.1. NF-kB Activation of RAW-Blue 264.7 Macrophage Cell Line
Treated with the Second Generation TLR4_7_9 Tri-Agonist™
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[a] RAW-Blue macrophage cells were treated with each compound at concentrations ranging
from 1 uM to 0.1 nM for 18 h at 37 °C. Each bar is the result of n=3, where *p < 0.05, ***p <
0.001, and NS is non-significant. All statistics represent the asterisked compound compared to
the second generation TLR4_7_9 tri-agonist. Results are expressed as the mean + SD.

To further understand how the second generation TLR4_7_9 tri-agonist affected immune
cells, BMDCs were used to examine cell surface marker upregulation and cytokine production.
Cell surface markers CD86, CD40, and MHCII were all upregulated by the three agonists
unconjugated, the conjugated TLR4_7_9, and TLR4_9 and TLR7_9 di-agonists compared to the
media control (Fig. 5.2). Interestingly, all of the chemically linked tri- and di-agonists
upregulated T cell adhesion proteins, CD86 and CD40, and antigen presentation protein, MHCII,
expression compared to the TLR4, 7, and 9 agonists in solution. This protein upregulation may
support our aforementioned hypothesis because the covalently linked tri-agonist localizes the
three agonists, thereby activating distinct pathways in a single cell, leading to the observed

increase in immune activation via cell surface protein expression. In comparison, the three

agonists unconjugated can diffuse through the solution and may not activate the same signaling
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pathways in one cell, resulting in a lower amount of immune activation. Similar to the results
from the NF-kB activity assay, the covalently linked tri- and di-agonists exhibited similar
expression levels. The TLR7_9 di-agonist treated BMDCs expressed significantly higher levels
of CD86 and lower levels of CD40 compared to the TLR4_7_9 tri-agonist, but not MHCII. On
the other hand, there were no significant differences between TLR4_9 di-agonist and the second
generation TLR4_7_9 tri-agonist. The subtle differences in activation demonstrate how specific
TLR agonist combinations contribute to distinct immune activation, which may translate in vivo.

Figure 5.2. Analysis of Cell Surface Marker Expression of the Second Generation
TLR4_7_9 Treated BMDCs"
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[a] BMDC activation via cell surface marker expression as measured by flow cytometry,
represented as the median fluorescent intensity (MFI) of CD11c¢" dendritic cells. BMDCs were
incubated with each compound at 100 nM for 18 h at 37 °C. Each bar is the result of n=3, where
*p < 0.05, ¥**p < 0.001, and NS is non-significant. All statistics represent the asterisked
compound compared to the second generation TLR4_7_9 tri-agonist. Results are expressed as
the mean + SD.

Next, we examined cytokine signatures further downstream in immune activation to see
if the immune response was polarized. TNF-o,, MCP-1, IL-12p70, IL-6, IL-10, and IFN-y, pro-

inflammatory, anti-inflammatory, and innate immune cell recruitment cytokines, produced by
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BMDCs treated with the designated compounds were measured by cytokine bead array (flow
cytometry) (Figs. 5.3 & 54). TNF-a, MCP-1, and IL-12p70, inflammatory and immune cell
recruitment cytokines, were produced at significantly higher levels with the linked TLR4, 7, and
9 tri- and di-agonists compared to their unconjugated counterparts. This result could have
important implications in vivo for innate cell recruitment and alerting the immune system to the
immunized pathogen. There were no significant differences in cytokine production between the
tri- and di-agonists as observed with the aforementioned NF-xB and BMDC assays. The small
molecule agonists (TLR4 or TLR7) may be contributing to different extents compared to what
we previously observed with the first TLR4_7_9 tri-agonist (Indole_Lox_CpG). Further studies
are required to understand the mechanism behind this result. IL-6 and IL-10, pro- and anti-
inflammatory cytokines, respectively were also produced, but there was no distinction between
sample treatments. In vivo studies are currently being performed to see how these in vitro results
translate to a murine vaccination model.

Figure 5.3. The Second Generation TLR4_7_9 BMDC Cytokine Profile: Part I'*
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[a] BMDC TNF-alpha, MCP-1, and IL-6 cytokine production via cytokine bead array as
measured by flow cytometry, represented in pg/mL. BMDCs were incubated with each
compound at 100 nM for 18 h at 37 °C and supernatant was analyzed as a 1:5 dilution. Each bar
is result of n=3, where **p < 0.01 and ***p < 0.001. All statistics represent the asterisked
compound compared to the second generation TLR4_7_9 tri-agonist. Results are expressed as
the mean + SD.

Figure 5.4. The Second Generation TLR4_7_9 BMDC Cytokine Profile: Part 1™
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[a] BMDC IL-12p70, IFN-gamma, IL-10 cytokine production via cytokine bead array as
measured by flow cytometry, represented in pg/mL. BMDCs were incubated with each
compound at 100 nM for 18 h at 37 °C and supernatant was analyzed as a 1:5 dilution. Each bar
is the result of n=3, where *p < 0.05 and **p < 0.01. All statistics represent the asterisked
compound compared to the second generation TLR4_7_9 tri-agonist. Results are expressed as
the mean + SD.

5.3 TLR2/6_4_7 Tri-Agonist
5.3.1 Synthesis of a TLR2/6_4_7 Tri-Agonist
In addition to the TLR4_7_9 tri-agonist, we wanted to synthesize tri-agonists that
incorporated the agonists PAM,CSK, (TLR2/6 agonist) and PAM,CSK, (TLR1/2 agonist) due to

their potency and use in clinical trials to elicit strong antibody responses.''™* PAM,CSK, and
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PAM,CSK, are synthetic acylated lipopeptide TLR agonists that activate TLR2 and dimerize

with either TLR6 or TLRI1, respectively.”'® They contain a pentapeptide (CSK,) and two or

three palmitoyl lipid tails, depending on the TLR agonist, where the lipid tails are the stimulatory

portions of the molecules.

Scheme 5.3. Synthetic Route Toward the TLR2/6_4_7 Tri-Agonist
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Two new tri-agonists we sought to synthesize were the TLR2/6_4_7 (5.11) (Scheme 5.3)

and the TLR1/2_4_7 tri-agonists due to known synergies in natural pathogens.”'* We first

synthesized the TLR2/6_4_7 tri-agonist, since the TLR1/2_4_7 tri-agonist was synthetically

accessible by replacing PAM,CSK, with PAM,CSK, in a one step derivatization. To conjugate

the TLR2 agonist, a PAM,CSK, derivative, PAM,CSK,GCG, was synthesized by solid phase

synthesis using Rink amide resin. Conjugation of the TLR2 agonist was attempted in solution,

but proved difficult due to solubility challenges. The synthesized TLLR2/6 agonist contained a
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free thiol via a cysteine residue, which could also be reacted to install a carboxylic acid
functional handle using bromoacetic acid, in case alternative conjugation routes were necessary.
Before conjugating the TLR2/6 agonist to the core, Indole_PEG,,_Core (5.8) was synthesized,
and the protected maleimide was deprotected via a retro-Diels-Alder reaction. The maleimide
was then reacted with the PAM,CSK, derivative on resin for 18 hours at room temperature. The
crude product was then cleaved from the resin, HPLC purified, and lyophilized to obtain the
TLR2/6_4 di-agonist (5.9). To conjugate the last agonist (TLR7 agonist), an azide conjugation
handle was required to react with the alkyne on the core. The amine functional handle on the
imidazoquinoline (TLR7) was reacted with the bi-functional NHS-PEG,,-Nj, to provide an azide
functional handle on the TLR7 agonist (5.10). The azide-functionalized imidazoquinoline was
then reacted with the free alkyne on the TLR2/6_4 di-agonist via CuAAC to provide the target
TLR2/6_4_7 tri-agonist (5.11). The identity of the product was confirmed by MALDI-TOF, and
the purity was assessed by HPLC (see Appendix D).
5.3.2 In Vitro Biological Studies of the TLR2/6_4_7 Tri-Agonist

The TLR2/6_4_7 tri-agonist was tested on RAW-Blue macrophages and BMDCs for in
vitro immunological activity. In RAW-Blue macrophages, all of the tested compounds showed
activity above the media control (Fig. 5.5). However, no significant differences in activation
between the di-agonists (TLR2/6_4 and TLR2/6_7), the three individual agonists unconjugated,
and the covalently linked TLR2/6_4_7 tri-agonist were observed when comparing NF-kB
activity (0.1 nM — 1 uM). There were also normal levels of cell viability, which was detected

using a MTT assay (data not shown).
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Figure 5.5. NF-k B Activation of RAW-Blue 264.7 Macrophage Cell Line
Treated with the TLR2/6_4_7 Tri-Agonist™

TLR2/6_4_7 RAW-Blue NF-kB Assay

1.4000 1
E3

N R KR

1.0000 -
1

0.8000 - {‘

0.6000 -

<

Abs (620 nm)

0.4000 -

0.2000 -

> & & & & & & NN
L & S S S & & & & & & & & & & &\
0°° R N '\\QQ KN N u\@ KN N stb Q AN «\QQ K AN
N4 fbb 7 ‘»Q, s KV [
f‘b/
qsbb/ «& «& «&
NG

[a] RAW-Blue macrophage cells were treated with each compound at concentrations ranging
from 100 nM to 0.1 nM for 18 h at 37 °C. Each bar is the result of n=3, where comparisons to the
TLR2/6_4_7 were non-significant at 100 nM. Results are expressed as the mean + SD.

Even though distinct differences in activation were not observed with NF-xB activation,
BMDCs were treated with the TLR2/6, 4, and 7 di- and tri-agonists to determine if there were
changes downstream of NF-kB activity (Fig. 5.6). At 100 nM, the conjugated TLR2/6_4_7 tri-
agonist displayed significant increases in cell surface protein expression for MHCII and CD40,
necessary for T cell activation and antigen presentation, compared to the three agonists in
solution. However, significant differences were not observed for CD86 expression between the
linked tri-agonist and the same agonists unlinked. The TLR2/6_7 di-agonist treated BMDCs also
showed a noticeable increase in cell surface marker expression. This result might be due to the
high potency of the TLR2/6 and TLR7 agonists, PAM,CSK, and imidazoquinoline, respectively.
The three agonists free in solution, the TLR2/6_4 di-agonist, and individual agonists alone

displayed little to no increase in cell surface proteins compared to the media control. The lack of

activity was probably a result of the low concentration (100 nM) at which each compound was
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used in the study. At higher concentrations, immune activity would be observed with these

compounds.

Figure 5.6. Analysis of Cell Surface Marker Expression of TLR2/6_4_7 Treated BMDCs"
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[a] BMDC activation via cell surface marker expression as measured by flow cytometry,
represented as the median fluorescent intensity (MFI) of CD11c¢" dendritic cells. BMDCs were
incubated with each compound at 100 nM for 18 h at 37 °C. Each bar is the result of n=3, where
*p < 0.05 and ***p < 0.001. All statistics represent the asterisked compound compared to the
TLR2/6_4_7 tri-agonist. Results are expressed as the mean + SD.

Since we observed more defined changes in immune activation, we analyzed the
supernatant from BDMCs treated with the tri- and di-agonist compounds to detect polarizing
cytokines that guide the adaptive immune response. We observed distinctly higher levels of
TNF-a and MCP-1 from cells treated with the TLR2/6_4_7 tri-agonist compared to the
unconjugated agonists in solution (Fig. 5.7). TNF-a and MCP-1 are cytokines responsible for
inflammation and innate cell recruitment, respectively. Similar to that observed with the

TLR4_7_9 tri-agonist, IL-6 and IL-10, pro- and anti-inflammatory cytokines, were also

observed, but with little distinction between compounds (data not shown). Since the TLR2/6_4_7
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elicited high cell surface protein expression and cytokine output necessary to alert the immune
system, this tri-agonist may be a promising candidate for in vivo vaccination studies.

Figure 5.7. TLR2/6_4_7 BMDC Cytokine Profile™
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[a] BMDC TNF-alpha and MCP-1 cytokine production via cytokine bead array as measured by
flow cytometry, represented in pg/mL. BMDCs were incubated with each compound at 100 nM
for 18 h at 37 °C and supernatant was analyzed without dilution. Each bar is the result of n=3,
where all sample treatments compared to that with TLR2/6_4_7 were ***p < 0.001 for TNF-
alpha and **p < 0.01 for MCP-1. Results are expressed as the mean + SD.
5.4 TLR1/2_4_7 Tri-Agonist
5.4.1 Synthesis of a TLR1/2_4_7 Tri-Agonist

The next tri-agonist we aimed to synthesize was the TLR1/2_4_7 tri-agonist, as a
comparison to the TLR2/6_4_7 tri-agonist and due to the ease of synthesis from the TLR2
agonist on the resin. PAM,CSK, was synthesized on resin by deprotecting the Fmoc group on the

N-terminus of PAM,CSK, and subsequently coupling the amine with palmitic acid using HBTU

to provide the PAM,CSK, derivative on resin. The PAM,CSK,GCG was then carried through the
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same synthetic scheme as with the TLR2/6_4_7 tri-agonist to obtain the TLR1/2_4_7 tri-agonist
(Scheme 5.4), which was purified using HPLC and confirmed by MALDI-TOF (see Appendix
D).

Scheme 5.4. Synthetic Route Toward the TLR1/2_4_7 Tri-Agonist
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5.4.2 In Vitro Biological Studies of the TLR1/2_4_7 Tri-Agonist
In preliminary RAW-Blue NF-kB activity studies, we observed distinct differences
between the tri- and di-agonists (Fig. 5.8). At 10 nM, the TLR1/2_4_7 tri-agonist treated RAW-

Blue cells elicited 18%, 70%, 43%, 45%, and 225% higher NF-kB activity compared to
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TLR1/2_7, TLR1/2_4, TLR1/2/4/7 (unconjugated), PAM,CSK,, and imidazoquinoline,
respectively. The PAM,CSK, (TLR1/2) alone was potent at low concentrations. Conjugating the
TLR1/2 agonist with the TLR7 agonist increased immune activation, whereas the TLR1/2_4 di-
agonist exhibited a decrease in activation compared to PAM,CSK, alone. This result suggests
that the imidazoquinoline (TLR7) upregulated immune activation, which was previously
observed with the TLR2/6_7 di-agonist. In contrast, the indole inhibited immune activation.

Figure 5.8. NF-k B Activation of RAW-Blue 264.7 Macrophage Cell Line
Treated with the TLR1/2_4_7 Tri-Agonist™
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[a] RAW-Blue macrophage cells were treated with each compound at concentrations ranging
from 10 nM to 0.1 nM for 18 h at 37 °C. Each bar is the result of n=3, where **p < 0.01 and
**%p < 0.001. All statistics represent the asterisked compound compared to the TLR1/2_4_7 tri-
agonist. Results are expressed as the mean + SD.

To further understand the results from the NF-kB activity assay, we looked at cell surface

marker expression on BMDCs (Fig. 5.9). Interestingly, the TLR1/2_7 di-agonist elicited the

highest CD86 and MHCII expression, with the TLR1/2_4_7 tri-agonist having the second
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highest expression. The three agonists unconjugated and TLR1/2_4 di-agonist treated cells
expressed cell surface proteins slightly above the media control or at basal level. From this data,
both the TLR1/2_4_7 tri-agonist and the TLR1/2_7 di-agonist may perform well as adjuvants in
vivo. In vivo vaccination studies are in progress.

Figure 5.9. Analysis of Cell Surface Marker Expression of TLR1/2_4_7 Treated BMDCs
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[a] BMDC activation via cell surface marker expression as measured by flow cytometry,
represented as the median fluorescent intensity (MFI) of CD11c¢" dendritic cells. BMDCs were
incubated with each compound at 10 nM for 18 h at 37 °C. Each bar is the result of n=3, where
*p < 0.05, **P < 0.01, and ***p < 0.001. All statistics represent the asterisked compound
compared to the TLR1/2_4_7 tri-agonist. Results are expressed as the mean + SD.
5.5 TLR2/6_4_9 Tri-Agonist
5.5.1 Synthesis of a TLR2/6_4_9 Tri-Agonist
Due to known synergies between two of the three agonists and ease of synthesis, the next

tri-agonist combination we sought to synthesize was the TLR2/6_4_9 tri-agonist (Scheme 5.5).

With our modular system, the alkyne functional handle on the TLR2/6_4 di-agonist could be
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conjugated to any azide-functionalized agonist. Using the 5’-end azide modified CpG (TLR9),
we conjugated CpG (TLR9) to the TLR2/6_4 di-agonist using CuAAC. The TLR2/6_4_9 tri-
agonist was analyzed and purified by SDS-PAGE (see Appendix D, Fig. S5.4). Due to the high
lipophilic character of the molecule, HPLC purification proved to be challenging, and the
product did not ionize via MALDI-TOF using a wide range of conditions. In addition, extensive
CuAAC conditions were screened, with 45% as the highest observed percent conversion. The
modest yield may be due to the solubility of the TLR agonists or the TLR agonists reacting with
the copper in an unfavorable way. Scale up of this tri-agonist is in progress for in vitro and in
vivo studies.

Scheme 5.5. Synthesis Toward the TLR2/6_4_9 Tri-Agonist
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5.6 TLR2/6_7_9 Tri-Agonist
5.6.1 Synthesis of a TLR2/6_7_9 Tri-Agonist
To synthesize the TLR2/6_7_9 tri-agonist (Scheme 5.6), TLR7_PEG,, Core (5.4) was
Boc-deprotected and reacted with the PAM,CSK, derivative with the carboxylic acid functional
handle on resin. The resulting TLR2/6_7 di-agonist was then reacted with the 5’-end azide
modified CpG (TLR9) via CuAAC. The product was analyzed and purified by SDS-PAGE (see

Appendix D, Fig. S5.5). Similar to the TLR2/6_4_9 tri-agonist, due to the high lipophilic
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character of the molecule, HPLC purification proved to be challenging, and the product did not
ionize via MALDI-TOF using a wide range of conditions. As observed with the TLR2/6_4_9 tri-
agonist, modest yield was obtained and may be due to the solubility of the TLR agonists or the
TLR agonists reacting with the copper in an unfavorable way. Scale up of this tri-agonist is in
progress for in vitro and in vivo studies.

Scheme 5.6. Synthetic Route Toward the TLR2/6_7_9 Tri-Agonist

Ng

o)
NTK\/O\)/\ J\C = /\©\/N\W</\/o}\/\
= N N HO o o
H Pz : g H NN H
1o H ~ 1)1:1 v TFADCM  Ha By Z
HzN/Z\;b 5 N_N_N_Z N o 12 N N\YN\// P

! 2) Pam,CSK,GCG (on resin)
HBTU, HOBt

v N
o DIPEA, DMF, 18 h, RT HN\L ‘

o) Hw Hm

oro 5.15

.TLHQ agonist
CpG-ODN
7N

CuS0,*5H,0, THPTA = o o
Sodium Ascorbate HN—N\ \W{/\/ }\/\ N Ho
- - N o 12 N P

DMF:H,0 (5:1) l \\r
24h, RT @ TLR7 agonist T7N COOH
40% conversion Imidazoquinoline HN\L = i O
NH
NH, HoN ANT O
(e}
S
o OH o H (o}
H H H
Han L N PN N\)LN N\)kN N2
2l N N N H
I IOH :H H o o
0/ ° ° °©
14 IS .TLR2/6 agonist
Pam,CSK,
14 NH» NH
o~ o 5.16

5.7 In Vivo Toxicity Studies with the TLR2/6_4_7 Tri-Agonist
Since we observed promising results in vitro, we wanted to investigate how our results
would translate in vivo. Thus far, all of the in vivo studies have been performed with the

TLR2/6_4_7 tri-agonist, but the other tri-agonist combinations will be subsequently tested. We
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performed a short term in vivo toxicity study, where we injected our tri-agonist without an
antigen, to see if there were any adverse effects on behavior or function of mice. In this study,
there were three groups of C57/BL6 mice: the control (injected with PBS), the unconjugated
TLR2/6, 4, and 7 agonist (1 nmol of each agonist), and the conjugated TLR2/6_4_7 tri-agonist (1
nmol). The mice were injected with their respective treatment intramuscularly (i.m.), and their
behavior was monitored. After five days, the mice were bled, sacrificed, and their organs
harvested (lymph node and spleen). Immune cell populations from the lymph nodes were
analyzed by flow cytometry for cell surface markers indicative of immune activation and an
adaptive immune response. We observed significant differences in CD86" and CD4" expressing
lymphocytes in the inguinal lymph node (Fig. 5.10). The conjugated TLR2/6_4_7 promoted an
increase in the percentage of cells expressing either CD86" or CD4", which are cell surface
markers necessary for T cell activation and on activated T cells, respectively. This result along
with no observed toxicity or abnormal behavior proved promising as we moved forward with our
vaccination model studies.

Figure 5.10. In Vivo Toxicity Study: Analysis of Lymphocytes from
the Inguinal Lymph Node at Day 5 Termination™
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[a] CD86" (left) and CD4" (right) lymphocyte populations in the inguinal lymph node as
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measured by flow cytometry, reported as percentage of total lymphocytes. Lymphocytes were
harvested from C57/BL6 mice vaccinated with PBS (Control), unconjugated TLR2/6/4/7 (1 nmol
of each agonists unconjugated), or conjugated TLR2/6_4_7 (1 nmol of conjugated agonists).
Each bar is the result of n=5. Results are expressed as the mean + SD.
5.8 In Vivo Vaccination Studies

With the increase in C86" and CD4" cells resulting from injection with the TLR2/6_4_7
tri-agonist, we aimed to study the effects of our compounds with the addition of an antigen in a
vaccination model study. Working with the Felgner Lab in the UC Irvine School of Medicine,
we sought to vaccinate mice with the TLR2/6_4_7 tri-agonist as the adjuvant and a Q fever
antigen and compare its effects to the unconjugated agonists as an adjuvant and a control group
with just the antigen alone. This study allowed us to determine the types of immune responses
elicited in vivo toward the target pathogen as a result of the adjuvant and antigen formulation.

The Felgner Lab previously identified five Q fever antigens from sera that was obtained
from human cohorts immunized with the only available Q fever vaccine (Q-Vax) and cohorts
that had Q fever.” Mice were immunized with each of the five antigens combined with the
TLR2/6_4_7 tri-agonist or a mixture of the unconjugated TLR2/6, 4, and 7 agonists as the
adjuvant to boost immune activation toward the target antigen. On day 0, mice were bled and
vaccinated with one of the Q fever antigens of interest and corresponding adjuvant. The mice
were monitored and bled on day 1, with the sera kept for analysis. After two weeks, on day 14,
the mice were boosted with the same vaccine formula and bled on day 15. The experiment was
terminated on day 21, where the mice were bled and spleen and lymph nodes were harvested.
Immune cell populations isolated from the lymph node and spleen as well as the sera were
analyzed for specific immune cell populations, cytokines, and antibodies.

Sera was probed using a microarray chip platform developed by the Felgner Lab.»" The

Q fever antigens were printed on microarray chips, and the chips were incubated with serum
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from each mouse. Any Q fever antigen specific antibodies in the sera would bind to the
corresponding antigen printed on the chip. The antigen specific antibodies were then detected
using fluorescently tagged IgG, IgM, IgGl, or IgG2c antibodies. Two of the antigens
(CBU_1910-COM1 and CBU_0307-OmpA, protein antigens from C. burnetii) were good
vaccine candidates, as specific antibodies were produced toward each of the antigens using the
linked TLR2/6_4_7 tri-agonist as well as with the unconjugated agonist mixture. The production
of specific IgG antibodies against the target Q fever antigens is required for an efficacious
immune response against Q fever bacteria and has important implications for future challenge
studies. Unfortunately, there was no distinction in IgG antibodies titers elicited by the linked
TLR2/6_4_7 tri-agonist and the mixture of unlinked agonists (Fig. 5.11, and see Appendix D,
Figs. S5.6-5.7). Examining IgG1 and IgG2c antibody subtypes, which are subtypes associated
with T2 and Tyl responses, respectively, we observed differences in the CBU_1910 specific
antibody titers, with higher antibody titers produced with the unlinked agonists as the adjuvant
(Fig. 5.12). Cellular and antibody probing are ongoing to elucidate why these differences in the

antibody response were observed and what the results suggest for a protective immune response.
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Figure 5.11. CBU_1910 Specific IgG Antibodies Probed by Microarray Chip Technology™
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[a] Detection of IgG antibodies specific to CBU_1910 expressed as mean signal intensity. Sera
were drawn from C57/BL6 mice vaccinated with PBS (Control), CBU_1910 (Ag only),
CBU_1910 plus unlinked TLR2/6/4/7 (1 nmol of each agonists unconjugated), or CBU_1910
plus linked TLR2/6_4_7 (1 nmol of conjugated agonists). Each bar is the result of n=5. Results
are expressed as the mean + SD.

Figure 5.12. CBU_1910 Specific IgG1 and IgG2c Antibodies Probed
by Microarray Chip Technology™

CBU_1910 + TLR2/6_4_7 (IgG1 and 1gG2c) purified proteins
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[a] Detection of IgG1 or IgG2c antibodies specific to CBU_1910 expressed as mean signal
intensity. Sera were drawn from C57/BL6 mice vaccinated with PBS (Control), CBU_1910 (Ag
only), CBU_1910 plus unlinked TLR2/6/4/7 (1 nmol of each agonists unconjugated), or
CBU_1910 plus linked TLR2/6_4_7 (1 nmol of conjugated agonists). Each bar is the result of
n=5. Results are expressed as the mean + SD.
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5.9 Conclusion

We described here the synthesis of five new TLR tri-agonists, the second generation
TLR4_7_9, TLR2/6_4_7, TLR1/2_4_7, TLR2/6_4_9, and TLR2/6_7_9. In vitro cell studies
were performed with three out of the five combinations, as optimization and scale up are being
conducted on the remaining two combinations. With RAW-Blue macrophages and BMDCs,
distinct differences were observed between the covalent tri-agonist and the three agonists in
solution with each combination. Depending on the agonist combination used, changes in immune
activation were also observed between linked tri- and di-agonists. From these cell studies, each
tri-agonist candidate exhibited promising immune activation for in vivo studies. In vivo toxicity
and vaccination studies were reported for the TLR2/6_4_7 tri-agonist, with differences in IgG1
and IgG2c antibody titers, and further studies are ongoing to understand our observations. As a
result of these and future challenge studies, we aim to determine the optimal formula of adjuvant

and antigen for a safer and more effective Q fever vaccine.
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5.10 Experimental Procedures
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Carboxylic Acid Derivatized Core (5.1).

Compound 4.3 (0.20 g, 0.61 mmol) was dissolved in DMF (2.0 mL). DIPEA (0.12 mL) and
isonipecotic acid (87 mg, 0.67 mmol) were subsequently added. The reaction was heated at 80
°C and stirred for 3 h. The reaction was then concentrated and purified by column
chromatography (1% MeOH/EtOAc with 1% NH,OH). The product was a white powder (170
mg, 67%). '"H NMR (600 MHz, DMSO-d,) § 12.24 (br s, 1H), 7.04-6.44 (br m, 3 H), 4.50 (br s,
2H), 3.96 (s, 2H), 3.22 (br s, 2H), 3.04 (br s, 2H), 2.99 (s, 1H), 2.89 (br s, 2H), 2.48 (br s, 1H),
1.80 (br s, 2H), 140 (br s, 2H), 1.36 (s, 9H). "C NMR (600 MHz, DMSO-d,)
0 175.84, 165.80, 165.79, 164.42, 159.60, 82.52, 77.55, 71.99, 41.95, 40.57, 40.00, 29.38, 28.24,
27.73. HRMS: m/z caled for C,4H,,N,O, [M+Na]" 442.2179, observed 442.2162. Analysis for
purity checked by analytical HPLC C8, A: water + 0.1% TFA, B: acetonitrile + 0.1% TFA (10-

90% acetonitrile/water + 0.1% TFA gradient, 0-11 minutes), where t;: 8.26 min.
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Imidazoquinoline Synthesis (5.2).

o
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Compounds 5.2.1-5.2.4 were synthesized according to literature procedures reported by Shukla,
et al.'""*° Compounds 5.2.5-5.2.8 were synthesized according to the modified procedures® below
to increase yield for scale up purposes.

Compound 5.2.5:

The nitro-substrate (5.2.4) (5.0 g, 11 mmol) and sodium sulfate (0.050 g) were dissolved in ethyl

acetate (0.040 L) that was purged with argon in a Parr Reactor (Parr Instrument Company). 10%
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Pt/C (0.050 g) was added to the reaction mixture and the reactor was filled with hydrogen gas at
350 psi. The reaction was allowed to stir at room temperature until hydrogen gas was consumed
and the pressure remained constaint (overnight, ~ 24 hours). The reaction was filtered through
Celite and concentrated by rotary evaporation. A yellow solid was obtained (4.5 g, 98% yield).

'H NMR (500 MHz, DMSO-d,) 87.98 (d, J = 6.5 Hz, 1H), 7.65 (d, J = 7.5 Hz, 1H), 7.40-7.35
(m, 2H), 7.30 (d,J = 6.5 Hz, 3H), 7.13 (d, J =6.5 Hz, 2H), 5.81 (s, 1H), 5.07 (s, 2H),4.42 (d,J =
6 Hz, 2H), 4.06 (d, J =5.5 Hz, 2H), 1.38 (s, 9H). HRMS: m/z calcd for C,,H,;CIN,O, [M+Na]*

435.17, observed 435.1566.

Compound 5.2.6:

The reduced substrate (5.2.5) (0.15 g, 0.36 mmol) was suspended in toluene (2.0 mL).
Trimethylorthovalerate (0.13 mL, 0.73 mmol) and pyridine hydrochloride (5.0 mg, 36 umol)
were added to the solution. The reaction was allowed to stir and heated at 120 °C for 20 h. The
crude reaction was then concentrated and purified by column chromatography (50% EtOAc/Hex)
to obtain the product as a white solid (70 mg, 41%).

The uncyclized intermediate was resubmitted to the reaction according to the following
procedure. The uncyclized substrate (0.11 g, 0.22 mmol) was dissolved in xylenes (2.0 mL).
Pyridine hydrochloride (5.1 mg, 44 umol) was added to the reaction mixture, which was heated
at 130 °C for 24 h. The reaction was allowed to cool, was concentrated, and purified by column
chromatography (50% EtOAc/Hex) to obtain the product (77 mg, 73%).

Combined total yield (147 mg, 85% yield).

'H NMR (500 MHz, CD;0D) 88.08-8.04 (dd, J = 14, 7.3 Hz, 2H), 7.65 (t,J = 5.8 Hz, 1H), 7.48

(t,J=7Hz, 1H),7.25 (d,J =7 Hz, 2H), 7.02 (d, 2H), 5.98 (s, 1H), 4.18 (s, 2H), 3.06 (t,J = 6.3
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Hz, 2H), 1.79-1.74 (m, 2H), 1.41 (s, 9H), 1.29 (br s, 2H), 0.92 (t, J = 6 Hz, 3H). HRMS: m/z

caled for C,;H,,CIN,0, [M+Na]* 50121, observed 501.2023.

Compound 5.2.7:

Cyclized compound 5.2.6 (44 mg, 0.090 mmol) was suspended in dimethoxybenzylamine (1.6
mL, 0.010 mol). The reaction was run neat and heated at 140 °C for 19 h. The crude reaction
mixture was poured into methylene chloride (0.10 L) and washed with 1 M HCI (4 x 100 mL).
The organic layer was dried with sodium sulfate, filtered, and concentrated. The crude product
was purified by column chromatography (5% MeOH/methylene chloride) to provide the product
as a white powder (31 mg, 57%).

'H NMR (500 MHz, CD;0D) 67.86 (t, J = 6.5 Hz, 2H), 7.50 (t,J = 6.5 Hz, 1H),7.33 (d,J=7.3
Hz, 1H), 7.25 (d, J = 6.5 Hz, 2H), 7.20 (br s, 1H), 7.03 (d, J = 6.5 Hz, 2H), 6.61 (s, 1H), 6.53-
6.52 (dd, J =6.5,2 Hz, 1H), 5.87 (s, 2H), 4.18 (br s, 2H), 3.87 (s, 3H), 3.80 (s, 3H), 2.94 (t, J =
6.3 Hz, 2H), 1.79-1.74 (m, 2H), 1.42 (s, 9H), 1.29 (br s, 2H), 091 (t, J = 6.3 Hz, 3H). HRMS:

m/z caled for CyH,;N,0, [M+H]"610.34, observed 610.3387.

Compound 5.2.8:

Protected imidazoquinoline 5.2.7 (0.20 g, 0.50 mmol) was dissolved in methylene chloride (15
mL). Trifluoroacetic acid (0.010 L) was added to the solution to provide a 40% TFA/methylene
chloride solution. The reaction was allowed to stir at RT for 38 h. The reaction mixture was
concentrated and 1 M HCI (100 mL) was added to the crude solid. The solid was filtered off and
the filtrate was adjusted to pH 10 using 10 M NaOH. The aqueous solution was extracted with
methylene chloride (6 x 200 mL). The organic layer was then dried with sodium sulfate, filtered,

and concentrated to provide the product as a white solid (180 mg, 50% yield).
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'H NMR (500 MHz, DMSO-d,) 87.79 (d,J = 7.5 Hz, 1H), 7.56 (t,J = 8.5 Hz, 1H), 7.32 (t,J =7
Hz, 1H), 7.26 (d, J = 8.5 Hz, 2H), 7.02 (t, / = 7 Hz, 1H), 6.95 (d, J = 8 Hz, 2H), 6.53 (s, 1H),
5.82 (s,2H), 3.64 (s, 2H),2.90 (t,J = 7.5 Hz, 2H), 1.74-1.68 (m, 2H), 1.42-1.34 (m, 2H), 0.87 (t,

J=7.5Hz,3H). HRMS: m/z calcd for C,,H,;N5 [M+H]"360.22, observed 360.2183.

7 N H
N — /\©\/N\[(Q\/OMNHFmoc
12
N
HoN N

TLR7_PEG,-NH-Fmoc (5.3).

Imidazoquinoline (75 mg, 0.21 mmol) and NHS-PEG,,-NH-Fmoc (0.20 g, 0.21 mmol) were
dissolved in DMSO (2.1 mL). The reaction was allowed to stir at RT overnight (18 h). The crude
solution was purified by reverse phase HPLC using a C8 preparatory column (Luna 5 gm C18(2)
100 A, LC Column 250 x 21.2 mm, AXIA, Phenomenex), where the solvent system was A:
water + 0.1% TFA, B: acetonitrile + 0.1% TFA (10-90% acetonitrile/water + 0.1% TFA
gradient, 0-19 minutes). The HPLC fractions were lyophilized to afford the desired product as a
clear gel (230 mg, 94% yield). "H NMR (600 MHz, CDCIL,) 6 10.1 (br s, 1H),7.90 (d, J = 9.6 Hz,
1H), 7.75 (d,J =9 Hz, 2H), 7.70 (d, J = 10.2 Hz, 1H), 7.59 (d, J = 8.4 Hz, 2H), 7.56-7.51 (br m,
3H), 7.39 (t,J =9 Hz,2H), 7.30 (t,J = 8.4 Hz, 2H), 7.28 (d, J = 9.6 Hz, 3H), 6.97 (d, J = 9.6 Hz,
2H), 5.73 (s, 2H), 5.52 (br s, 1H),4.43 (d,J =7.2 Hz,2H),4.39 (d,J = 8.4 Hz,2H), 422 (t,J =
8.1 Hz, 1H), 3.73 (t,J = 6.6 Hz, 2H), 3.63-3.55 (br m, 38H), 3.53-3.51 (br m,4H),3.48 (brd, J =
4.8 Hz, 4H), 3.39 (br s, 2H), 2.90 (t, J = 9.3 Hz, 2H), 2.56 (t,J = 6.9 Hz, 2H), 1.80 (quintet, J =
9.6 Hz, 2H), 1.44 (sextet, J = 9 Hz, 2H), 0.934 (t, J = 8.7 Hz, 3H). "C NMR (600 MHz, CDCI,)

0 173.6,157.2,149.4, 144.1, 141.4, 139.2, 135.8, 134.6, 132.7, 130.1, 128.8, 127.8, 127.2, 125.6,
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125.2, 120.8, 120.1, 119.9, 112.5, 70.6, 70.5, 70.4, 70.2, 67.0, 66.8, 49.2, 47.4, 43.0, 41.0, 36.4, 2

9.6, 26.9, 22.5, 13.8. MALDI-TOF: m/z calcd for Co,HggN,O,s [M+H]* 1181.6, observed 1181 4.

H
HoN \N o) 12 N N N\///
|
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HN

TLR7_PEG,, Core (54).

Compound 5.3 (230 mg, 0.19 mmol) was dissolved in anhydrous methylene chloride (1.8 mL).
Diethylamine (10% v/v, 0.19 mL) was then added to the solution. The reaction was allowed to
stir at RT for 10 h. The reaction mixture was concentrated and re-dissolved in minimal
methylene chloride, which was then precipitated in diethyl ether (2x). The product was spun
down, removed of diethyl ether, and dried on high-vacuum. The resulting free amine was used in
the following procedure to synthesize 5.4. MALDI-TOF: m/z calcd for C,H,sN,O,; [M+H]"

959.6, observed 959.3.

Carboxylic acid core (5.1) (88 mg, 0.21 mmol) was suspended in DMF (1.8 mL). DIPEA (66 uL.,
0.38 mmol) and subsequently HATU (0.080 g, 0.21 mmol) were added to the carboxylic acid.
The cloudy solution was allowed to stir for 15 min until cleared. In another round bottom flask,
the free amine substrate (180 mg, 0.19 mmol) was dissolved in DMF (2.1 mL). The activated
carboxylic acid was slowly added to the reaction mixture (over 1 h). The reaction was allowed to
stir at RT for 3 h. The reaction mixture was concentrated, re-dissolved in DMSO, and purified by

reverse phase HPLC using a C8 preparatory column, where the solvent system was A: water +

0.1% TFA, B: acetonitrile + 0.1% TFA (10-90% acetonitrile/water + 0.1% TFA gradient, 0-19
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minutes). The HPLC fractions were lyophilized to afford the desired product as a clear gel (150
mg, 57% yield). 'H NMR (500 MHz, CDCl,) 6 10.6 (br s, 1H), 7.87 (br's, 1H), 7.82 (d, J = 8.5
Hz, 1H), 7.77 (br t,J = 4.8 Hz, 1H), 7.67 (d,J = 8.5 Hz, 1H), 7.46 (t,J = 7.8 Hz, 1H), 7.29-7.23
(m, 3H), 6.94 (d, J = 8, 2H), 6.88 (br s, 1H), 6.51 (br s, 1H), 5.71 (s, 2H), 5.19 (br s, 1H), 4.73
(brt,J=12.5Hz,2H),4.39 (d,J = 6 Hz,2H), 4.11 (br s, 2H), 3.70 (t, J = 5.8 Hz, 2H), 3.63-3.57
(m, 32H), 3.54-3.50 (m, 10H), 3.47 (br d, J = 2.5, 6H), 3.42 (br q, J = 5 Hz, 2H), 3.32-3.29 (br
m, 2H), 3.19 (d, J = 8.5 Hz, 1H), 3.04-2.98 (m, 2H), 2.86 (t,J = 7.8 Hz, 2H), 2.50 (t,J = 5.5 Hz,
2H),2.43 (brt,J =11 Hz, 1H), 2.22 (s, 1H), 1.89 (br d, J = 13 Hz, 2H), 1.78 (quintet, J = 8 Hz,
2H), 1.70 (br q, J = 11.5 Hz, 2H), 1.43-1.39 (m, 2H), 1.39 (s, 9H), 091 (t, J = 7 Hz, 3H). "°C
NMR (500 MHz, CDCl,) 6 174.3,172.4, 162.6, 161.4, 157.0, 156.0, 155.5, 149.7, 1394, 135.6,
134.6, 132.7, 129.6, 128.6, 125.5, 125.2, 124.7, 120.7, 119.6, 117.3, 115.0, 112.5, 79.6, 78.5,
774,719,70.3,70.2,70.1,69.8, 67.1,49.0,43.8,42.7,41.2,39.7,39.3, 36.6, 30.3, 294, 28 4,

27.0,22.4,13.8. MALDI-TOF: m/z calcd for CeH, 5N 50, [M+H]* 1360.8, observed 1360.7.
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TLR7_PEG,,_Core_PEG,,-NH-Fmoc (5.5).

Compound 5.4 (0.080 g, 59 umol) was dissolved in TFA/methylene chloride (1:1 v/v) (0.60 mL).
The reaction was allowed to stir at RT for 3 h. The solution was concentrated and re-dissolved in
minimal methylene chloride, which was then precipitated in diethyl ether (2x). The product was
spun down, removed of diethyl ether, and dried on high-vacuum. The resulting free amine was

used in the following procedure to synthesize 5.5.

The free amine substrate (74 mg, 59 umol) and NHS-PEG,,-NH-Fmoc (58 mg, 62 umol) were
dissolved in DMSO (0.60 mL). DIPEA (21 uL, 120 wmol) was then added to the reaction
mixture, which was allowed to stir at RT for 16 h. The reaction mixture was purified by reverse
phase HPLC using a C8 preparatory column, where the solvent system is A: water + 0.1% TFA,
B: acetonitrile + 0.1% TFA (40-60% acetonitrile/water + 0.1% TFA gradient, 0-15 minutes). The
HPLC fractions were lyophilized to afford the desired product as a light brown gel (51 mg, 41%
yield). "H NMR (500 MHz, CDCl,) § 10.63 (br s, 1H), 8.16 (br s, 1H), 7.87 (d, J = 7.8 Hz, 2H),
7.73 (d,J =7.8 Hz, 2H), 7.68 (d,J = 8.4 Hz, 1H), 7.58 (d,J = 7.2 Hz, 2H), 749 (t,J = 7.5 Hz,

1H), 7.37 (t,J = 7.2 Hz, 2H), 7.30-7.24 (m, 6H), 6.94 (d, J = 7.8 Hz, 2H), 6.85 (br s, 1H), 6.57
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(br s, 1H), 5.70 (s, 2H), 5.52 (br s, 1H), 4.74 (br t, J = 12.6 Hz, 2H), 4.39 (d, J = 6 Hz, 2H), 4.37
(d,J = 6.6 Hz, 2H), 4.19 (t, J = 6.9 Hz, 1H), 4.12 (br d, J = 3 Hz, 2H), 3.71 (t, J = 5.7 Hz, 2H),
3.69-3.66 (m, 1H), 3.63-3.59 (m, 72H), 3.57-3.51 (m, 18H), 3.48 (br d, J = 3 Hz, 6H), 3.43-3.41
(br m, 4H), 3.38-3.36 (br m, 2H), 3.00 (br q, J = 10.8 Hz, 2H), 2.86 (t, J = 7.8 Hz, 2H), 2.50 (t, J
=5.7 Hz,2H),2.46 (brt,J = 5.1 Hz, 2H), 2.44 (br s, 1H),2.22 (t,J = 2.4 Hz, 1H), 1.89 (br d, J =
12 Hz, 2H), 1.79 (quintet, J = 7.8 Hz, 2H), 1.70 (br t, J = 10.5 Hz, 2H), 1.42 (sextet, J = 7.2 Hz,
2H), 0.92 (t, J = 7.5 Hz, 3H). °C NMR (600 MHz, CDCL,) § 1744, 172.9, 172.2, 162.3, 162.0,
1614, 156.9, 156.7, 155.9, 155.6, 149.8, 144.1, 141.5, 139.5, 135.6, 134.7, 132.7, 129.7, 128.6,
127.7,127.1,125.5,125.1, 1249, 120.7, 120.0, 119.8, 117.2,115.2, 112.6,78.7,71.8,70.5, 70 4,
703,702,70.1,69.9, 67.2, 67.0, 66.6,49.0, 473,438,427, 410, 40.4, 39.3, 38.5, 36.7, 36.5,
30.3, 294, 28.6, 27.0, 22.4, 13.8. MALDI-TOF: m/z caled for C,osH N0, [M+H]* 2082.2,

observed 2082.2.

TLR4_7 (5.6).
Compound 5.5 (0.050 g, 24 umol) was dissolved in anhydrous methylene chloride (0.90 mL).
Diethylamine (10% v/v, 0.10 mL) was then added to the solution. The reaction was allowed to

stir at RT for 3 h. The reaction mixture was concentrated and re-dissolved in minimal methylene
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chloride, which was then precipitated in diethyl ether (2x). The product was spun down, removed
of diethyl ether, and dried on high-vacuum. The resulting free amine was used in the following

procedure to synthesize 5.6.

Indole-COOH (2.4 mg, 6.9 umol) was dissolved in DMF (0.25 mL). DIPEA (3.3 uL, 19 umol)
and HATU (2.6 mg, 6.9 umol) were then added to the solution in this order to give a blue
colored solution. The free amine substrate (12 mg, 6.3 wmol) was dissolved in DMF in a separate
vial. The preactivated indole carboxylic acid solution was slowly added to the solution of free
amine and the reaction was allowed to stir at RT for 22 h. The reaction mixture was
concentrated, re-dissolved in DMSO, and purified by reverse phase HPLC using a C8
preparatory column, where the solvent system was A: water + 0.1% TFA, B: acetonitrile + 0.1%
TFA (10-90% acetonitrile/water + 0.1% TFA gradient, 0-19 minutes, t .y o.: 12.25 min). The
HPLC fractions were lyophilized to afford the desired product as a clear gel (3.7 mg, 27% yield).
'H NMR (600 MHz, CDCI;) 6 10.16 (br s, 1H), 8.22 (br s, 1H), 8.11 (d, J = 9.6 Hz, 1H), 7.96 (d,
J=10.2Hz,2H),7.72 (d,J = 11.4 Hz, 1H), 7.58-7.44 (m, 7H), 7.38-7.36 (m, 2H), 7.29 (br d, J =
9.6 Hz, 3H), 6.97 (d, J = 9 Hz, 2H), 6.78 (br s, 1H), 5.73 (s, 2H), 4.74 (br m, 2H), 4.42 (d, J =
6.6 Hz, 2H), 4.09 (br s, 2H), 3.90 (s, 2H), 3.73 (t, J =6.6 Hz, 2H), 3.69-3.53 (m, 84H), 3.49-3.45
(m, 16H), 3.40-3.38 (m, 2H), 3.32-3.30 (br m, 2H), 3.21-3.19 (br m, 2H), 2.99 (br s, 2H), 2.87 (t,
J=93Hz,3H),2.53 (t,J =69 Hz, 2H), 2.49 (br s, 3H), 2.23 (br s, 1H), 1.91 (brd,J = 13.2 Hz,
2H), 1.82 (quintet, J = 9 Hz, 2H), 1.74-1.69 (br s, 2H), 1.44 (sextet, J = 9 Hz, 2H), 0.94 (t, J =
8.7 Hz, 3H). Analysis for purity checked by analytical HPLC C8, A: water + 0.1% TFA, B:
acetonitrile + 0.1% TFA (10-90% acetonitrile/water + 0.1% TFA gradient, 0-11 minutes, t

retention®

8.46 min). MALDI-TOF: m/z calcd for C,H,N;,0,,S [M+H]* 2193.2, observed 2193.0.
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TLR4_7_9 (5.7).

Compound 5.6 (0.14 mg, 66 nmol) in anhydrous DMF (73 uL) and CpG (0.080 mg, 11 nmol) in
degassed water (11 ulL) were mixed in a vial. Copper sulfate pentahydrate (55 ug, 220 nmol)
pre-dissolved in degassed water (4.0 ulL) and tris(3-hydroxypropyltriazolylmethyl)amine
(THPTA) (0.14 mg, 330 nmol) in degassed water (4.8 ul.) were mixed and then added to the
reaction vial. Lastly, sodium ascorbate (65 ug, 330 nmol) in degassed water (2.7 ul.) was added
to the reaction mixture to give a final volume (DMF: H20 5:1). The reaction mixture was placed
on a shaker at RT for 24 h. The crude reaction was purified via TBE-urea gel electrophoresis
(Fig. S5.1) and gel extraction. The product band was excised and eluted into endotoxin free
water overnight at RT. The solution was concentrated and desalted using a 3k centrifugal filter
unit (EMD Millipore) to provide the desired product (92% conversion). MALDI-TOF in

negative reflector mode: m/z calcd [M-H] 9460.6, observed 9460.8.
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Indole_PEG,, Core (5.8). (provided by Tyler Albin)

Tri-agonist Core 4.5 (160 mg, 0.29 mmol) was dissolved in 50% TFA/methylene chloride (5.0
mL) and allowed to stir for 2 h. The solvent was removed by rotary evaporation.
Fmoc-HN-PEG,-COOH coupling: Fmoc-HN-PEG,-COOH (0.20 g, 0.24 mmol), Boc-
deprotected tri-agonist core (described above), HBTU (0.11 g, 0.29 mmol), and HOBt (44 mg,
0.29 mmol) were dissolved in 25% 2,4,6-collidine/DMF (0.50 mL) and allowed to stir at RT for
18 h. The reaction mixture was diluted with methylene chloride (0.20 L) and the organic layer
washed with 0.1 M HCI (3 x 200 mL), 10% saturated NaHCO3 (aq.) in water (3 x 200mL), and
DI water (3 x 200 mL). The organic layer was dried with sodium sulfate, filtered, and evaporated
to dryness. The crude product was purified by flash chromatography to obtain the final product
as a viscous, tan oil (250 mg, 81% yield). The product (5.8.1) was characterized by '"H NMR, *C
NMR, and ESI-MS. R¢ 0.44 (10% MeOH/methylene chloride); "H NMR (500 MHz, CDCl;) &
7.75 (d, J = 7.6 Hz, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.39 (t, J = 7.3 Hz, 2H), 7.30 (td, J = 7.5, 1.1
Hz, 2H), 6.51 (s, 2H), 5.27 (s, 2H), 4.70 (s, 2H), 4.39 (d, J = 6.9 Hz, 2H), 4.21 (t, J = 6.7 Hz,
2H), 4.14 (s, 2H), 3.69 (t, J = 5.7 Hz, 2H), 3.62 (m, 42H), 3.56 (t, ] = 5.0, 2H), 3.48 (s, 2H), 3.43
—3.33 (m, 6H), 2.84 (s, 2H), 2.69 (t, J = 11.7 Hz, 2H), 2.42 (t, ] = 5.8 Hz, 2H), 2.19 (s, 1H), 2.09
(s, 1H), 1.95 (s, 1H), 1.61 (d, J = 11.8 Hz, 2H), 1.13 (m, 2H). °C NMR (126 MHz, CDCl;) &
176.49, 171.97, 144.06, 141.35, 136.58, 127.71, 127.09, 125.14, 120.00, 81.10, 81.10, 77.30,

70.78, 70.55, 70.49, 70.37, 70.35, 70.25, 70.12, 67.32, 66.59, 47.39, 47.32, 44.21, 42.81, 40.98,
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40.24, 37.09, 34.98, 30.40, 29.57. ESI-MS m/z caled for CeHoNgOrs [M+H]": 1274.66,

observed 1274.46.

Fmoc Deprotection: Fmoc-HN-PEG,-Core (5.8.1) (250 mg, 0.19 mmol) was dissolved in 20%
diethylamine/methylene chloride and allowed to stir at RT for 2 h. The solution was evaporated
to dryness by rotary evaporation. The product was precipitated in diethyl ether (10 mL),
centrifuged, and decanted. This process was repeated 2x. The product was dried under high
vacuum and obtained as a white solid.

Indole, TLR4 agonist coupling: Indole-COOH (82 mg, 0.23 mmol) and H,N-PEG,-Core (0.19
mmol) were dissolved in 25% 2,4,6-collidine (2.0 mL). HBTU (88 mg, 0.23 mmol) and HOBt
(36 mg, 0.23 mmol) were then added to the reaction solution, which was allowed to stir at RT for
18 h. The reaction was concentrated by rotary evaporation and the crude product purified by
flash chromatography. The product was further purified with a silica plug by washing with ethyl
acetate and subsequently eluted with 10% MeOH/methylene chloride to afford the pure product.
The solvent was evaporated, the solid lyophilized, and the product obtained as a white powder
(110 mg, 41% yield). The product was characterized by 'H NMR, "°C NMR, HPLC, and ESI-
MS. R 0.37 (10% MeOH/methylene chloride); '"H NMR (500 MHz, CD;OD) & 8.14 (d, J = 7.9
Hz, 1H), 7.63-7.58 (m, 3H), 7.56 (m, 1H), 7.50 (ddd, J = 8.4, 7.0, 1.2 Hz, 1H), 7.47 — 7.40 (m,
2H), 7.28 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.53 (s, 2H), 5.15 (s, 2H), 4.72 (s, 1H), 4.13 (s, 2H),
3.94 (s, 2H), 3.68 (t, ] = 5.9 Hz, 2H), 3.62 — 3.32 (m, 52H), 2.90 (s, 2H), 2.77 (m, 2H), 2.61 (s,
1H), 2.41 (t, T = 5.9 Hz, 2H), 1.95 (s, 1H), 1.66 (s, 2H), 1.11 (s, 2H). °C NMR (126 MHz,
CD;0D) 6 177.3, 173.1, 169.6, 155.9, 152.5, 139.6, 138.5, 136.2, 135.9, 130.0, 129.5, 129.3,

127.7, 120.8, 120.6, 120.5, 119.1, 112.4, 80.9, 70.12, 70.06, 70.02, 69.9, 69.1, 66.8, 43.3, 39.6,
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36.4, 35.8, 34.8, 29.6, 29.3. ESI-MS m/z calcd for CesHg1NoOsg [M+Na]+: 1407.60, observed
1407.56.
Pam,CSK,and TLR2/6 Core Syntheses. (provided by Tyler Albin)
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iv. 6% Piperazine

TLR2/6_Core

Synthetic scheme of TLR2/6 Core by modified SPPS. (i.) Fmoc-based SPPS. (ii.) Mmt
deprotection. (iii.) Michael addition to tri-agonist core. (iv.) Fmoc deprotection (v.) Resin
cleavage.

Resin Loading: MBHA rink amide resin (0.30 g, 0.78 mmol/g) was added to a Bio-Rad Poly
Prep column. The resin was suspended in methylene chloride (10 mL) and agitated for 30 min.
The resin was drained of the solution and suspended in DMF (10 mL) for 10 min. Fmoc
deprotection was performed by suspending the resin in 6% piperazine/DMF (10 mL) for 10 min
(2x). The resin was then washed with DMF (3 x 10 mL). The DMF was drained and the resin
suspended in a solution of Fmoc-Lys(5/6 FAM)-OH (0.19 g, 0.26 mmol) and HATU (0.10 g,
0.26 mmol) in 25% 2,4,6-collidine/DMF (3 mL) for 1 h. The resin was drained of the solution,
washed with DMF (3 x 10 mL), and capped by suspending in a solution of acetic anhydride (0.48
g, 4.7 mmol) in 25% DIPEA/DMF (3 mL) for 20 min. The solution was drained and the resin

washed with DMF (3 x 10 mL).
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Solid Phase Peptide Synthesis: The following steps were followed to synthesize the sequence
Fmoc-S(OtBu)-K(Boc)s-G-C(Mmt)-G-K(5,6 FAM)-Resin: i. Fmoc deprotection with 6%
piperazine/DMF (10 mL) for 10 min (2x) 1. DMF wash (3 x 10 mL) iii. Coupling of the amino
acid (0.94 mmol) in the presence of HBTU (360 mg, 0.94 mmol) dissolved in 25% 2,4,6-
collidine/DMF (3 mL) for 30 min, and iv. DMF wash (3 x 10 mL). The same four steps were
followed for Fmoc-C(Pam;)-OH (320 mg, 0.35 mmol) coupling, but the amino acid was coupled
to the resin in a solution of 25% 2.,4,6-collidine/DMF (3 mL), HBTU (180 mg, 0.47 mmol), and

HOBt (190 mg, 0.47 mmol) and shaken for 18 h.

Fmoc-Pam,CS(OtBu)K(Boc),GC(Mmt)G-Resin cysteine SN, with bromoacetic acid.
(provided by Tyler Albin)

Fmoc-Pam,CS(OtBu)K(Boc),GC(Mmt)G-Resin (0.30 g) was added to a Biorad poly prep
column. The resin was swollen in methylene chloride (10 mL) for 30 minutes and the methylene
chloride drained. The Cys(Mmt) was deprotected by washing the resin several times with 1%
TFA/methylene chloride over 1 h. The resin was washed 3x with methylene chloride and 3x with
DMF. The resin was suspended in bromoacetic acid (98 mg, 0.70 mmol), tetrabutylammonium
iodide (87 mg, 0.23 mmol), and DIPEA (250 uL, 1.4 mmol) dissolved in DMF (3 mL) and
agitated for 3 h. The solution was drained, the resin washed 3x with DMF (10 mL), and 3x with
methylene chloride (10 mL). A portion of the resin was cleaved in Reagent K
(TFA/phenol/water/EDT/thioanisole 34:2:2:2:1, 0.5 mL) for 2 h and the peptide was precipitated
in cold diethyl ether (2 mL), and centrifuged. The peptide pellet was washed 2x with cold diethyl

ether (2 mL). The resulting product was dried by blowing with nitrogen gas. The product was
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analyzed by HPLC and MALDI-TOF. MALDI-TOF m/z calcd for CgH,s,N,,0,sS, [M+Na]

1790.1, observed 1789.8.

Pam,CSK, _ Indole (TLR2/6_4 Di-agonist) (5.9). (provided by Tyler Albin)
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Coupling of TLR4 Core to resin bound TLR2/6 agonist. Furan protected TLR4 Core (54 mg,
0.039 mmol) was conjugated to the resin bound peptide and the product obtained analogously as
TLR2/6 _Core described above. The crude reaction mixture was analyzed and purified by reverse
phase HPLC using a C8 column. Analysis for purity checked by analytical HPLC C8 column,
using a solvent system of A: water + 0.1% TFA, B: acetonitrile + 0.1% TFA (50-90%
acetonitrile/water + 0.1% TFA gradient, 0-10 minutes, t, ... 8-6 min). The isolated product was
analyzed by MALDI-TOF (2.5 mg recovered). MALDI-TOF: m/z calcd for C;sH245N28035S3

[M +H]": 3290.8, observed 3289.0.

Pam,;CSK4GC(Core)GK(5/6 FAM) (TLR2/6 _Core) Synthesis (5.9.1).

(provided by Tyler Albin)

Coupling of Triazine Core to Resin bound TLR2/6 agonist. Furan protected tri-agonist Core (65
mg, 1.2 mmol) was dissolved in DMSO (3 mL) and stirred for 5 h at 110 °C to expose the

maleimide. The Fmoc-Pam,CS(OtBu)K(Boc)sGC(Mmt)GK(5/6 FAM)-Resin (1/6th of batch,
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0.039 mmol peptide) described above was swollen in methylene chloride (10 mL) for 30 min and
then the methylene chloride drained. Cys(Mmt) was deprotected by washing the resin several
times with 1% TFA/methylene chloride (5 mL each wash) over 1 h. The resin was washed with
methylene chloride (3 x 10 mL) and with DMF (3 x 10 mL). The furan deprotected triagonist
core solution and DIPEA (1 mL) was then added to the peptide bound resin and the reaction
mixture shaken for 18 h. The solution was drained from the resin and the resin washed with
DMF (3 x 10 mL) and with methylene chloride (3 x 10 mL). The peptide was Fmoc deprotected
with 6% piperazine/DMF (2 x 10mL, 10 min) washed with DMF (3 x 10 mL) and methylene
chloride (3 x 10 mL). The peptide was cleaved from the resin with Reagent K
(TFA/phenol/water/EDT/thioanisole 34:2:2:2:1, 2 mL) for 4 h, and the resin washed with
Reagent K (2 x 2 mL). The cleavage solutions were combined and the peptide was precipitated
in ice cold diethyl ether (20 mL), and centrifuged (2,400 x g, 10 min, 4 °C). The peptide pellet
was washed with ice cold diethyl ether (2 x 20 mL). The resulting crude product was dried and
purified by HPLC. Analysis for purity checked by analytical HPLC C8 column, using a solvent
system of A: water + 0.1% TFA, B: acetonitrile + 0.1% TFA (50-90% acetonitrile/water + 0.1%
TFA gradient, 0-10 minutes, t ... 7.9 min). The pure isolated product was analyzed by

MALDI-TOF (0.80 mg recovered, TLR2/6 Core). MALDI-TOF: m/z caled for

C117H134N24023SZ [NH‘H]+ 2358.3, observed 2357.5.
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Imidazoquinoline-N; (5.10).

Imidazoquinoline (49 mg, 0.13 mmol) and NHS-PEG,,-N;, (0.10 g, 0.13 mmol) were dissolved in
DMSO (1.3 mL). The reaction was allowed to stir at RT for 17 h. The reaction was poured into
ethyl acetate and washed with slightly basic water (pH 8). The organic layer was dried with
Na,SO,, filtered, and concentrated. The resulting product was obtained as a yellow gel (130 mg,
91% yield). 'H NMR (600 MHz, CDCl,) 6 7.92 (d, J = 8.4 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H),
7.54-7.51 (m, 1H), 7.30-7.23 (m, 2H), 7.10 (br s, 1H), 6.96 (d, J = 8.4 Hz, 2H), 5.74 (s, 2H), 4 .41
(d,J =6Hz,2H),3.72 (t,J = 5.7 Hz, 2H), 3.65-3.62 (m, 34H), 3.60-3.59 (m, 2H), 3.57-3.56 (m,
2H), 3.54-3.53 (m, 4H), 3.51-3.48 (m, 4H), 3.38 (t,/ = 4.8 Hz, 2H), 2.87 (t,J = 7.8 Hz, 2H), 2.50
(t,J = 5.7 Hz, 2H), 1.82 (quintet, J = 7.8 Hz, 2H), 1.44 (sextet, J = 7.8 Hz, 2H),0.94 (t,J =7.5
Hz, 3H). "C NMR (600 MHz, CDCl,)

0 171.93, 157.13, 149.3, 139.8, 136.0, 133.9, 132.6, 129.8, 128.7, 125.6, 125.5, 124.8, 120.8, 120
.1, 112.6, 70.8, 70.7, 70.6, 70.5, 70.3, 70.2, 67.3, 50.8, 49.2, 42.7, 37.0, 29.4, 27.1, 25.5, 22.5, 13.

9. HRMS: m/z caled for C,oH,N;O,; [M+Na]* 1007.5430, observed 1007.5413.
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NH, NH;
TLR2/6_4_7 (5.11).

The TLR2/6_4 di-agonist (1.3 mg, 0.38 wmol) pre-dissolved in water (150 ulL) and
imidazoquinoline-PEG,,-N; (5.10) (3.1 mg, 3.2 umol) in DMF (0.85 mL) were mixed. A
solution of copper sulfate pentahydrate (2.5 mg, 0.010 mmol) in degassed water (23 ulL) and
sodium ascorbate (3.0 mg, 15 umol) in degassed water (21 ulL) were added to the reaction
mixture in that order. The solution was allowed placed on a shaker at RT for 24 h.

The crude solution was centrifuged at 8,000 g for 10 minutes at 4 °C. The supernatant was
removed and the fluorescent pellet was washed with 0.1 M EDTA (2 x 200 uL) to remove excess
copper. The pellet was then re-dissolved in DMSO and purified by reverse phase HPLC using a
C8 preparatory column, where the solvent system was A: water + 0.1% TFA, B: acetonitrile +
0.1% TFA (50-90% acetonitrile/water + 0.1% TFA gradient, 0-29 minutes, tcyon: 12.9 min).

The HPLC fractions were lyophilized to afford the desired product as a fluorescent yellow

powder (0.60 mg, 40% yield). MALDI-TOF: m/z calcd [M+H]" 4275.3, observed 4275.8.
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Pam,;CSK,and TLR1/2_Core Syntheses (5.11). (provided by Tyler Albin)

Fmoc-Pam,CSK4GC(Mmt)GK(5/6 FAM)-Resin was synthesized as described above. The resin
was suspended in methylene chloride (10 mL) and agitated for 30 min. The resin was drained of
the solution and suspended in DMF (10 mL) for 10 min. Fmoc deprotection was performed by
suspending the resin in 6% piperazine/DMF (2 x 10 mL) for 10 min. The resin was then washed
with DMF (3 x 10 mL). The DMF was drained and the resin suspended in a solution of palmitic
acid (41 mg, 0.16 mmol) and HBTU (61 mg, 0.16 mmol) in 25% 2,4,6-collidine/DMF (3 mL) for
3 h. The solution was drained from the resin, the resin washed with DMF (3 x 10 mL), and with
methylene chloride (3 x 10 mL). The peptide was then conjugated to furan deprotected tri-
agonist core analogously as described above. The resin-bound peptide was cleaved in Reagent K
(TFA/phenol/water/EDT/thioanisole 34:2:2:2:1, 2 mL) for 2 h, and the resin washed with
Reagent K (2 x 2 mL). The cleavage solutions were combined and the peptide was precipitated
in ice 1:1 cold hexanes/diethyl ether (20 mL), and centrifuged (2,400 x g, 10 min, 4 °C). The
peptide pellet was washed with ice cold diethyl ether (2 x 20 mL). The resulting crude product

was dried and purified by HPLC C8 reverse phase chromatography. Analysis for purity checked
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by analytical HPLC C8 column, using a solvent system of A: water + 0.1% TFA, B: acetonitrile
+ 0.1% TFA (50-90% acetonitrile/water + 0.1% TFA gradient, 0-10 minutes, then hold at 90%
B, 10-19 minutes, t ... 14 min). The pure isolated product was analyzed by MALDI-TOF (1.1
mg recovered, TLR1/2_ Core). MALDI-TOF: m/z calcd for C133H214N24024S, [M+H]" 2596.6,

observed 2596.6.

4
o NH, HN o{fo HN S0
|
s
o OH
I v 9 w9 H Ho9
HN\.)L . N%N AN A N,
s Ho9 H o = o) H H o
14 S ﬁ
OT) ~.|
1 NH;, NH,

TLR1/2_4 (5.12). (provided by Tyler Albin)

Pam;CSK4GC(Mmt)GK(5,6 FAM)-Resin was prepared as described above. TLR4 Core was
then  conjugated by  Michael addition, analogously to that of Fmoc-
Pam,CS(OtBu)K(Boc)sGC(Mmt)GK(5/6 FAM)-Resin described above. The pure isolated
product was analyzed by MALDI-TOF and HPLC (0.50 mg recovered). Analysis for purity
checked by analytical HPLC C8 column, using a solvent system of A: water + 0.1% TFA, B:
acetonitrile + 0.1% TFA (50-90% acetonitrile/water + 0.1% TFA gradient, 0-10 minutes, then
hold at 90% acetonitrile/water + 0.1% TFA 10-19 minutes, t, : 14.1 min). MALDI-TOF: m/z

retention*

calcd for Ci78H278N28039S5 [M+H]+: 3529.0, observed 3527.4.
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TLR1/2_4_7 (5.13).

The TLR1/2_4 di-agonist (1.0 mg, 0.28 umol) and imidazoquinoline-PEG,,-N; (5.10) (1.4 mg,
1.4 umol) in DMF (0.75 mL) were mixed. A solution of copper sulfate pentahydrate (1.4 mg, 5.7
umol) in degassed water (0.070 mL) and sodium ascorbate (1.7 mg, 8.5 wmol) in degassed water
(92 uL) were added to the reaction mixture in that order. The solution was allowed placed on a
shaker at RT for 24 h.

The crude solution was centrifuged at 8,000 g for 10 minutes at 4 °C. The supernatant was
removed and the fluorescent pellet was washed with 0.1 M EDTA (2 x 200 uL) to remove excess
copper. The pellet was then re-dissolved in DMSO and purified by reverse phase HPLC using a
C8 preparatory column, where the solvent system was A: water + 0.1% TFA, B: acetonitrile +
0.1% TFA (70-90% acetonitrile/water + 0.1% TFA gradient, 0-32 minutes, t o, 17.3 min).
The HPLC fractions were lyophilized to afford the desired product as a fluorescent yellow

powder (1.2 mg recovered). MALDI-TOF: m/z calcd [M+H]" 4535.5, observed 4535.6.
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TLR2/6_4_9 (5.14).

The TLR2/6_4 di-agonist (0.040 mg, 12 nmol) in water (4.5 uL.) and CpG-ODN1826-N, (16 ng,
2.4 nmol) in water (2.4 uL) were mixed with DMF (0.080 mL). Copper sulfate pentahydrate (12
ug, 48 nmol) pre-dissolved in degassed water (2.0 uL) and THPTA (31 ug, 72 nmol) in degassed
water (2.2 uL) were mixed and then added to the reaction vial. Lastly, sodium ascorbate (14 nug,
72 nmol) was added to the reaction mixture to give a final ratio of DMF: H20 (5:1). The reaction
mixture was placed on a shaker at RT for 24 h. The crude reaction was purified via SDS-PAGE
and gel extraction (45% conversion). The product band was excised and eluted into endotoxin
free water overnight at RT. The solution was concentrated and desalted using a 3k centrifugal
filter unit (EMD Millipore) to provide the desired product. MALDI-TOF and LC-MS were

attempted using various conditions; however, the product did not ionize well under any attempts.
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TLR2/6_7 Di-Agonist (5.15). (provided by Tyler Albin)

Compound 54 (43 mg, 32 umol) was dissolved in 50% TFA/methylene chloride (2 mL) and
stirred for 2 h. The methylene chloride/TFA was removed by rotary evaporation and the Boc-
deprotected core was dissolved in  25%  collidine/DMF (3 mL). Fmoc-
PAM,CS(OtBu)K(Boc),GC(COOH)G-Resin (=100 mg, 78 mmol) was swollen in methylene
chloride (10 mL) for 30 minutes and the methylene chloride drained. The resin was swollen in
DMF (10 mL) for 30 min and then drained. The resin was then suspended in a solution of 25%
collidine/DMF (3 mL) containing HBTU (36 mg, 94 umol) for 5 minutes. The Boc-deprotected
core/DIPEA/DMF solution was added to the HBTU activated peptide solution and agitated
overnight. The solution was drained from the resin, the resin washed with DMF (3 x 10 mL), and
with methylene chloride (3 x 10 mL). The resin was fmoc deprotected with 20%
piperidine/DMF, washed with DMF and methylene chloride. The peptide was cleaved in Reagent
K (TFA/phenol/water/EDT/thioanisole 34:2:2:2:1, 2 mL) for 2 h, and the resin washed with
Reagent K (2 x 2 mL). The TFA solutions were combined and the peptide was precipitated in
cold diethyl ether (20 mL), and centrifuged. The peptide pellet was washed with cold diethyl

ether (2 x 20 mL). The crude reaction was dried and analyzed by HPLC, MALDI-TOF, and UV-
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Vis. The product was purified by reverse phase HPLC using a C8 preparatory column, where the
solvent system was A: water + 0.1% TFA, B: acetonitrile + 0.1% TFA (40-90%
acetonitrile/water + 0.1% TFA gradient, 0-10 minutes, t yo.: 92 min). The HPLC fractions

were lyophilized to afford the desired product as a fluorescent yellow powder (0.10 mg

recovered). MALDI-TOF: m/z calcd [M+H]" 3273.7, observed 3273 .9.
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TLR2/6_7_9 (5.16).

The TLR2/6_7 di-agonist (150 ug, 46 nmol) in water (51 ulL) and CpG-ODN1826-N; (610 ng,
92 nmol) in water (92 ulL) were mixed with DMF (0.34 mL). Copper sulfate pentahydrate (0.23
mg, 0.92 umol) pre-dissolved in degassed water (4.0 uL) and THPTA (0.61 mg, 1.4 wmol) in
degassed water (4.3 ul) were mixed and then added to the reaction vial. Lastly, sodium
ascorbate (0.28 mg, 1.4 wmol) was added to the reaction mixture to give a final ratio of DMF:
H20 (5:1). The reaction mixture was placed on a shaker at RT for 24 h. The crude reaction was
purified via SDS-PAGE and gel extraction (40% conversion). The product band was excised and
eluted into endotoxin free water overnight at RT. The solution was concentrated and desalted

using a 3k centrifugal filter unit (EMD Millipore) to provide the desired product. MALDI-TOF
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and LC-MS were attempted using various conditions; however, the product did not ionize well

under any attempts.

Di-Agonist Syntheses:

TLR7_9 (5.17).

Compound 5.4 (52 ug, 39 nmol) in anhydrous DMF (69 uL) and CpG (0.070 mg, 9.6 nmol) in
degassed water (9.6 ulL.) were mixed in a vial. Copper sulfate pentahydrate (48 ug, 190 nmol)
pre-dissolved in degassed water (3.4 uL) and THPTA (0.13 mg, 290 nmol) in degassed water
(4.2 uL) were mixed and then added to the reaction vial. Lastly, sodium ascorbate (57 ng, 290
nmol) in degassed water (2.4 ul) was added to the reaction mixture to give a final volume
(DMF: H20 5:1). The reaction mixture was placed on a shaker at RT for 24 h. The crude
reaction was purified via TBE-urea gel electrophoresis and gel extraction. The product band was
excised and eluted into endotoxin free water overnight at RT. The solution was concentrated and
desalted using a 3k centrifugal filter unit (EMD Millipore) to provide the desired product.

MALDI-TOF: m/z caled [M-H] 8627.7, observed 8627.1.
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Acid Core_PEG,-NH-Fmoc (5.18).

Compound 5.1 (38 mg, 0.12 mmol) and NHS-PEG,,-NH-Fmoc (0.12 g, 0.13 mmol) were
dissolved in DMSO (1.2 mL). DIPEA (42 uL, 0.24 mmol) was then added and the reaction was
allowed to stir at RT for 19 h. The crude reaction mixture was purified by reverse phase HPLC
using a C8 preparatory column, where the solvent system was A: water + 0.1% TFA, B:
acetonitrile + 0.1% TFA (10-90% acetonitrile/water + 0.1% TFA gradient, 0-19 minutes, t,.,ion:
13.25 min). The HPLC fractions were lyophilized to afford the desired product as a clear gel (80
mg, 58% yield). 'H NMR (600 MHz, CDCI,) 8 8.21 (br s, 1H), 7.89 (br s, 1H), 7.82 (br s, 1H),
7.75 (d,J =9 Hz, 2H), 7.59 (d, J =8.4 Hz, 2H), 7.48 (br s, 1H), 7.38 (t,J = 9 Hz, 2H), 7.30 (t, J
=9 Hz, 2H), 5.62 (br s, 1H), 4.57 (br s, 2H), 4.38 (d, J = 8.4 Hz, 2H), 4.20 (t, J = 8.1 Hz, 1H),
4.14 (br s, 2H), 3.76-3.28 (m, 50H), 3.21-3.15 (br m, 2H), 2.65-2.59 (m, 1H), 2.51 (t,J = 6.6 Hz,
2H), 2.23 (t,J = 2.7 Hz, 1H), 2.05-2.00 (br m, 2H), 1.75-1.69 (br m, 2H). "C NMR (600 MHz,
CDCly) 6 1769, 1739, 161.2, 156.8, 155.8, 144.1, 141.4, 127.8, 127.1, 125.2, 120.0, 116.6,

114.7,78.6,71.8,70.5,70.4,70.3,70.2,70.0, 66.8, 66.8,47.3,43.6,41.0,40.5,40.2,38.7,36 .3,

30.4,27.9. MALDI-TOF: m/z calcd for Cs;Hg,N;O,, [M+H]" 1141.6, observed 1141.5.
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TLR4_acid core (5.19).

Compound 5.18 (75 mg, 0.070 mmol) was dissolved in anhydrous methylene chloride (0.54 mL).
Diethylamine (10% v/v, 60 ulL) was then added to the solution. The reaction was allowed to stir
at RT for 6 h. The reaction mixture was concentrated and re-dissolved in minimal methylene
chloride, which was then precipitated in diethyl ether (2x). The product was spun down, removed
of diethyl ether, and dried on high-vacuum. The resulting free amine was used in the following

procedure to synthesize 5.19.

Indole-COOH (25 mg, 0.070 mmol) was dissolved in DMF (0.3 mL). DIPEA (37 uL, 0.21
mmol) and HATU (27 mg, 0.070 mmol) were then added to the solution in this order to give a
blue colored solution. The free amine substrate (0.060 g, 0.070 mmol) was dissolved in DMF in
a separate vial. The preactivated indole-COOH solution was added to the free amine substrate
solution and the reaction was allowed to stir at RT for 24 h. The reaction mixture was
concentrated, re-dissolved in DMSO, and purified by reverse phase HPLC using a C8
preparatory column, where the solvent system is A: water + 0.1% TFA, B: acetonitrile + 0.1%

: 13.4 min). The

retention*

TFA (10-90% acetonitrile/water + 0.1% TFA gradient, 0-19 minutes, t
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HPLC fractions were lyophilized to afford the desired product as a clear gel (6.0 mg, 7% yield).
'H NMR (500 MHz, CDCI,) 6 10.63 (br s, 1H), 8.29 (br s, 1H), 8.12 (d, J = 8.5 Hz, 1H), 7.82 (br
s, 1H), 7.77 (br s, 1H), 7.59-7.57 (m, 4H), 7.51 (t,J = 7.2 Hz, 1H), 7.44 (br s, 1H), 7.38-7.37 (m,
2H), 7.30 (t, J = 7.5 Hz, 1H), 4.57 (br s, 2H), 4.13 (br s, 3H), 3.91 (s, 2H), 3.63-3.47 (m, 52H),
3.20-3.19 (m, 4H), 2.64 (br s, 1H), 2.50 (br s, 2H), 2.23 (s, 1H), 2.01 (br s, 2H), 1.73 (br s, 2H).
Analysis for purity checked by analytical HPLC C8 column, A: water + 0.1% TFA, B:
acetonitrile + 0.1% TFA, 10-90% acetonitrile/water + 0.1% TFA gradient, 0-11 minutes, where

Ceenion: 8.50 min. MALDI-TOF: m/z caled for Cs,HgN,,0,,S [M+H]* 1252.6, observed 1252.6.
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TLR4_9 (5.20).

Compound 5.19 (72 ug, 58 nmol) in anhydrous DMF (80 uL) and CpG (70 ug, 10 nmol) in
degassed water (9.6 ulL.) were added to a vial and mixed. Copper sulfate pentahydrate (48 ug,
190 nmol) pre-dissolved in degassed water (3.4 uL.) and THPTA (130 ug, 290 nmol) in degassed
water (4.2 uL) were mixed and then added to the reaction vial. Lastly, sodium ascorbate (57 ng,

290 nmol) in degassed water (2.4 ul.) was added to the reaction mixture to give a final volume
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(DMF: H20 5:1). The reaction mixture was placed on a shaker at RT for 24 h. The crude
reaction was purified via TBE-urea gel electrophoresis and gel extraction. The product band was
excised and eluted into endotoxin free water overnight at RT. The solution was concentrated and
desalted using a 3k centrifugal filter unit (EMD Millipore) to provide the desired product.

MALDI-TOF: m/z calecd [M-H] 8519.4, observed 8520.7.

TLR2/6_7 (5.21).

The TLR2/6_Core (0.24 mg, 0.10 umol) pre-dissolved in water (48 uL) and imidazoquinoline-
PEG,,-N; (5.10) (0.70 mg, 1.0 umol) in DMF (0.37 mL) were mixed. A solution of copper
sulfate pentahydrate (0.50 mg, 2.0 umol) in degassed water (63 uL) and sodium ascorbate (0.59
mg, 3.0 wmol) in degassed water (20 uL) were added to the reaction mixture in that order. The
solution was allowed placed on a shaker at RT for 24 h.

The crude solution was centrifuged at 8,000 g for 10 minutes at 4 °C. The supernatant was
removed and the fluorescent pellet was washed with 0.1 M EDTA (2 x 200 uL) to remove excess

copper. The pellet was then re-dissolved in DMSO and purified by reverse phase HPLC using a
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C8 preparatory column, where the solvent system was A: water + 0.1% TFA, B: acetonitrile +
0.1% TFA (40-90% acetonitrile/water + 0.1% TFA gradient, 0-29 minutes, tyo.: 16.5 min).
The HPLC fractions were lyophilized to afford the desired product as a fluorescent yellow

powder (0.33 mg recovered). MALDI-TOF: m/z calcd [M+H]|" 3342.9, observed 3343.5.
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TLR4_7 (5.22).

Indole_Core (1.0 mg, 0.72 umol) and Imidazoquinoline-PEG,,-N; (5.10) (0.80 mg, 0.79 umol)
were dissolved in DMF (128 uL). Copper sulfate pentahydrate (0.18 mg, 0.72 umol) in degassed
water (23 ul) and sodium ascorbate (0.28 mg, 1.4 umol) in degassed water (20 uL) were added
to the reaction mixture in that order. The reaction was placed on a shaker at RT for 24 h.

The crude solution was centrifuged at 8,000 g for 10 minutes at 4 °C. The supernatant was
diluted with acetonitrile and purified by reverse phase HPLC using a C8 semi-prep column,
where the solvent system is A: water + 0.1% TFA, B: acetonitrile + 0.1% TFA (40%
acetonitrile/water + 0.1% TFA isocratic, 0-15 minutes, t,,;,,: 5.9 min). The HPLC fractions were

lyophilized to afford the desired product as a white powder (1.7 mg recovered). MALDI-TOF:

m/z calcd [M-Furan+H]* 2302.2, observed 2302.0.
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TLR1/2_7 Di-Agonist (5.23).

Pam,CSK,_Core (0.60 mg, 0.23 wmol) and Imidazoquinoline-PEG,,-N; (5.10) (1.1 mg, 1.2
umol) were dissolved in DMF (0.13 mL). Copper sulfate pentahydrate (1.1 mg, 4.6 wmol) in
degassed water (55 ul) and sodium ascorbate (1.4 mg, 6.9 umol) in degassed water (76 uL)
were added to the reaction mixture in that order. The reaction was placed on a shaker at RT for
18 h.

The crude solution was centrifuged at 8,000 g for 10 minutes at 4 °C. The supernatant was
removed and the fluorescent pellet was washed with 0.1 M EDTA (2 x 200 uL) to remove excess
copper. The pellet was then re-dissolved in DMSO:Acn with 0.1% TFA (1:1 v/v) and purified by
reverse phase HPLC using a C8 preparatory column, where the solvent system was A: water +
0.1% TFA, B: acetonitrile + 0.1% TFA (70-90% acetonitrile/water + 0.1% TFA gradient, 0-32
minutes, t : 17.3 min). The HPLC fractions were lyophilized to afford the desired product as

retention*®

a fluorescent yellow powder. MALDI-TOF: m/z calcd [M+H]" 3581.1, observed 3581.1.
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Biological testing

RAW264.7 Macrophage (RAW-Blue) NF-x B Assay.

RAW-Blue cells were plated at 10 x 10* cells/mL density (180 uL) in 96-well plates using
testing media: D-MEM High Glucose medium (Life Technologies), 10% heat inactivated FBS, 2
mM L-glutamine, and antibiotic-antimycotic (1x). RAW-Blue cells were incubated with 20 uL.
of each agonist for 18 h at 37 °C in a CO, incubator. Cell medium (50 uL) from the stimulated
RAW-Blue cells was removed, placed into a 96-well plate, and incubated with QUANTI-Blue

solution (InvivoGen) (150 uL) for 1.5 h at 37 °C in a CO, incubator. The absorbance (620 nm)

was measured using a Fisher Scientific MultiSkan FC.

In Vitro Bone Marrow-Derived Dendritic Cell Culture and Intracellular Cytokine Staining.
Monocytes were harvested from 6-week-old C57BL/6. Monocytes were differentiated into
dendritic cells (BMDCs) using supplemented culture medium: RPMI 1640 (Life Technologies),
10% heat inactivated fetal bovine serum (Sigma), 20 ng/mL granulocyte-macrophage colony-
stimulating factor (produced using “66” cell line), 2 mM L-glutamine (Life Technologies),
antibiotic-antimycotic (1x) (Life Technologies), and 50 uM beta-mercaptoethanol (Sigma). After
5 days of culture, BMDCs were incubated with each agonist (0.5 uM) in culture medium for 6 h
at 37 °C in a CO, incubator. GolgiPlug (BD Biosciences), containing Brefeldin A, was added to
cell culture for the final 4 h of culture. Cells were stained for intracellular IL-12 cytokine
production and analyzed using BD Accuri C6.

Immunization.

Toxicity Studies (5 days)

C57BL/6 mice were vaccinated intramuscularly (i.m.) at day 0 with TLR2/6_4_7 or TLR2/6/4/7

(1 nmol or 1 nmol of each agonist in PBS with 2% DMSO, respectively) or PBS as a control in a
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total injection volume of 50 uL. Serum samples were collected from mice via the cheek at day O,
3, and 5 post injection.

Vaccination Studies (21 days)

C57BL/6 mice were vaccinated i.m. at day O with the designated Q fever antigen and adjuvanted
with TLR2/6_4_7 or TLR2/6/4/7 (1 nmol or 1 nmol of each agonist in solution, respectively) in
PBS with 2% DMSO in a total injection volume of 50 uL. Mice were boosted with the same
sample treatment at day 14. Serum samples were collected from mice via the cheek at day 0, 1,
14, 15, and 21 post injection. Spleen and lymph nodes were harvested at day 21.

Statistics.

Data was analyzed using a two-tailed t test. All values were reported as mean + SD, unless stated
otherwise.

See Chapter 4 Experimental Procedures for Probing of Protein Microarray’*

*See Appendix D for supplemental figures and characterization data: NMR spectra,

MALDI-TOF spectra, and HPLC traces.
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Appendix A: Chapter 2

Supplemental Figures.

Figure S2.1. Ellman’s assay cysteine calibration curve used to determine number of thiols per
LTA molecule.
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Figure S2.2. RITC standard curve at 260 nm used to quantify the number of RITC molecules
conjugated to LTA.
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Figure S2.3. RITC standard curve at 555 nm used to quantify the number of RITC molecules
conjugated to LTA.
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Figure S2.4. LTA standard curve at 260 nm used to quantify the number of RITC molecules
conjugated to LTA.
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Figure S2.5. Thin-layer chromatography (in 65:25:4 CHCl;:MeOH:H,0)’ confirming the
synthesis of NHS-LTA (2.1): LTA (left lane), NHS-LTA (middle lane), SM(PEG), linker (right
lane) under UV light (254 nm). TLC plate under UV 254 nm (left plate) and stained with KMnO,
(right plate).
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Figure S2.6. 'H NMR spectra of SATP reagent (blue-top),’ LTA (green-middle), and acetyl
protected sulfhydryl LTA (black-bottom). LTA and thiolated LTA samples were taken in D,0,
and SATP sample was taken in CDCI,.° (Refer to Ref. 6 for LTA structure. Peak assignment was
confirmed using HSQC, data not shown. '"H NMR of 2.1 was attempted. However, the spectrum
was unclear as many of the peaks overlapped and thus was inconclusive.)
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Figure S2.7. 'H NMR spectra of SATP reagent (blue-top),’ LTA (green-middle), and acetyl
protected sulfhydryl LTA (black-bottom). LTA and thiolated LTA samples were taken in D,0O,
and SATP sample was taken in CDCl;. D-Ala-aH was observed at 4.16 ppm. SATP methylene
protons were observed at 3.59 and 3.68 ppm.
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Figure S2.8. 'H NMR spectra of SATP reagent (blue-top),’ LTA (green-middle), and acetyl
protected sulfhydryl LTA (black-bottom). LTA and thiolated LTA samples were taken in D,0,
and SATP sample was taken in CDCIl,. D-Ala-fH was observed at 1.50 (protected sulthydryl
LTA) and 1.66 ppm (starting material LTA). SATP methyl protons were observed at 2.42 ppm.
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FPLC Chromatogram
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Figure S2.9. FPLC trace of LTA (red), NHS-PEG¢-maleimide linker (blue), and 2.1 (green)
(samples run in DPBS). LTA conjugation to NHS-PEG,-maleimide linker does not result in a
significant shift in the FPLC trace, so 2.1 cannot be definitively confirmed using FPLC.
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Figure S2.10. MALDI-MS confirming the synthesis of NHS-CpG-ODN (2.2) at m/z = 7106.8.
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Figure S2.11. Flow cytometry confirmation of 6-FAM-labeled CpG-ODN cell surface
modification of LLCs to provide 2.4: unmodified LLCs (black), non-specific sticking of 6-FAM
CpG-ODN1826 anti-sense strand (red), and 6-FAM-labeled CpG-ODN_LLCs (purple).

¥ After 2-5 hours, we observed disappearance of the modification from the surface of the LLCs.
Endocytosis is the most likely mechanism (data not shown).
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Figure S2.12. Flow cytometry quantification of 6-FAM-labeled CpG-ODN_LLCs. LLCs were

incubated with varying concentrations of 6-FAM-labeled CpG-ODN1826 conjugate 2.2 for 30
min at RT.
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Figure S2.13. Flow cytometry quantification of RITC LTA_LLCs. LLCs were incubated with

varying concentrations of RITC LTA conjugate 2.1 for 30 min at RT.
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Figure S2.14. RAW264.7 macrophage NF-kB stimulation via alkaline phosphatase secretion.
Data displays absorbance (620 nm) caused by macrophage cell incubation with TLR
agonist_LLC constructs for 19 h at 37 °C, which correlates to NF-kB stimulation. LLCs were
modified with half of the concentration of TLR agonist-PEG,-NHS conjugate (14 uM) compared
to the full concentration (28 uM) to determine that the activation from CpG_LTA_LLCs is more
than the additive stimulation from just CpG_LLCs and LTA_LLCs. More important, the
CpG_LTA_LLCs displayed the greatest stimulation over using a single TLR agonist. Data is the
result of n=6, where p < 0.05 for CpG_LLCs relative to CpG_LTA_LLCs, p < 0.05 for
LTA_LLCs relative to CpG_LTA_LLCs, and p < 0.01 for the unmodified LLCs relative to all
TLR agonist_LLCs and for the CpG_LTA_LLCs relative to all other samples. Results are
expressed as the mean + SD.
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Figure S2.15. Flow cytometry analysis of BMDC cell surface marker upregulation, including
CD80, using TLR agonist_LLCs: control (dark blue), unmodified LLCs (red), LTA_LLCs
(green), CpG_LLCs (purple), CpG_LTA_LLCs (light blue). p values represent each TLR
agonist_LLC in comparison to the resting state where p < 0.01 for CD86, CD40, and MHC II, p
< 0.05 for CD80 over n=3, p < 0.05 for CD86 comparing unmodified LLCs to LTA_LLCs, p <
0.01 comparing unmodified LLCs to CpG_LLCs and CpG_LTA_LLCs, p < 0.05 comparing
CpG_LLCs to CpG_LTA_LLCs, and p < 0.01 for CD40 comparing unmodified LLCs to all TLR
agonist_LLCs. Results are expressed as the mean + SD.

* For flow cytometry experiments, 2.3, 2.4, and 2.5 did not contain fluorescent tags, so that the
conjugates would not interfere with quantifying the fluorescently tagged antibodies.
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Figure S2.16. Flow cytometry analysis of BMDC CD86 upregulation, including TLR agonists
free in solution (positive controls): control (dark blue), unmodified LLCs (red), LTA (1 ug/mL)
and unmodified LLCs (green), CpG-ODN (5 ug/mL) and unmodified LLCs (purple), and CpG-
ODN (5 pg/mL)/LTA (1 wpg/mL)/unmodified LLCs (light blue), LTA_LLCs (orange),
CpG_LLCs (light purple), CpG_LTA_LLCs (pink). Results are expressed as the mean + SD and
n=3.
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Figure S2.17. Activation of BMDCs using TLR agonist_LLCs. Expression of CD86, CD40,
CD80, and MHCII was analyzed via flow cytometry: resting (black), unmodified LLCs (red),
CpG_LLCs (blue), LTA_LLCs (green), and CpG_LTA_LLCs (pink).
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BMDC Cytokine Profile
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Figures S2.18. Intracellular cytokine flow cytometry analysis, including IL-10, using TLR
agonist_LLCs: control (dark blue), unmodified LLCs (red), LTA_LLCs (green), CpG_LLCs
(purple), CpG_LTA_LLCs (light blue). p values represent that for resting state relative to
CpG_LLC and CpG_LTA_LLCs where p < 0.01 for TNF-a, IL-6, and IL-12 over n=3, and p <
0.1 for IL-6 and IL-2 comparing CpG_LTA_LLCs to CpG_LLCs. Results are expressed as the
mean + SD.

L Cytokines can polarize an immune response in order to elicit a specific response against a
targeted pathogen. Pro-inflammatory cytokines help recruit APCs toward an infected site to
eliminate a pathogen. In contrast, anti-inflammatory cytokines inhibit the recruitment of APCs
and suppress an immune response, which is necessary for autoimmune diseases. A balance of the
different types of immune responses is required to effectively combat foreign pathogens.
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Figure S2.19. Activation of BMDCs using TLR agonist_LLCs. IFN-y, TNF-a, IL-6, IL-12, and
IL-10 cytokine production was analyzed via flow cytometry: resting (black), unmodified LLCs
(red), CpG_LLCs (blue), LTA_LLCs (green), and CpG_LTA_LLCs (pink).

157



Figure S.220. Confocal microscopy image of Dil-labeled CpG_LLCs (red) macrophagocytosed
by DiO-labeled dendritic cells (green).

¥ DJO is a lipophilic, membrane bound green fluorophore. Dil is a lipophilic, membrane bound
red fluorophore. These lipophilic dyes are commonly used to track multiple cells. There are
hypotheses that these dyes can exchange/diffuse between cells, since they embed into the cell
membrane via lipophilic interactions. However, dialkylcarbocyanine dyes have been used for
many years in the field of immunology for cell labeling and tracking experiments.”* Also, no Dil-
labeled CpG_LLCs were observed with DiO-labeled cell interiors and no Dil was observed on
the outer cell membrane of the DCs. These results strongly suggest that the dendritic cells
engulfed the CpG_LLCs and that the images were not a result of the interchange of the lipophilic
dyes.

¥ DC stimulation using CpG-ODN recruits TLR9 from the ER through the Golgi to endosomal
compartments via membrane fusion. TLR9 is processed and cleaved after passing through the
Golgi to provide functional TLR9 in the endosome as opposed to full-length (unprocessed, non-
functional) TLR9, which does not become activated by ligands.”"’
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Appendix B: Chapter 3

Dialysis of LTA _PEG Conjugate Dialysis of LTA_FITC Conjugate
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Figure S3.1. Removal of excess PEGy linker or FITC from LTA_PEG,-maleimide and
LTA_FITC conjugates via centriprep purification (3 kDa MWCO, DPBS, pH 7.4). Removal of
PEGg linker was monitored at 260 nm (left) and removal of FITC was monitored at 495 nm

(right).
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Figure S3.2. The LTA_PEG,-maleimide conjugate was characterized by 'H NMR (500 MHz,
D,0). Using the most accurate integrations (CH, from the lipid chains of LTA and maleimide
CH from the PEG linker) a composition of 1 PEG linker to 2 LTAs was determined (50%
conversion). For additional NMR assignments, see Morath et. al.'
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FPLC Chromatogram
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Figure S3.3. FPLC purification of the CpG_LTA di-agonist (Superdex G75, DPBS, 0.2
mL/min). Separations were conducted at 4°C, and UV/Vis absorbance was monitored at 260 nm.
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Figure S3.4: The LTA_CpG di-agonist was analyzed by UV/Vis and calibrated to 10 ug/mL
with respect to CpG. Both CpG and the LTA_CpG di-agonist were diluted to an Abs,qs of 0.086
before serial dilutions in DPBS to the relevant concentrations used in each experiment.
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Figure S3.5. SDS-PAGE analysis of the LTA_CpG di-agonist. Lane 1: MW standard, lane 2:
CpG, lane 3: FITC-LTA, lane 4: Mixture of CpG and FITC-LTA, lane 5: Crude LTA_CpG di-
agonist reaction, lane 6: FPLC purified LTA_CpG di-agonist.
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Figure S3.6. Stable particle formation was not observed by DLS and the LTA_CpG di-agonist
exhibited a weak correlation coefficient. Sedimentation/agglomeration for the di-agonist was
found to occur similar to LTA.
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3. Immune Cell Stimulation

RAW Blue Cell Assay

The RAW-Blue cell line was cultured similarly to manufacturer’s protocol in complete media
(DMEM, 10% HIFBS, 2 mM glutamine, 0.1 mg/mL Zeocin). Cells between passage 5 and 15
were used for all experiments. The Quanti-Blue® assay was performed in accordance with
manufacturer’s specified protocol. Cells were seeded on a 96 well plate at a density of 100,000
cells/well in 200 uL. of complete media per well and the cultures were allowed to incubate for 24
h. The original media was removed and the cell culture in each well was washed with 200 uL
DMEM. Each well was then incubated with 190 uL. of complete media and 10 uL of a 20 x
solution of each sample in PBS for 15 h. Secreted Alkaline Phosphatase (SEAP) was quantified
in the cell media by incubating a 10 uL aliquot of the culture media with 200 uL. of the Quanti-
Blue® SEAP detection reagent for 2.5 h before colorimetric assay at 620 nm. To ensure that no
false positives were observed due to contaminating endotoxins, all cell culture media, PBS
buffer, and FPLC buffer were also screened for endotoxins. Control studies were performed on
the LTA_PEG¢-maleimide and CpG_PEG-NHS conjugates (LTA-PEG and CpG-PEG,
respectively). In addition, 6-FAM labeled ODN1826 was compared to ODN1826 without a
fluorescent tag.

Inhibitor and Antagonist Assay

In the case of samples that were tested with the inhibitor chloroquine, cells were incubated with
50 uM chloroquine for 30 minutes before addition of each the agonist. The antagonists OxPAPC
and ODN2088 were added immediately prior to addition of the corresponding agonist. Samples
were incubated for 15 h and subjected to the Quanti-Blue® assay as described above.
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Figure S3.7. a) Endotoxin levels in the complete media used in cell culture, PBS used to dilute
the TLR agonists and the FPLC buffer used to purify the di-agonist were quantified relative to
LPS. b) The effect of conjugating PEG, or the FAM flourescent tag was examined for LTA and
CpG (100 ng/mL with respect to LTA or CpG in each case). c) RAW-Blue cells were incubated
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with each TLR agonist including LPS, LTA, CpG, a mixture of LTA and CpG, or the LTA_CpG
di-agonist. After 15 h, NF-xB activation was quantified using the Quanti-Blue Assay.
Experiments were performed in sextuplet. d) Effect of lipofectamine on RAW-Blue stimulation.
Lipofectamine (5 uL lipofectamine 2000/ug TLR agonist), lipofectamine 10x (50 uL
lipofectamine/ug TLR agonist), lipofectamine/chloroquine (the cells were first incubated with 50
uM chloroquine for 30 min) e) The effects of the antagonists OXPAPC (TLR2) and ODN2088
(TLR9) were screened along with the endosomal protease inhibitor chloroquine. LTA conjugated
to the antagonist ODN2088 (LTA_2088) was also included in selected experiments.

Results are expressed as the mean + SD and n=6.

4. Murine Bone-Marrow Derived Dendritic Cells (BMDC)

BMDC Harvest and Culture

Monocytes were harvested from mouse femurs and cultured as described previously.” Briefly,
the monocytes were plated in 8.5 mL of complete media (RPMI, 10% heat inactivated FBS, 2
mM glutamine, 20 ng/mL GMCSF) at a density of 1x10° cells/mL in a Petri dish and were
incubated for 3 days. On day 3, the volume of the cell culture was doubled by addition of
complete media, and the cells were cultured for an additional 3 days before use. Cells were
released from the surface by pipetting and suspended in 10 mL of RPMI media. Cells were
centrifuged, media removed, and fresh complete RPMI media was added before seeding at a
density of 6x10° cells/well on 24/well plates. BMDCs were used immediately in subsequent
stimulation procedures.

BMDC Stimulation

The cells were immediately stimulated by addition of a 20x solution of CpG, LTA, the
LTA_CpG di-agonist or a mixture of LTA and CpG at final concentrations of 100 ng/mL in the
cell media. For cytokine experiments lipopolysacharide (LPS) was employed as a positive
control. To measure cytokine expression, cytokine secretion was inhibited. 1.2 uL of the Golgi
Plug protein transport inhibitor was added to each well in experiments for measuring cytokines.
Cells used to screen for cell-adhesion and antigen presentation proteins were stimulated for 15 h.
Cells used to measure cytokine production were stimulated for 10 h.

BMDC Antibody Staining

The BMDCs were released from the 24/well plates by rapidly pipetting the cell media for 1 min
before transferring the released cells to 1.5 mL centrifuge tubes kept at 0°C. The cells were
centrifuged and the media was removed. All centrifuge steps were performed at 300 rcf, 10 min,
4°C. The pellets were re-suspended in 300 ul. FACS (10% HIFBS, PBS, 0.01% sodium azide)
and incubated with 1.2 ul. of the blocking antibody for 20 min before centrifugation. The
blocking mixture was removed and the pellet was re-suspended in 300 uLL FACS with 1.2 uL of
FITC anti-CDl 1c.

Antigen Presentation and Cell Adhesion Proteins

In screens that involved cell adhesion or antigen presentation proteins the corresponding
antibody (PE anti-MHCII, CD40, CD80, or CD86) was added with the FITC anti-CD11c. The
cell mixture was incubated at O °C for 30 min before centrifuging and washing 2 times with 300
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uL. FACS buffer. The cells were re-suspended in 200 u. FACS buffer before analysis by flow
cytometry.

Cytokine Production

In screens that involved cytokine production, the FITC anti-CD11c labeled cells were incubated
for 30 min at O °C. The samples were then centrifuged, and the cells were permeabilized/fixed by
re-suspending the pellets in 300 uL of the BD cytoperm buffer at 0 °C for 20 min. The cells were
then incubated with antibodies for the corresponding cytokines (APC anti-TNF a, Interferon v,
IL-6, IL-10, or IL-12) for 20 min before washing (2 x 300 uL) of the BD wash buffer. The cells
were then centrifuged, re-suspended in 200 uLL FACS buffer and analyzed by flow cytometry.
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5. Flow Cytometry

Flow cytometry was performed, and cells were gated according to control cell samples. Positive
CDl1c" gating was performed relative to the unlabeled cell culture. In the case of cell surface
proteins, 3x10* total cells per experiment were counted, and for the cytokine profiling
experiments 1x10* cells displaying the CD11c* phenotype were counted in each experiment. For
fluorescence measurements of labeled cell-surface proteins and cytokines, samples were
compared relative to isotype controls (Fig. S8).
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Figure S3.8. Polarizing cytokines screened in BMDCs included TNF-a, L-12, IL-6, Interferon-
v, and IL-10. Stimulation by the LTA_CpG di-agonist was screened relative to stimulation with
LTA, CpG, a mixture of the two TLR agonists or lipopolysacharide (LPS). Results are expressed
as the mean = SD and n=3.

6. Confocal Microscopy

Sample Preparation

RAW-Blue Cells were cultured as described above. Passages between 5 and 10 were used for all
confocal microscopy experiments. Cells were seeded at a density of 700,000 cells/dish on glass
bottomed petri dishes. Complete DMEM media (3 mL) was added to each cell culture and the
petri dishes were incubated for 24h before further use. The media was removed and the cells
were washed 3 times with confocal buffer (10 mM HEPES buffer containing 250 mM glucose).
For control samples the cells were treated with 500 uL. of PBS. For stimulated samples 100 uL.
of the TLR agonist (10 ug/mL, DPBS) was added. Samples included cells stimulated by CpG or
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the LTA_CpG di-agonist. In time-lapse experiments, cell binding was observed to occur over the
course of 30 min for both CpG and the di-agonist. The di-agonist showed greater binding to the
cell surface likely due to the LTA and punctuated clustering was observed for both samples
consistent with CpG trafficking (Fig. S9).

CpG_LTA

Bright Field

Dark Field

Figure S3.9. Confocal microscopy of RAW-Blue cells treated FAM labeled CpG or the
CpG_LTA di-agonist/heterodimer at 10 ug/mL with respect to CpG. Scale bar = 20 um.

Cytokine Flow Cytometry Data: FL1-H corresponds to anti-CDI1l1c+ labeling, FL2-H
corresponds to cell surface protein labeling, and FL4-H corresponds to cytokine labeling.
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Appendix C: Chapter 4

Synthetic Schemes.

O .
CN CN

@ : @ b @j\g—/{O — i J<NH
NH, NH N © o

Scheme S4.1. Synthetic scheme of pyrimido-indole by Chan, M. et al.' a) BrCH,COOEt,
NaHCO;, EtOH, reflux; b) potassium tert-butoxide, THF, <30 °C; c) phenyl-NCS, EtOH, reflux;

d) PPA, 110 °C; e) CICH,COOH, KOH/EtOH, reflux.
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Scheme S4.2. Synthesis of azide-modified loxoribine.
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Scheme S4.3. Synthesis of CpG_core.
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Scheme S4.4. Synthesis of Indole_CpG.
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Scheme S4.5. Synthesis of Lox_CpG.
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Supplemental Figures.

CpG-ODN Extinction Coeffcient
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Figure S4.1. Calibration line for the extinction coefficient of 5'-C6 thiol modified CpG-
ODN1826-6-FAM-3' using a NanoDrop spectrophotometer at 495 nm.

el T I
dlmer\\ -
: Gel Purified
CpG | }Agonist
\\ | -
-

Figure S4.2. Gel of extracted, purified tri-agonist (lane 2) in comparison to CpG reference (lane
1), showing the isolated product as one band.
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Effect of Core on NF-xB Activation
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Figure S4.3. RAW264.7 macrophage NF-kB stimulation measured via alkaline phosphatase
secretion. RAW-Blue cells were treated with each compound for 18 h at 37 °C. Supernatant was
then incubated with Quanti-Blue solution for 1 h at 37 °C and analyzed at 620 nm, demonstrating
that the core did not affect CpG NF-«kB activity. Data is a result of n=3. Results are expressed as
the mean + SD.
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Concentration Screen of Indole_Lox_CpG
& Indole/Lox/CpG NF-xB Activity
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Figure S4.4. RAW264.7 macrophage NF-kB stimulation measured via alkaline phosphatase
secretion. RAW-Blue cells were treated with the tri-agonist at concentrations ranging from 10
pM to 0.25 uM for 18 h at 37 °C. Supernatant was then incubated with Quanti-Blue solution for
1 h at 37 °C and analyzed at 620 nm. Data is a result of n=3. Results are expressed as the mean +
SD.
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Indole_CpG + soluble Lox
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Figure S4.5. RAW264.7 macrophage NF-kB stimulation measured via alkaline phosphatase
secretion. RAW-Blue cells were treated with the tri-agonist (0.5 uM) or Indole_CpG (0.5 uM)
with soluble Lox (at designated concentration) for 18 h at 37 °C. Supernatant was then incubated
with Quanti-Blue solution for 1 h at 37 °C and analyzed at 620 nm. An increase in NF-xB
activity compared to Indole_CpG (0.5 uM) was not observed until adding in a high concentration
of Lox (at least 50 uM, *p < 0.05) to Indole_CpG (0.5 uM). These results demonstrated how
Lox is a weak agonist, so little effect should be expected from the mixture of three agonists. Data
is the result of n=3. Results are expressed as the mean + SD.
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Figure S4.6. RAW264.7 macrophage NF-kB stimulation measured via alkaline phosphatase
secretion. RAW-Blue cells were treated with the tri-agonist (0.5 uM) or Lox_CpG (0.5 uM) with
soluble Indole (at designated concentration) for 18 h at 37 °C. Supernatant was then incubated
with Quanti-Blue solution for 1 h at 37 °C and analyzed at 620 nm. An increase of NF-xB
activity compared to Lox_CpG (0.5 uM) was not observed until adding in a high concentration
of Indole (at least 50 uM, **p < 0.01) to Lox_CpG (0.5 uM). These results demonstrated the
importance of covalently linking the three agonists. Data is the result of n=3. Results are
expressed as the mean + SD.
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Loxoribine Dose

Response Curve
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Figure S4.7. RAW264.7 macrophage NF-kB stimulation measured via alkaline phosphatase
secretion. RAW-Blue cells were treated with increasing concentrations of loxoribine for 18 h at

37 °C. Supernatant was then incubated with Quanti-Blue solution for 1 h at 37 °C and analyzed
at 620 nm. Data is the result of n=3. Results are expressed as the mean + SD.
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B04 Indole_Lox_CpGIL-12
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Figure S4.8. Representative FACS histograms of BMDC IL-12 production when incubated with
no agonist (Resting), CpG-ODN, Indole/Lox/CpG, CpG_core, Lox_CpG, Indole_CpG (page
S6), Indole_Lox_CpG, Indole_Lox, Indole_core, Lox_core, Loxoribine, and Indole (page S18)
at 0.5 uM. BMDCs were incubated with the designated agonist for 6 h at 37 °C and subsequently
stained with FITC CD11c and APC IL-12 (ICS). Data was obtained over three independent

experiments.
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Figure S4.9. Representative FACS histograms of BMDC IL-12 production when incubated with
Indole_Lox_CpG with CLI-095 (100 nM),
Indole_Lox_CpG with CpG2088 (100nM), and Indole_Lox_CpG2088 at 0.5 uM. BMDCs were
incubated with the designated inhibitor for 1 h at 37 °C and then the designated agonist for an
additional 6 h at 37 °C. Cells were subsequently stained with FITC CDI11c and APC IL-12
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Effect of TLR inhibitors on IL-12 Cytokine
Producing Cells

=Y
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-

Indole_Lox_CpG Indole_Lox_CpG + Indole_Lox_CpG + Indole_Lox_CpG2088
CLI-095 CpG-ODN2088

Figure S4.10. Flow Cytometry analysis of IL-12 producing BMDCs when incubated with
Indole_Lox_CpG (0.5 uM) and TLR signaling inhibitors, TLR4 inhibitor CLI-095 (100 nM) or
TLR9 antagonist CpG-ODN2088 (100 nM) as well as tri-antagonist, Indole_Lox_CpG2088 (0.5
uM). Tri-antagonist (Indole_Lox_CpG2088) exhibited nearly resting level (no agonist) IL-12
cytokine production. BMDCs were incubated with the designated inhibitor for 1 h at 37 °C.
Then, the agonist was added and incubated with BMDCs for an additional 6 h at 37 °C. Cells
were subsequently stained with FITC CD11c and APC IL-12 (ICS). Data is the result of n=3.
Results are expressed as the mean + SD.
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Size Distribution by Intensity

Intensity (Percent)
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Figure S4.11. Dynamic light scattering (DLS) spectra of CpG-ODN1826 at 0.5 uM in PBS.
Spectrum displays three measurements (measurement 1- red, 2-green, 3-blue) of a CpG-
ODN1826 solution. The measurements showed that two different sized aggregates formed in
solution with diameters of 160 nm + 42 and 34.2 nm + 9.4.

Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

Figure S4.12. Dynamic light scattering (DLS) spectra of Indole_Lox_CpG at 0.5 uM in PBS.
Spectrum displays three measurements (measurement 1- red, 2-green, 3-blue) of a Indole-
Lox_CpG solution. The measurements showed that two different sized aggregates, comparable
to that of CpG-ODN1826, formed in solution with diameters of 106 nm + 11 and 22.6 nm + 1 4.
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NMR Spectra
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4.5 Tri-Functional Core
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4.7 Indole_Core*
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*Extraction, column purification, and lyophilization were performed to attempt removal of

residual solvent. Due to solubility and viscous nature of the product, residual solvent was still
present, and the product was taken on to the next step.
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4.9 Indole_Lox*
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“The desired m/z of Indole_Lox was the only mass observed in both large and small peaks. A
clear '"H NMR was difficult to obtain and analyze due to solubility and broad, overlapping peaks.
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4.11 Lox-OTs
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4.14 Lox_Core*
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A clear 'H NMR of Lox_Core was difficult to obtain and analyze due to solubility and broad,
overlapping peaks.
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Pyrimido[5 4-BJindoles as Selective Toll-Like Receptor 4 Ligands. J. Med. Chem. 2013, 56
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Appendix D: Chapter 5
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Figure S5.1. TBE-urea gel electrophoresis of CpG-DNA (Lane 1, left) and crude reaction
mixture containing TLR4_7_9 tri-agonist (Lane 2, right). MALDI-TOF of TLR4_7_9 tri-agonist
using THAP matrix in reflector negative mode.

TLR4_7_9 MTT Assay

140 1
120 1 -

100 {f I R I T1r1

80: ¥=HI¥H¥¥! H i { - i { {¥

% Cell Viability

0.1 nM

500 nM
500 nM
0.1 nM

TLR4_7_91 uM

Figure S5.2. RAW-Blue macrophage cells were treated with each compound at concentrations
ranging from 1 uM to 0.1 nM for 18 h at 37 °C. Then, the MTT assay was performed on the
RAW-Blue cells to assess cell viability. Each bar is the result of n=3. Results are expressed as
the mean + SD.
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Figure S5.3. RAW-Blue macrophage cells were treated with each compound at varying
concentrations for 18 h at 37 °C to compare the native agonists to their corresponding TLR
agonist_Core conjugate. Results are expressed as the mean + SD and n=6.
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Figure S5.4. SDS-PAGE of CpG-DNA (Lane 1, left) and crude reaction mixture containing

TLR2/6_4_9 tri-agonist (Lane 2, right).
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Figure S5.5. SDS-PAGE of TLR2/6_7 di-agonist (Lane 1, left) and crude reaction mixture
containing TLR2/6_4_9 tri-agonist (Lane 2, right) [left image-crude reaction mixture].
SDS-PAGE of TLR2/6_7 di-agonist (Lane 1, left) and purified TLR2/6_4_9 tri-agonist (Lane 2,
right) [right image-post gel extraction purification].
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Figure S5.6. CBU_0307 Specific IgG Antibodies Probed by Microarray Chip Technology.
Detection of IgG antibodies specific to CBU_0307 expressed as mean signal intensity. Sera were
drawn from C57/BL6 mice vaccinated with PBS (Control), CBU_0307 (Ag only), CBU_0307
plus unlinked TLR2/6/4/7 (1 nmol of each agonists unconjugated), or CBU_0307 plus linked
TLR2/6_4_7 (1 nmol of conjugated agonists). Each bar is the result of n=6. Results are
expressed as the mean + SEM.
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CBU_0307 = TLR2/6_4_7 (IgG1 and IgG2c) purified proteins
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Figure S5.7. CBU_0307 Specific IgG1 and IgG2c Antibodies Probed by Microarray Chip
Technology. Detection of IgG1 or IgG2c antibodies specific to CBU_0307 expressed as mean
signal intensity. Sera were drawn from C57/BL6 mice vaccinated with PBS (Control),
CBU_0307 (Ag only), CBU_0307 plus unlinked TLR2/6/4/7 (1 nmol of each agonists

unconjugated), or CBU_0307 plus linked TLR2/6_4_7 (1 nmol of conjugated agonists). Each bar
is the result of n=5. Results are expressed as the mean + SEM.
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NMR Spectra and HPLC Traces

5.1 Carboxylic Acid Core "H NMR*and HPLC Trace
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*A clear "C NMR of the carboxylic acid core was difficult to obtain and analyze due to the
insoluble nature of the product.

b) HPLC trace of Carboxylic Acid Core 5.1
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HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 10% B, t 1-11 min ramp to 90% B, t 11-16 min hold 90% B.
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5.2 Imidazoquinoline "H NMR Spectra
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1»_Core NMR Spectra
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12_Core_PEG,,-NH-Fmoc NMR Spectra

5.5 TLR7_PEG
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5.6 TLR4_7 '"H NMR and HPLC Trace
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HPLC trace at 330 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 10% B, t 1-11 min ramp to 90% B, t 11-16 min hold 90% B.
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5.8 Indole_PEG

12_Core NMR Spectra (provided by Tyler Albin)
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5.9 TLR2/6 4 HPLC Trace and MALDI-TOF (provided by Tyler Albin)

5 %0 2/6_4

» 250 A254

& 150 |

= 1 DMSO

Q 50

2 A .

< -50 — T T T T T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T
0 2 4 6 8 10 12 14

Retention Time (min)

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 50% B, t 1-11 min ramp to 90% B, t 11-15 min hold 90% B.

- - [M+Na]*
TOFTOF™ Reflector Speo#IE P =22122 &7 [M+H]_
TLR2/6_4a

C162H248N2803SS3

Cale. [M+H]": 3290.8

- Obs. [M+H]" : 3289.0
Al i LMM
Ld s Ly |:Mn||n|ll L :ull'u
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5.9.1 TLR2/6 Core HPLC Trace and MALDI-TOF (provided by Tyler Albin)
2-Core

DMSO —A254

Absorbance (AU)
o 8 8 B
)
{
r
4

o
o

Retention Time (min)

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 50% B, t 1-11 min ramp to 90% B, t 11-16 min hold 90% B.

TOFTOF™ Reflechor 3pec FIEF = 22616, 2828

TLR2/6a Core
- [M+H]*

C117H184N2402382

Calc. [M+H]": 23583
Obs. [M+H]*: 2357.5

11111
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5.11 TLR2/6_4_7 HPLC Trace and MALDI-TOF

100

Abs (254 nm)
F -
o

20
0 _MJJ\_A———-J
0 5 10 15 20
-20

Time (minutes)

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 50% B, t 1-11 min ramp to 90% B, t 11-16 min hold 90% B.

OFTOF ™ Refiecior 1pec FIEF = 427718,

TLR2/6_4_7a
C211H325N3605;S3
Cale. [M+H]*: 4275.3
Obs. [M+H]": 4275.8
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5.11 TLR1/2_Core HPLC Trace and MALDI-TOF (provided by Tyler Albin)

Absorbance (AU)

500 1/2-Core
400 1 w— A 254
300 A
= @
100 -
0
JRT s E— — — S .
0 5 10 15 20

Retention Time (min)

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 50% B, t 1-11 min ramp to 90% B, t 11-20 min hold 90% B.

 —y

TLR1/2_Core

TOFTOF™ Refector fpes FIRP = 36874, 2429

C 1 33H2 NNNOHS:

Calc. [M+H]": 2596.6

Obs. [M+H]": 2596.6

e
o™

[M+H]

[M+Na]*
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5.12 TLR1/2_4 HPLC Trace and MALDI-TOF (provided by Tyler Albin)

Absorbance (AU

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B:
Gradient: t 0-1 min hold 50% B, t 1-11 min ramp to 90% B, t 11-20 min hold 90% B.

1700 1/2-4

DMSO

—p D54

Retention Time (min)

10

TOFITOF™ Reflecior § peo #1(BF = 3630 4, 300)

TLR1/2_4a

C 1 78H278N28039S3
Cale. [M+H]": 3529.0
Obs. [M+H]": 3527.4

[M+H]*

15

0.1% TFA acetonitrile.

:::::

:::::
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513 TLR1/2_4_7 Tri-Agonist HPLC Trace and MALDI-TOF

100

80

Abs (254 nm)
E - (=2
o o

N
o

-20

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 50% B, t 1-11 min ramp to 90% B, t 11-20 min hold 90% B.

TLR1/2_4_7a

5

10

A

TOFTOF™ Refiector 1pec $1[E P = 46386, 34

C227H354N36OSZS3

Cale. [M+H]": 4535.5
Obs. [M+H]": 4535.6

[M+H]

3
2 E
"
34938 FT T

Wwn

[M+Na]*

15

Time (minutes)

20

25
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5.15 TLR2/6_7 MALDI-TOF

Exp [M+H]*: 3273.7
Obs [M+ HJ*: 3273.9

§
H

i
.
P
¢ i

2603.0 2861.4 3119.8 3378.2 3636.6 3895.0
Mass (m/z)
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12-NH-Fmoc NMR Spectra

5.18 Acid Core_PEG
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5.19 TLR4_acid core NMR Spectra and HPLC Trace

10.627
4.130
—3.906
——2.232
2.009
1.734

———4.572

0714 0.713.0171
w o
0.722 0.812 0839 1

T
ppm 11 10 9 8

Abs (254 nm)

500
A

0 2 4 6 8 10 12 14 16

-500
Time (minutes)

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 10% B, t 1-11 min ramp to 90% B, t 11-16 min hold 90% B.
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5.21 TLR2/6_7 HPLC Trace and MALDI-TOF

— 2/6_7

3350—

o 250

g 4

o 150 4

gso DMSO

2 Y, -

<-50. LEN IR B S S S N S B BN S IR SN BN S SR RN S S S SN B S SN S S RN S B N N B
0 2 4 6 8 10 12 14

Retention Time (min)

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 50% B, t 1-11 min ramp to 90% B, t 11-15 min hold 90% B.

TLR2/6_7a

TOFTOF™ Refiector 3pec #IEF = 13443 1882

[M+H]*
C166H260N32036SZ
Calc. [M+H]": 3342.9

Obs. [M+H]*: 3342.2

zzzzz
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5.22 TLR4_7 HPLC Trace and MALDI-TOF

Retention Time (min)

=) 4 7
< 1100 | —A254
© 4
2
S 700
0 |
o
o 300 -4
g d
'100 T LEN B S S S S N B S B S R T T LEN S S S R A A A B
0 2 4 6 8 10 12 14

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.

Gradient: t 0-1 min hold 10% B, t 1-11 min ramp to 90% B, t 11-15 min hold 90% B.

TLR4 _7a

.0

TOFTOF™ Refiector 3pec #1[E P = 22262, 28]

C116H16s8N2003;S
Calc. [M-furan+H]": 2302.2
Obs. [M-furan+H]": 2302.0

H
" ecabsermasian .LL o
e e BT

[M-furan+Na]*

[M-furan+H]*
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5.23 TLR1/2_7 HPLC Trace and MALDI-TOF

S 45 -

2 . 12_7 ‘. —A254

~ 35

8 4

[ 25 n

m R

8 15 l

@ 5| o

Q 1 —

< -5 T v v v T ol Y d v T o v Y T v Y )
0 5 10 15 20

Retention Time (min)

HPLC trace at 254 nm on a C8 analytical column. Solvent A: 0.1 % TFA water, Solvent B: 0.1% TFA acetonitrile.
Gradient: t 0-1 min hold 50% B, t 1-11 min ramp to 90% B, t 11-20 min hold 90% B.

FORTOP™ Sofaster fone SURS 4 MAEL L 1 8

TLR1/2_7a [M-H]"
C182H290N3203782
t Calc. [M+H]": 3581.1
| Obs. [M+H]": 3581.1
E [M+Na]* |

I |

,,,,,
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