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Abstract

The research discussed here enables vaccinologists to choose from a large panel of
adjuvants and formulate them in combinations that act cooperatively, resulting in optimal
protection. We have developed adjuvants, rationally designed based on the current understanding
of the immune response, particularly the molecular mechanism of the innate immune response.

The term adjuvant is often interchangeable with immunostimulant. Whereas
immunostimulants are generally single compounds with intrinsic immunogenicity, adjuvants can
be a mixture of different components. These components can have different functions and
activities, including carrier or targeting functions and immunostimulant and immunomodulatory
properties. The current challenge facing adjuvant development is finding the optimal combination
of the different components that act synergistically and induce the desired immune response.
Recent advances in biochemical tools have enabled us to design and develop such adjuvants. This
study explores two new ways of designing and developing adjuvants. First, we demonstrate that
combining multiple PRR ligands (three) into a single molecule using chemical conjugation
amplified the immune response compared to the soluble mixture of ligands. Secondly, we showed
that incorporating immunomodulators and immunostimulants into the same molecular scaffold

improves the molecule’s safety profile and the protection it affords.



1. Introduction

1.1 Adjuvant

Vaccine adjuvants are components that can increase and modulate an antigen’s intrinsic
immunogenicity, leading to the enhancement of the magnitude, breadth, and longevity of the
immune response. The term adjuvant means to help. Vaccines, mainly subunit vaccines, need help
as these have a more defined composition which results in lower immunogenicity than whole-cell
or virus-based vaccines. Therefore, adjuvants are used to induce potent and durable immune
responses, with the added benefit that a lesser dose of antigens is needed. Moreover, vaccine often
requires the generation of strong cellular responses (T cell response) and antibodies. Aluminum
salts, the most used adjuvants in human vaccines, predominantly induce antibody responses.
Hence, for vaccines requiring a cell-mediated response, new adjuvants need to be developed. !
Many licensed adjuvants other than alum, such as MF59, ASO1, AS04, AS03, and CpG 1018, have
given rise to potent and valuable vaccines. However, we do not entirely understand the molecular
mechanism of these adjuvants. Hence, there is a need to develop a new generation of more focused
adjuvants, that are rationally designed based on the recent developments made by researchers in

innate immunity. Such adjuvants will induce a safe and durable protective immune response.

1.2 Pattern recognition receptors as molecular targets of adjuvants

Pattern recognition receptors are found on immune cells called antigen-presenting cells
(APCs). The function of Pattern recognition receptors (PRRs) is to recognize pathogen-associated
molecular patterns (PAMPs) in microorganisms.®>~ This activates the APCs which then stimulate
T and B cells.5® Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I))°, stimulator of

interferon genes (STING) protein)!?, C-type lectins!!, nucleotide-binding oligomerization domain



(NOD)-like receptors (NLRs)!?!3 are some of the PRRs that impact adaptive immunity.
Researchers are currently investigating the molecules that target these receptors as potential
vaccine adjuvants'®,

The innate immune system is the first line of defense against invasion by pathogens. It
provides early, non-specific inflammatory signals which act as a cue for the adaptive immune
response to develop. Moreover, it is now understood that the magnitude and quality of the adaptive
immune response mainly depend on the initial microbial signals sensed by innate immune cells
following infection or vaccination. For instance, Tul-cell polarization and subsequent interferon
(IFN)-y expression by T cells is driven by the secretion of pro-inflammatory cytokine interleukin
(IL)-12 '3, The secretion of IL-4, IL-5, and IL-6 is characteristic of Tu2 response, which provides
B-cell help'®.

Toll-like receptors are transmembrane proteins expressed on the surface (TLR1, TLR2,
TLR4, TLRS, and TLR6) or in the endosomes (TLR3, TLR7, TLRS8, and TLRY) of different
antigen-presenting cells (APC)!7!8, They sense bacterial, viral, fungal, or protozoan signals.
Which TLR or combination of TLRs gets activated determines the nature of the adaptive response.
This activation of a single TLR or multiple TLRs can shift the balance towards Tul or Tu2
cells!®2%, TLRs also play a crucial role in antigen presentation. For optimal antigen presentation,
it is required that both antigen and TLR are colocalized in the same cellular compartment. By
controlling the generation of ligands for T cell receptors, TLRs ensure that the microbial antigens
are preferentially presented to T cells by the activated APC.?!> 2

Additionally, direct TLR stimulation has been shown to be a requirement for the complete
activation of B- cells 234, Also, TLR stimulation regulates Treg activity. This occurs either directly

through TLR activation on Treg cells or indirectly through APC-Treg interactions.?>?°. This



indicates that TLR activation not only induces inflammatory responses but also regulates these
responses by triggering the expansion of Treg cells. Finally, it has been demonstrated that TLR
recognition is essential for the generation of memory CD4+ T cells but not for their activation®.
These fundamental discoveries have been translated into practical applications in adjuvant
research.

TLRs sense extracellular pathogens and cytosolic counterparts such as NODs, NLRs,
RLRs, and STING, sense cytosolic bacteria and viruses, respectively?!. NOD1 and NOD2
recognize bacterial peptidoglycans substructures.’>3* NLRs sense danger-related signals such as
uric acid crystals®'. RLR proteins like retinoic acid-inducible gene I (RIG-I) and melanoma-
differentiation-associated gene 5 (MDAS) sense viral invasion. RIG-I responds to RNA viruses,
whereas MDAS detects picornaviruses®. Cytosolic DNA from microbes also induces the
expression of type I interferons (IFNs). Cytosolic protein, stimulator of interferon genes (STING),
regulates the production of IFNs*. Intracellular cytosolic self-DNA or microbial DNA generates
cyclic dinucleotides (CDNs) which start the STING pathway. The importance of STING signaling
in the immune system is clearly illustrated by numerous strategies developed by pathogens to stop
STING function’’. C-type lectin receptors (CLRs) and scavenger receptors are extracellular
receptors like TLRs, which are involved in pathogen capture and recognition. Scavenger receptors
internalize pathogens and apoptotic cells by binding polyanionic ligands and modified low-density
lipoproteins®®. CLRs, like mannose receptors, interact with pathogens by binding sugar moieties

such as mannose on the microbes®’.



1.3 Innate immune stimulation and crosstalk

Different PRR agonists stimulate the innate immune response in a synergistic manner and
balance each other’s immunostimulatory activity*’. Combinations such as TLR2-TLR4*!, TLR3—
TLR4-TLR7/8*, TLR4-TLR7/8, TLR4-TLRY, or TLR3-TLR7/8* are known to show synergy.
Some of these combinations (TLR4-TLR7/8, TLR4-TLRY, or TLR3-TLR7/8) increased the
expression of the Tul bias cytokines like IL-12 and IL-23 in humans and mice DCs. The mRNA
levels of the subunits IL-12p35 and IL-23p19 increased by 50 times compared to those induced by
single agonists*’. A recent study has shown that synergy is observed if the one of TLR pathways
is MyD88 dependent and the other is MyD88 independent. However, activating TLRs which are
dependent on the same path induced tolerance.**. Yellow fever vaccine, YF17D, stimulates
complementary immune pathways.* It is not absurd to correlate its efficacy to the combination of
PRRs it stimulates. This study demonstrated that whole-cell-based vaccines (attenuated or
inactivated), with multiple endogenous PRR activating PAMPs, can induce broader and more
robust immune responses without exogenous adjuvants. Crosstalk also exists between TLRs and
NODs*. The synergy between NOD1/2 and TLR4 agonists*’, and between NOD2 and TLR9
agonists have been well established and studied. In Crohn’s disease, the synergy between TLR9
and NOD?2 is lost due to NOD2 mutations*®. The explanation for this loss of synergy has been
accredited to the impaired development of Treg cells in inflammatory diseases such as Crohn’s*.
Thus, the engagement of member(s) of different PRR families could be the answer to a complete
immune response. To date in clinical adjuvant research, only single TLR agonists-carrier/depot
combinations have been explored. *° Combinations of TLR agonists with NLR or RLR or CLR or

STING agonists should be investigated, and all the consequences of such associations documented.



There are only a handful of adjuvants used in licensed vaccines. But it is now clear that
many whole-cell-based vaccines (attenuated or inactivated) that have been administered over a
billion times contain endogenous adjuvants. Researchers have realized that many live vaccines
that are widely used, activate specific PRRs®!. These vaccines trigger innate immunity through
their endogenous PAMPs. An example is the yellow fever vaccine (YF-17D). It is one of the most
efficient vaccines ever developed and it activates multiple TLRs (TLR2, TLR3, and TLR7-TLR9)
and other PRRs like RIG-I and MDA5%. This indicates that multiple PRR signaling is a key factor
in the immunogenicity of YF-17D*+2, However, we should acknowledge that live attenuated virus
is constantly replicating, and as a result, the antigen expression is sustained. Similarly, the Bacillus
Calmette-Guérin (BCG) engages TLR2, TLR4, TLR9, and DC-SIGN>*>. Additionally, other
inactivated vaccines such as the seasonal flu vaccine also trigger the innate immune system
through the TLR7 and MyD88 signaling pathways™>. These findings have further strengthened the
case for PRR agonists to be developed and explored as targets for vaccine adjuvants, especially in
endogenous adjuvant-less subunit vaccines. Numerous studies in mice and non-human primates
(NHPs) have demonstrated that TLR ligands can be used as adjuvants. They boost the magnitude
and durability of the antibody responses to vaccination with pure protein antigens >,

It is reasonable to expect that, with adjuvants, inactivated vaccines could induce persistent
and strong immune responses like live attenuated viral vaccines.’®>°, Inspired by the yellow fever
vaccine that stimulates multiple TLRs* pathways, Bali Pulendran’s lab developed synthetic
nanoparticles that contain TLR4 and TLR7/8 ligands as adjuvants, in combination with soluble
protein antigens such as ovalbumin, or haemagglutinin®®®!, They observed that these nanoparticles
that targeted multiple TLRs induced stronger and more durable antibody responses compared to

the nanoparticle that stimulated only one TLR®. Also, these particles could drive the generation



of long-lived plasma cells (LLPCs). Multiple DC subsets B cells could be activated by this
combinatorial strategy. This resulted in robust immune responses that lasted a lifetime in mice .

Subsequent studies on NHPs showed similar results.>7-62:63

The key to generating durable antibody
response seems to be LLPCs. Hence adjuvants inducing the proliferation of LLPCs should be
explored further.®*%* Recently it was shown that sustained-release carrier systems that maintain
the antigen release over a long period can boost the magnitude, breadth, and durability of antibody
responses %%, Moreover, it has been shown that 3M-052, a TLR7/8 agonist that is slowly released
from the site of injection ®’, results in the activation of monocytes and DCs that lasts for 3—4
weeks®’. This results in persistent antibody responses and LLPCs much greater than those observed

with alum.>7¢!

1.4 Immune modulation

Owing to safety concerns, many adjuvants that have shown promise in preclinical models
have not achieved human licensure. Safety and tolerability remain a primary challenge in adjuvant
development. Adjuvants can often induce unwanted side effects, which can last up to a few days.
The side effects can range from swelling, or pain to fever, headache, and flu-like symptoms®®¢°,
In addition to such minor uneasiness, adjuvants can cause adverse events such as anaphylactic
reactions 7°.

The Esser-Kahn lab has recently shown that co-administering immunostimulants with
immunomodulators improve the vaccine’s safety while maintaining the protection it provides’!’2,
This was accomplished by combining selective NF-kb modulators with TLR agonists. This vaccine

formulation reduced systemic inflammation and enhanced antibody response. The decrease in

inflammation is separate from the increase in the humoral response. This observation was constant



across a broad range of antigens and adjuvants, implying that this can be a general strategy for
improving vaccination response while minimizing side effects associated with inflammation.

Moreover, this approach improved the vaccine's protective response in an influenza model. These
modulators can range from peptides (SN50) to small molecules like honokiol, capsaicin, and
catechol’!"”2, The addition of NF-kb modulators decreases pro-inflammatory cytokine expression
while boosting cell-surface co-stimulatory receptors. This results in better antigen presentation in
mice. There are hundreds of NF-kb modulators; some FDA approved, that can be used with
different TLR agonists to provide safe vaccines. This strategy enables different PRRs to be used

safely, resulting in wider adaptive immune response profiles.

1.5 Better adjuvants through chemistry
1.5.1 Synthetic PRR agonists.

The adjuvants in licensed vaccines mainly consist of components derived from natural
sources such as alum salts or saponin. Their availability and potency drove their widespread use
in vaccines even though their molecular mechanism was poorly understood. Now that there is a
greater understanding of the innate immune system, researchers have shifted focus to synthetic
chemistry to develop novel molecules for specific adjuvants. Such efforts have resulted in the
development of small molecule immune potentiators (SMIPs).”>-76. Although initially, the focus
was on discovering and developing TLR agonists, the search for novel agonists of other innate
immune pathways is underway’’~"°. The newly developed immunostimulants are primarily small
molecules with a precise molecular mechanism that can also be modified to allow modulation of

the level of interaction with the receptor to control activation signals. Also, the identification of



natural TLR agonists has helped in the development of synthetic ligands that can target various
TLRs precisely and safely unlike pathogen-derived ligands®.

Immunostimulants that were previously used as adjuvants without a clear understanding of
their molecular mechanism have been identified to be TLR agonists. For example, unmethylated
CpG DNA is recognized by TLRY; lipopeptides by TLR2; LPS and its derivatives by TLR4; poly
(I: C) by TLR3; and imidazoquinolines by TLR7/8%!. More TLR agonists have been synthesized,
characterized, and tested in different experimental models. Examples include different TLR9
agonists for different species, better TLR7/8 agonists®”-768283 TLR4 agonists®**°, and TLR3
agonists®S,

Most of the focus of adjuvant research has been around TLRs. But now that is changing as other
PRRs are also getting attention as possible adjuvant targets. New-generation adjuvants should
target NLRs?’, RLRs*®, CLRs®’, and STING’® pathways. Most PRRs signaling induces some local
damage to the tissue or cell. This damage induces the release of danger-associated molecular
patterns (DAMPs) which is a critical component of adjuvanticity. For instance, NLRs recognize
multiple cellular products like ATP, uric acid, and K+ efflux, suggesting that cellular damage
potentially mediated this activation®®®!. Ligands of STING pathways are potential adjuvants that
stimulate robust CD8+ T cell responses in mice®. Stimulation of RIG-I and RLRs offers another

possible way to induce CD8+ T cell responses®> .

1.5.2 Immune stimulation through PRR agonist conjugation
The discovery of synergistic interactions between multiple types of PRRs has led to the
development of new multi-agonist adjuvants via covalent conjugation. This has improved vaccine

immunogenicity. Although unconjugated mixtures of multiple PRR agonists elicit synergistic



immune activity, this approach does not mimic the spatial component of PRR activation by a
pathogen. Adjuvants mixtures of unconjugated agonists can diffuse through the immune system
and may be cleared more readily.

Developing more potent and effective immunostimulants via covalent conjugation has led
to applying these tools as adjuvants in vaccination models. The first example of this was CL429,
a chimeric molecule containing the agonists Pam2C (2,3-dipalmitoyl-S-glyceryl cysteine) and
murabutide (muramyl dipeptide (MDP) derivative), which stimulate TLR2 and NOD2,
respectively.”® CL429 was used as an adjuvant in an HIV-1 subunit vaccine and increased HIV-1
p- 24 antigen-specific IgG and IgA antibody titers compared to the individual agonists or a mixture

of the unconjugated TLR2 and NOD?2 agonists.

In addition to covalent localization of multi-agonist adjuvants, particulate vaccine delivery
systems have been synthesized those mimic pathogens in size and spatial organization. Particulate
systems, including nanoparticles, nanodiscs, and liposomes that range in diameter from sub- to
low-micron size, provide cargo delivery at sizes similar to a virus or bacteria.””*® These delivery
systems have shown enhanced antigen uptake by antigen-presenting cells (APCs), which can lead
to increased antigen presentation and immune activation.?>* Biodegradable PLGA [poly(lactic-
co-glycolic acid)] particles (~300nm in diameter) have been developed to encapsulate or adsorb
dual or triple combinations of TLR agonists, imitating the size and composition of a pathogen.5:1%°
These latter studies have shown that multi-TLR agonist adjuvant formulations induce distinct
immune response in mice compared to the use of one agonist or antigen alone. These immune
responses include the production of the highest avidity antibody titers against the target antigen
and balanced Ty1/Ty2 responses via increased IgG1 and IgG2c levels.!® Although targeting the

antigen and adjuvant to the same endosome increases antigen presentation, more robust humoral

10



responses were observed when the antigen and adjuvant were in separate nanoparticles, requiring
more mechanistic investigation.*® Nanodiscs are another adjuvant delivery system which targets
dual TLR pathways.”® Immunizations with this scaffold led to a reduction in plasma cholesterol
levels and potent antitumor activity in two different model systems, presenting another efficacious
platform that can easily combine synergistic adjuvants with a range of antigens. In addition,
synergistic TLR agonist combinations have been conjugated to whole tumor cells and exhibited
enhanced activation marker and cytokine responses upon incubation with immune cells.!’! This

study demonstrates that TLR synergy can also be helpful for cancer immunotherapy applications.

In an in vivo ovalbumin (OVA) immunization model, NOD2 and TLR9 agonist-loaded
mesoporous silica particles exhibited synergistic increases in cytokine production and enhanced
CD4* and humoral Ty1 responses compared to either NOD2 or TLR9 agonist-loaded particles.!??
Tukhvatulin and colleagues adsorbed TLR4 (MPLA) and NOD2 (MDP) agonists to alum
particles.!®® By activating TLR4 instead of TLRY, both Ty1 and Ty2 responses were enhanced as
well as OVA-specific IgG antibodies across multiple subsets (IgGl, 1gG2, and IgG3),
demonstrating an increase in the breadth of the immune response. These results show that by

activating multiple PRRs, one can tune the immune response. depending on the activated PRRs.

Particulate delivery vehicles traffic to specific locations in vivo and create a depot in tissues
to provide slow drug release have significantly impacted vaccine efficacy. Lynn and colleagues
synthesized a nanoparticulate adjuvant that exemplified targeted biodistribution.> A TLR7/8
agonist was conjugated to a polymer scaffold at different densities and with varying polymer
attributes, such as linker length and composition. The particulate nature of the adjuvant led to

limited systemic toxicity and higher localized immune activation in the lymph nodes which

11



promoted APC uptake and enhanced T cell responses. They have expanded the application of this
approach to several proteins and adjuvants.'®1% Applying this technology to multiple PRR
agonists and immune synergy studies may provide targeted delivery, specific biodistribution, and

mechanistic insight into immune activation.

In our previous work, we have shown that linking multi-TLR agonists alter immune
responses. Covalently linked agonists induced higher immune activation compared to a mixture of
unlinked agonists and are dependent on the conjugation method. A library of dimeric TLR agonists
containing combinations of TLR2, TLR4, and TLR9 agonists was synthesized. The two agonists
were separated by polyethylene glycol linkers — PEGs, PEG 2, and PEG24 linkers.!19” These single
molecular entities aimed to mimic the spatial proximity of immunostimulatory components in
natural pathogens with initial inspiration from the herpes simplex virus.'”® Evaluation of the
immunostimulatory activity of these compounds provided evidence that the immunogenicity was
dependent on the linker length, the specific combination of conjugated TLR agonists, and the sizes
of the agonists due to possible steric interactions, all critical considerations for adjuvant

development.

Recently, we explored covalently linked TLR tri-agonist as an adjuvant because many
pathogens contain agonists for three to five different PRRs. 43101109110 The trimeric molecule is
composed of TLR4, 7, and 9 agonists linked to a triazine core. The tri-agonist increased antibody
breadth and depth against vaccinia virus antigens in a vaccinia model vaccination study and elicited
a more balanced Tyl/Ty2 immune response than its unconjugated counterparts or the
corresponding conjugated counterparts di-agonists. This balanced response may induce potentially

protective cellular, and antibody immune responses compared to just a Ty1 or Ty2 response. Now

12



we have increased the library of TLR tri-agonists to five trimers. The immune response to these
combinations was evaluated and documented by measuring immune-stimulatory genes, cytokine
expression, sera cytokine levels, and weight loss after model vaccinations in vivo. The linked TLR
tri-agonists and the unlinked agonist combination produced completely different immune
responses. Despite these promising results, this was only five of over 300 potential hetero-trimeric
TLR combinations. The synthetic systems discussed are modular, so PRR agonists can be
exchanged to test different immune synergies. The specific combination of covalently linked
agonists is crucial to obtaining the desired immune response because each agonist stimulates
distinct immune signaling pathways and cytokine production. However, to date, no one has studied

a combination of covalently conjugated three different PRR agonists.

Here, chapter 2 discuss the design and synthesis of a multi-PRR tri-agonist that stimulates
TLR2, NOD2, and NLRP3 inflammasome. This molecule amplified the cytokine expression
compared to the unlinked mix of ligands. Moreover, when used as an adjuvant with OVA, it
induced higher T cell response and antibody response compared to the unlinked mixture.

Chapters 3 and 4 discuss our approach to increasing the safety profile while maintaining or
enhancing the protective response of vaccines. Although most of the adjuvant research has focused
on enhancing the protective response, less effort has been devoted to the study of toxicity
mechanisms and how to eliminate or reduce them to the tolerable limit. Here, we investigated two
strategies for reducing the reactogenicity of small molecule TLR7/8 agonist while maintaining its
intrinsic immunogenicity. First, we covalently conjugated innate immune modulators directly to
the small molecule agonist (chapter 3) which gave small dimer molecules. Secondly, we loaded
multiple units of the immunostimulant and the immunomodulator on a peptide scaffold. This

improved the PK and PD property of the molecule compared to the small dimer molecules.
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1.6 Conclusion

Developing efficient and safe vaccine adjuvants is a challenge. Traditional approaches have been
predominantly empirical wherein a single component, such as aluminum salts or emulsions has
been used. However, with the fast emergence of new diseases and the increasing risk of pandemics,
new immunostimulants inducing T-cell responses in addition to antibodies, are needed. Recent
progress in basic immunology has illustrated that the type of adaptive responses is shaped by early
innate immune signals. This has led researchers to create more specific synthetic adjuvants whose
molecular mechanisms are well understood. Moreover, researchers can now identify, characterize
and rationally combine these immunostimulants and formulations that will give the right immune
response. The nature of protection required should decide which adjuvant to be used in a vaccine.
However, there is a lot more research required to identify the optimal combination of ligands that

will give the safest and most effective protection against a particular pathogen.
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2. A Synthetic Pathogen Mimetic Molecule Induces a Highly Amplified Synergistic Inmune

Response via Activation of Multiple Signaling Pathways

2.1 Summary

The current understanding of how the immune system processes complex information
during natural infections is yet to be exploited for the molecular design of potent immune
activators. Here, we address this challenge by the design and synthesis of a pathogen-mimetic
molecule that simultaneously co-stimulates cell-surface, endosomal, and cytosolic immune
receptors. The co-activation of TLR2, NOD2, and NLRP3 resulted in synergistic enhancement of

the innate immune response and the downstream adaptive immune response.

2.2 Introduction

The immune system has evolved to identify complex combinations of microbial
patterns and exploit the interdependencies of various microbial signals to generate an
effective response during infections.! Whole-cell vaccine derived from live pathogens can
mimic such responses, thereby generating robust lifelong immunity.>® However, the
generation of a robust response has remained elusive with subunit vaccines that consist of
protein antigens. A major roadblock is the rational design of efficacious immunostimulants,
or adjuvants employed in these vaccines. For instance, traditionally employed aluminum
salt adjuvants primarily induce T-helper cell 2 (Th2) biased responses and fail to generate
robust antigen-specific cellular responses.*”’ Furthermore, adjuvants developed by
targeting pathogen-sensing pathways such as MPLA and CpG, only activate a single
immune signaling pathway, thereby poorly mimicking the mechanisms of pathogen

recognition. Thus, the design and development of molecules that integrate complex
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mechanisms of pathogen signaling, to generate robust immune activation remains both a

challenge and necessity.

2.3 Results and Discussion
2.3.1 Design and Synthesis

In our attempt to explore pathogen sensing through molecular design, we previously
demonstrated the development of multi-Toll-like receptor (TLR) agonist adjuvants by covalently
linking three TLR agonists.3!% These studies employed the use of a triazine scaffold to install
unique combinations of three TLR-agonists using sequential orthogonal conjugation chemistry.
The TLR tri-agonists synthesized include TLR2/6 4 7, TLR2/6 4 9, TLR1/2 4 9, TLR1/2 4 7,
and TLR4 7 9.3° Each tri-agonist combination elicited unique cytokine responses and generated
tailored immune response when applied in vaccines.”!® However, recent studies of various
immune signaling pathways during infections have demonstrated the critical importance of
crosstalk between different classes of pathogen sensing pathways involving various cellular
compartments.!!"!> For instance, a study by Mellman and coworkers demonstrated that bacterial
sensing by cell-surface TLR receptors in innate immune cells leads to the overexpression of endo-
lysosomal peptide transporters, and the generation of endosomal membrane tubules. This serves
to prime cells for any subsequent detection of bacterial NOD2 ligands at the endosomal
membrane.'® Furthermore, studies on NLRP3 inflammasome activation - which plays a critical
role in pathogen clearance - has demonstrated that a TLR dependent priming signal is necessary
for robust NLRP3 activation. This indicates the interdependencies of these two signaling
responses.!’2!

However, such mechanistic findings are yet to be exploited in the design of molecular

systems that induce co-operativity and synergism between multiple pathogen-sensing pathways to
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generate robust immune responses. Hence, the critical question is: can well-known pairwise
synergistic immune activation be effectively combined in a synthetic system to generate higher-

order interactions similar to microbial sensing? To understand the dynamics of such cellular

A THQ r‘lHQ
| f on
Ao o oo,
o 0 Qw7 [P A h
4 N. N N. .
N N N
Eat AT it e
.
o aj [‘{ | 0.0
o o i
() |
' N— ;\é NH; A Crsh.
bY €] ) §oN e N . N0 Cabr
NZN MDP-PEG,-NH, (a) s N 0. (i) anhydrous DMISO,
o de M — 7 nX 3 110°C, 6h {
PR Tj\ro% N o o v
"~ 0 DMF TEA N fJ N=(
1 5 NH (i) Pam,CSK,GC-SH (b)
core (1) Sy A W "g_,NH HO% . th N _/<” PO OO
p— N
c) - ° O\JD o o - NN o NHo
core MOP@) \,<ﬂ el oﬂomosn
v NH o NH N NH
B é N o
e
HZNV 1 OJ\ "
° o Hz"%.,,
0Bn J 1 0
#

Cu(ll, THPTA, sodium ascorbate

GWWWG-Pegg-TAT-hex-Nj (c), DMF,

A  1h

TAT-GWWWG_Pam,CSK, MDP (4)

2000+

Pam,CSK,: TLR2/6 agonist 1500
‘@

TAT-GWWWG peptide: cell penetrating < 1000
peptide/ NLRP3 activator 9
Trimeric core c

500
Mu’:aon[;yzl dipe;flitde: o_
agonist 5440 5490 5540

m/z

Figure 2.1. Synthesis of TAT-GWWWG_Pam2CSK4 MDP tri-agonist (4). (A) Synthesis
Scheme (B): Schematic presentation of the linked tri-agonist. (C): MALDI trace of the linked tri-

agonist.

signaling processes at a molecular level, here we report a new class of immunomodulators that
elicits activation of three distinct classes of pathogen-sensing pathways involving distinct cellular

compartments like a pathogen.
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Figure 2.2. In vitro cytokine expression from BMDCs. (A), (B): Cells were incubated with linked
PRR tri-agonist, a 1:1:1 (molar ratio) mixture of unlinked PRR agonists, various linked di-agonist
combinations and single agonists (100 nM each) at 37°C for 6 h. TNF-a (A) and IL-6 (B) measured
by CBA. (C): In vitro TNF-a expression from BMDCs as measured by ELISA. Cells were
incubated with MPD TATGWWWG (25 uM) or a 1:1 (molar ratio) mixture of the analogous
unlinked agonists for 24 h at 37 °C. (D): Analysis of NLRP3 activity (IL-1b secretion) by ELISA.
Cells were preincubated with NLRP3 inhibitor MCC-950 (10 mM) for 1 h and then stimulated
with linked PRR tri-agonist (10 mM) at 37°C for 24 h. Inhibition of NLRP3 via MCC-950 results
in loss of IL-1b activity. (E), (F): Analysis of TNF-a and IL-6 with WT, TLR2-/-, NOD2 -/- and
NLRP3-/- cells treated with linked PRR tri-agonist or unlinked agonists (100 nM). Samples were
run in triplicate, where * p < 0.05, *** p <0.001, ****p < 0.0001. Statistical analysis performed

using ANOVA with Turkey’s multiple comparison test.

The design of our pathogen-mimetic immunomodulator incorporated a surface-active

TLR2, an endosomal-membrane active NOD2 and cytosolic NLRP3 inflammasome activating
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ligands. We thereby assembled Pam>CSK4?? (TLR2/6 agonist, synthetic analogue of bacterial
lipoprotein), Muramyl dipeptide?> (MDP, NOD2 agonist: the minimal immunomodulatory
structure of bacterial cell wall peptidoglycan), and TAT-GWWWG peptide** (cell-penetrating
peptide, NLRP3 activator) on a trimeric scaffold (Figure 2.1).

The motivation behind this design was to induce crosstalk between each component and
enhance NOD2 and NLRP3 inflammasome activation following initial cellular priming by cell-
surface TLR2 stimulation.!®**Additionally, we hypothesized that MDP when chemically
conjugated to TAT-GWWWG would result in enhanced NOD2 activation and this proved to be
true (Figure 2.2C). We conjecture that this enhancement in response is the result of increased
cytosolic delivery of MDP mediated by TAT-GWWWG.>-?7

The synthesis of our tri-agonist molecule (4) employed sequential conjugation chemistry
used previously in the synthesis of TLR tri-agonists.® The synthesis started with development of
a triazine core (1) with three orthogonal conjugation handles consisting of an NHS ester, an alkyne,
and a protected maleimide (Appendix A, Scheme S1).%%28 Following this, amine-functionalized
MDP (a, Appendix A Scheme S2)* was conjugated to core (1) using NHS chemistry to give
core. MDP (2). The core. MDP was then heated to 110°C for 6 h to reveal active maleimide via
furan deprotection, following which cysteine-modified Pam>,CSK4 (b) was conjugated via thiol-
maleimide reaction give PamxCSK4 core MDP (3). This was followed by conjugation of azide-
functionalized TAT-GWWWG peptide (c) to Pam;CSK4 core MDP (3) via Cu(l) catalyzed
cycloaddition chemistry to afford the final tri-agonist molecule (4, SI for synthetic details,

purification & characterization).
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Figure 2.3. BMDC gene expression profile data. (A) Heat map of immune function related genes.
Each figure represents the average of three independent experiments. BMDCs were incubated as
untreated, or with either the linked or unlinked tri-agonist combination for 6 h at 37 °C. RNA was
then extracted and sequenced on a NextSeq550. The gene expression of the BMDCs in response
to unlinked and linked tri-agonist stimulation was compared to unstimulated BMDCs to determine
the differential gene expression profiles. Included in the heatmap are only immune-associated
genes with p value < 0.05 for either the linked or unlinked tri-agonists relative to unstimulated
BMDCs and a 2-fold change in expression. (B), (C), (D), (E): Fold change in gene expression for
CXCR3, IFN-y, TNF-a, IFNGR1 in BMDCs in response to linked and unlinked tri-agonist
combination where *p < 0.05, **p < 0.01, and ***p<0.001. P-values are calculated relative to

unstimulated BMDCs.
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Additionally, all the dimeric agonist compounds, PAM>CSK4 MDP (3, Appendix A, Scheme S3),
PAM>CSK4 TAT-GWWWG (7, SI Scheme S4) and MDP_TAT-GWWWG (8, Appendix A,
Scheme S5) were also synthesized to measure the contribution of di-agonist components to the

immune response.

2.3.2 In vitro experiments

Following synthesis, we next proceeded to analyze the immunological properties of the tri-
agonist. We analyzed the cytokine profile elicited by murine bone marrow-derived dendritic cells
(BMDCs) in vitro on stimulation with the tri- agonist (100 nM) or equivalent amount of unlinked
agonists mixture for 6 h. Parallel studies were performed by incubating equivalent quantities of
linked di-agonists and single agonists as well. Analysis of levels of cytokines secreted by agonist
stimulation indicated that the linked tri-agonist combination elicited at least 70%+60% (95%
Confidence interval, CI) higher TNF-a and 160%+53% higher IL-6 production compared to the
most potent di-agonist combination (Figure 2.2A, 2.2B). Most notably, compared to an equivalent
mixture of unlinked agonists, linking the three ligands boosted the synergistic IL-6 secretion by
155%+52% and TNF-a secretion by 151%+95% (Figure 2.2A, 2.2B). These results indicated that
synergistic cellular co-activation by localization of these microbial signals induced crosstalk to
enhance immune activation.’® With these exciting results, we next proceeded to analyze whether
the tri-agonist activated all the target pathogen sensing pathways. We thereby analyzed cytokine
secretion elicited by the tri-agonist stimulation on wild type (WT) BMDCs along with TLR2,
NOD?2 and NLRP3 knockout BMDCs (Figure 2.2D, 2.2E). It was observed that TLR2 knockout

BMDC:s expressed near background level cytokines indicating that TLR signaling orchestrates the

32



e OVA/PBS
3000+ = OVAAV
TE' ns o A TAT—GWWWG+Pam2CSK4+MDP/OVA/AV
5 N o TAT-GWWWG_Pam,CSK, MDP /OVA/AV
5 2000- J‘Tf .%
- L ]
g
) Ala 7o
B -
< 1000-
Q . }
2 B
<
0l obe—
B C

0.5+
0.4+ Jr
0'3_ *% * °

% &
0.2 "

0.1 %

0.0~

0.8+

o
0.6

u

04] .}
[

0.0 e

0.0~

IFN-y+ of CD8* splenocytes (%)
IFN-y+ of CD4* splenocytes (%)

Figure 2.4. In-vivo Vaccination studies. Mice (n=5) were vaccinated on day 0 with OVA (100 mg)
adjuvanted with PBS (vehicle control), or Addavax (25 mL), or 5 nmole each of unconjugated
multi-PRR agonist, in Addavax (AV, 25 mL), or 5 nmole of linked tri-agonist in Addavax (25 mL).
Final volume of each formulation was made 50 mL with PBS. Mice were given a vaccine boost on
day 14. On day 24, sera, spleens were collected from mice. Antibody titer was measured by ELISA
and T cell response was measured by intracellular cytokine staining. ns = non-significant, * p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Statistical analysis is performed between the
linked tri-agonist and indicated groups using ANOVA by the Turkey’s multiple comparison test.

immune activation and primes other signaling pathways. Intriguingly, the NOD2 knockout
BMDC:s expressed 65%+54% lower TNF-a and 70%+20% lower IL-6 levels compared to the WT
BMDCs implying a significant enhancement in immune response due to crosstalk between NOD2
and TLR2 receptors. Similarly, NLRP3 knockout BMDCs elicited lower cytokine responses
(TNF-a, IL-6) compared to WT BMDCs (Figure 2.2D, 2.2E). However, such effects might also
be the result of reduction in MDP activity observed in NLRP3 -/- cells. To further validate NLRP3-
infllammasome activation by the tri-agonist, we analyzed for secretion of IL-1b, a common marker

of inflammasome activation.!”! Stimulation with the tri-agonist resulted in 600%+130% higher
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levels of IL-1b compared to an equivalent mixture of unlinked agonists (Appendix A, Figure S1).
Additionally, studies with the tri-agonist with WT BMDCs along with MCC-950, a NLRP3
specific inhibitor displayed a 62%+20% reduction in IL-1b activity, thereby validating NLRP3
activation (Figure 2.2C).3!-32

Our studies indicated complex dynamics of cellular co-activation. To further analyze
these responses, we studied the transcriptional response in BMDCs upon stimulation with
unlinked agonists and linked tri-agonist. The RNA of BMDCs was extracted after 6 h of
stimulation with the agonists or PBS and differential gene expression was compared. As
seen in the heatmap (Figure 2.3A), we observed a similar trend in responses when the
BMDCs were activated with the unlinked agonists or linked tri-agonist.

However, key differences exist in magnitude of this regulation. For instance, compared to
the unlinked mixture, the linked tri-agonist generated higher expression of CXCR3, a key receptor
for interferon induced chemo-attractants that helps differentiate naive T cells into Tul effector T
cells (Figure 2.3B).*-* Additionally, it induced greater differences in expression for both
interferon-gamma (IFN-y) and interferon gamma receptor 1 (IFNGR1) — which dimerizes with
IFNGR?2 to detect IFN-y (Figure 2.3C, 2.3D). The greater upregulation of IFN-y, along with the
greater downregulation of IFNGRI, indicates the tri-agonist induces high levels of IFN-y
signaling. This can possibly be an effect of enhanced IL-18 secretion due to inflammasome
activation by the linked tri-agonist.*> We hypothesize this high expression of CXCR3 and IFN- y
with the linked tri-agonist would induce robust tailored T cell responses, specifically Til polarized
responses.

Although high cytokine levels of TNF-a was observed at 6 h, the transcriptional levels of
TNF-a were strongly downregulated at the same time point. This difference in response is likely

down to kinetics, as TNF-a is an inflammatory response gene that does not require new protein
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synthesis (Figure 2.3E). As a result, TNF-a transcription is commonly upregulated at earlier
timepoints and peaks within 2 h of stimulation, supporting this difference in the transcriptional

levels compared to the cytokine levels.*

2.3.3 In vivo experiments

With promising in vitro results and the indication of robust tailored cellular responses, we
proceeded to determine if amplified immune response from the linked tri-agonist would translate
to its use as a vaccine adjuvant in vivo. Groups of five mice were immunized via IM injection with
ovalbumin (OVA, 100 mg) adjuvanted with linked tri-agonist (5 nmol) or equivalent quantities of
unlinked agonist mixture. Vaccines were formulated in Addavax (AV), an MF-59 like oil-in-water
nano-emulsion.?’ Parallel studies were also performed with unadjuvanted OVA or OVA admixed
with Addavax as controls. Mice were boosted in an identical fashion on day 14. On day 24 blood
sera were collected to analyze for antibody titer (Figure 2.4A) and splenocytes were harvested to
analyze for antigen-specific T cell responses (Figure 2.4B, 2.4C). It was observed that the linked
tri-agonist formulation enhanced IFN-g secreting CD4" T cells response by 200%+60% and IFN-
g secreting CD8" T cells response by 40%+30% compared to unlinked combination of agonists
(Figure 2.4B, 2.4C). It also elicited 300%=+115% higher antibody responses compared to
OVA/Addavax formulation (Figure 2.4A). However, the antibody response to the linked and the
unlinked combination was similar. There can be various reasons for this observation. Mainly, just
as TLR2 activation was the main driver of the in vitro cytokine response (Figure 2.2E, 2.2F), it is
possible that the antibody response is also primarily driven by TLR2 engagement. As a result of
which there is not much difference between the linked and the unlinked combinations. Moreover,

the most important find is that the linked combination enhances both CD8" and CD4" T cell
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response relative to the unlinked combination. It can be envisioned that the adjuvanticity of the tri-
agonist can be improved by making structural changes to the construct. We are currently exploring
the use of D configuration amino acids instead of L amino acids for the synthesis of TAT-
GWWWG which will possibly make it more resistant to proteolysis. Also, the potency of the tri-
agonist maybe improved by using Murabutide, a more potent NOD2 activator compared to
Muramyl dipeptide. These changes will likely improve the NOD2 and NLRP3 activation and
improve humoral and cellular responses. Additionally, formulation development to enhance
pharmacokinetics may improve the activity of the tri-agonist. Nevertheless, these results
demonstrated that the tri-agonist served as a potent adjuvant in vivo which provides a unique

immune stimulatory method with the potential to improve cellular responses in vaccine adjuvants.

2.4 Conclusions

In our previous work on polyvalent TLR agonist we demonstrated that TLR tri-agonist
stimulate distinct, combination-dependent innate immune responses. Building on the
understanding on dynamics of cellular co-activation of innate immune signaling pathways, here
we developed a small-molecule tri-agonist inspired by the mechanisms of stimulation of multiple
different pattern-sensing pathways by a pathogen. It gave us insight into how pathogen-sensing
pathways respond to multiple input signals as is often the case with infections. Our data reveals
that the complex combinatorial logic of pathogen sensing pathways can be incorporated in
molecular design to modulate the innate immune system. Our studies also indicated that trimeric
combinations of pairwise interactions between multiple pathogen sensing pathways can generate
complex higher-order interactions that is not achieved in an unconstrained system or with dimeric

interactions. This work thus provides a framework to harness complex pathogen sensing in
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designing efficacious pathogen-mimetic immune therapies. This study thus provides a framework
to rationally design other multi-agonist constructs with highly synergistic immune activation. We
are currently expanding our toolkit and employing the tri-agonists for application in various

infectious disease vaccines.

2.5 Materials and Methods

Reagents and Instrumentation. Unless otherwise stated all chemicals were purchased from
commercial sources and were used as received. All chemical reactions were carried out in dried
glassware using anhydrous solvents under Argon gas. Reagents were purchased from Sigma-
Aldrich, Bachem, ThermoFisher, Quanta Biodesign, Anaspec, Broadpharm or Acros Organics.
Buffers and media for cell culture were purchased from Fisher Life Technologies. Addavax was
purchased from Invivogen. Absorbance for ELISA was measured on a Fisher Scientific MultiSkan
FC. Cytometric bead array data was acquired on a Novocyte flow cytometer. 'H and *C NMR
spectra were taken on a Bruker 500 NMR spectrometer (500 MHz) or 400 NMR spectrometer (400
MHz) and analyzed using MestreNova software. Spectra are referenced to solvent peak for 1H
NMR (CD30D = 3.33 ppm, (CD3)2S0O = 2.50 ppm, CDCI3 = 7.26 ppm) and 13C NMR (CD30D
=49.00 ppm, (CD3)2S0O = 39.52 ppm, CDCI3 = 77.16 ppm). Peptides were synthesized via solid
phase peptide synthesis on an automated microwave peptide synthesizer (Liberty Bllue, CEM)
Analytical high-performance liquid chromatography (HPLC) was performed using an Agilent
1260 Infinity HPLC with a Phenomenex Luna 3 um C8 100 A 150 x 4.6 mm LC column.
Preparative HPLC was performed on a Gilson Preperative HPLC System with 333 HPLC Pumps
and GX-271 liquid handler using a Phenomenex Luna 5 pm C8(2) 100 A 150 x 21.2 mm LC

column. Electrospray ionization — mass spectrometry (ESI-MS) was performed on an Agilent 6130
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LC MS. MALDI-TOF was performed on Bruker ultraflextreme MALDI-TOF-TOF system. Silica
Gel Chromatography was performed using RediSep Rf normal silica columns on a Teledyne-Isco
CombiFlash Rf auto column instrument. Data were analyzed using one-way ANOVA in Graph
Pad Prism software. All values were reported as mean = SD, where error bars represent biological
replicates.

BMDC activation studies: Bone marrow derived dendritic cells (BMDCs) were harvested from
the femurs of 6-week-old C57BL/6 mice (Jackson Laboratory). BMDCs were cultured in BMDC
primary medium: RPMI 1640 (Life Technologies), 10% heat inactivated fetal bovine serum (FBS),
20 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF), 2 mM L-glutamine (Life
Technologies), antibioticantimycotic (1x) (Life Technologies), and 50 uM betamercaptoethanol
(all components were 0.2 uM sterile filtered together before use). For BMDC activation studies,
2x10° cells per well were seeded in round-bottom 48-well plates and treated with various
concentrations of linked PRR tri-agonist or 1:1:1(molar ratio) mixture of the analogous unlinked
PRR agonists or various linked di-agonist combination, then incubated at 37 °C. The supernatants
were collected after 6 h or 24 h. Cytokine concentration in the media were measured either by
mouse inflammation kit CBA (BD Biosciences) or ELISA kits (BioLegend) following
manufacturer’s instructions.

NLRP3 inhibition studies

For NLRP3 inhibition studies, 2x10° cells per well were seeded in round-bottom 48-well plates
and treated with 10 uM of MCC-950 at 37 °C for 1 h followed by addition of 10 uM of PRR tri-
agonist for 24 h. Samples were collected and analyzed for IL-1b by ELISA kit (BioLegend) as per

manufacturer’s instructions.
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In-vitro cytokine analysis by cytometric bead array (CBA). CBA mouse inflammation kit was
purchased from BD Biosciences. BMDCs were plated in 48 well plates (4 x 10> cells in 400 uL)
and stimulated with indicated sample for 6 h. The supernatant was transferred to Eppendorf tubes
and centrifuged at 1000 x g for 10 minutes. The supernatant was removed and diluted by a factor
of 2.5. The assay was then performed following manufacturers protocol and analyzed by a
Novocyte flow cytometer. Data were analyzed using Graphpad Prism software.

In-vitro cytokine analysis by ELISA. BMDCs were plated in 48 well plates (4 x 10° cells in 400
pL) and stimulated with indicated sample at 37 °C for 24 h. The supernatants were assessed by
ELISA for IL-1b. ELISA kits were purchased from Biolegend and used according to instruction
manual. Samples were undiluted.

RNA sequencing and analysis. BMDCs were incubated with the linked and unlinked tri-agonist
combinations for 6 h. RNA was extracted using a Direct-zol RNA-Microprep kit (Zymo), prepped
using SMARTer® Stranded Total RNA-Seq Kit v2 (Takara), and sequenced on a NextSeq550
(Illumina). RNA seq reads were mapped to GRCm38 mouse reference genome using STAR
version 2.7.0b. The resulting files from the alignment step above were taken to evaluate
transcriptional expression using subread::feature counts with gencode transcript annotation M19
by comparing BMDc’s with linked or unlinked trimer activation to unstimulated BMDCs. The
obtained count table was normalized and log fold change in expression was generated using the
edgeR package. Immune genes with pval <.05 and 2-fold differential expression for at least one of
the dosing conditions are considered in the analysis.

In-vivo studies. All animal experiments were approved by Institutional Animal Care and Use
Committee (IACUC), University of Chicago (72517). Mice (n=5) were vaccinated on day 0 with

OVA (100 ug) adjuvanted with PBS (vehicle control), or Addavax (25 uL), or 5 nmole each of
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unconjugated multi-PRR agonist (TAT-GWWWG+Pam>CSK4+MDP) in Addavax (AV, 25 ul),
or 5 nmole of conjugated agonists (TAT-GWWWG_Pam;CSK4 MDP) in Addavax (25 uL). Final
volume of each formulation was made 50 uL with PBS. Mice were given a vaccine boost on day
14. On day 24, sera and spleens were collected from mice. Antibody titer was measured by ELISA
and T cell response was measured by intracellular cytokine staining.

T-cell recall assays: Spleens were collected from mice on day 24 and incubated in ice-cold RPMI
until processing. Spleens were processed into a single-cell suspension via mechanical disruption
and passaged through a 70 pm strainer. The splenocytes were washed with PBS and then treated
with RBC lysis buffer for 3 min at room temperature. The single-cell suspension was washed with
PBS and resuspended in RPMI. These single cell suspensions were then plated at a density of 107
cells/mL and treated with respective peptide epitopes (20 mg/mL). Following two hours of
incubation, golgi plug (Brefeldin A) was added and the cells were additionally stimulated for 6 h
more. Following incubation, cells were stained with viability stain and for appropriate cell surface
markers (CD4, CD8) and intracellular cytokine staining was performed for IFN-g. Samples were
analyzed on a NovoCyte 3000 flow using the NovoExpress software. Total numbers of spleen/LN
lymphocytes were back-calculated from the number of marker-positive cells read and the total
volume of sample processed by the NovoCyte 3000 flow cytometer.

Measurement of the anti-OVA IgG response: Blood was collected by cardiac puncture from
mice on day 24 and serum was separated by centrifugation and stored at —20 °C. Sera was assayed
for antibody levels against OVA using ELISA kit (Alpha Diagnostics) following manufacturer’s
protocol. The absorbance was measured at 450 nm in a microtiter-plate spectrophotometer using

a blank measurement at 620 nm.
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3. Improving the adjuvanticity of small molecule immune potentiators using covalently

linked NF-kB modulators

3.1 Summary

Small molecule immune potentiators (SMIPs) such as imidazoquinolinone derivatives that
activate Toll-like receptor (TLR) 7/8 have immense potential as vaccine adjuvants and as anti-
tumor agents. However, these molecules have high bioavailability that results in unacceptable
levels of systemic inflammation due to adjuvant toxicity, thereby greatly limiting their use. To
address this challenge, here we report the design and synthesis of novel imidazoquinolinone-NF-
kB immuno-modulator dimers. Employing in vitro assays, we screened a select library of
synthesized dimers and selected viable candidates for further in vivo experiments. With ovalbumin
as a model antigen, we vaccinated mice and demonstrated that these dimers reduce the systemic
toxicity associated with SMIPs to baseline levels while simultaneously maintaining the
adjuvanticity in a vaccine formulation. Additionally, we showed that select dimers improved

efficacy in a CT26 mouse colon carcinoma tumor model while eliciting minimal adjuvant toxicity.

3.2 Introduction

Toll-like receptor (TLR) activation in innate immune cells has been linked to the high
immunogenicity and protective effects of vaccines.!> The incorporation of TLR activating
immunostimulants or adjuvants in subunit and epitope-based vaccine formulations has led to great
improvements in both antibody and T-cell levels and antigen specificity.®* Currently, the
discovery of many small molecule adjuvants has demonstrated immense potential and opened up
the possibility for new therapies.>® However, their tolerability in preclinical and clinical studies

have limited the use of many of these compounds requiring either reformulation or redesign.’
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Historically, discovery of adjuvants has been empirical but with synthetic small molecule
adjuvants, modern drug discovery techniques permitted optimized adjuvanticity. This opportunity
has led to the development of a class of adjuvants collectively referred to as small molecule
immune potentiators (SMIPs).%? In this class, imidazoquinolinones that activate TLR 7/8 such as
imiquimod (R837) and resiquimod (R848) have been extensively studied. Imiquimod is currently
approved for clinical immunotherapy use in topical creams.’"!! These SMIPs elicit antigen specific
cellular responses when administered as adjuvants.!>"'* Additionally, activation of TLR7/8 by
resiquimod can lead to anti-tumor activity facilitated by APC activation of CD8+ T cells and CD4+
Th cells due to IFN-y and IL-2 production and hence enhanced proliferation.!>"!7 Unfortunately,
despite such tremendous potential the high bioavailability of imidazoquinolinone adjuvants and
associated toxicity has primarily limited the use of TLR7/8 agonist formulations to topical
applications and prevented their approval as injectable adjuvants in humans.>!'®!* To address this
challenge, here we report on an alternative method that links a TLR7/8 activating
imidazoquinolinone to a NF-kB modulator, thereby modulating the response to the molecule
directly elicited from immune cells (Figure 3.1).

Recently, we reported that small molecule NF-kB inhibitors can be used to modulate the
activity of CpG (TLR 9 agonist) in vaccine formulations. In a screen, we showed that capsaicin
and honokiol reduced pro-inflammatory systemic IL-6 and TNF-a levels while maintaining
vaccination efficacy.?’ Unfortunately, we did not observe similar effects with in vivo experiments
employing TLR7/8 agonist R848 as an adjuvant. We hypothesized that this was due to the high
rate of diffusion of the small molecule adjuvant and the immune modulators from the injection

site. Therefore, we designed hybrid molecules by covalently linking an imidazoquinoline
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Figure 3.1. Comparing methods of small molecular immune potentiation. Traditional SMIP
adjuvant NF-kB pathway. Activation of TLR7/8 with the agonist (blue) leads to downstream pro-
inflammatory responses and responses associated with adaptive immunity (antigen presentation).
In our work, the adjuvant contains an activation moiety and a direct modulation moiety that alters
the NF-kB pathway. Activation of TLR7/8 with the dimers also results in activation of NF-xB
pathway by the adjuvant (blue) while the tethered modulators (red) inhibit specific parts of the
pathway resulting in lower pro-inflammatory immune response and enhanced or unchanged

adaptive immune response

derivative?! with a conjugatable amine handle to vanilloid catechol and honokiol?® derivatives. We
envisioned such a construct would lead to simultaneous cellular co-activation of TLR 7/8 receptors

simultaneous with immunomodulation from the coupled NF-kB modulators. We ran in vitro
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experiments using murine macrophages and identified candidates to test in in vivo experiments.
Using ovalbumin (OVA) as a model antigen, we demonstrate that the imidazoquinolinone-immune
modulator dimers significantly reduce systemic toxicity induced by the small molecule adjuvant
while maintaining the adjuvanticity in vaccine formulation. We also investigated
imidazoquinolinone anti-tumor activity by employing a CT26 mouse colon carcinoma tumor
model and introduced the dimers through peritumoral injection. We showed that select dimers
increased mouse survivability by inhibiting tumor proliferation while inducing low systemic
inflammation and reducing adjuvant toxicity. With these results we show that by tethering NF-xB
modulators s to SMIPs we improve their tolerability without affecting adjuvanticity and anti-tumor

efficacy.

3.3 Results and discussion
3.3.1 Synthesis of imidazoquinoline -immune modulator dimers

In our previous studies using small molecule NF-«kB modulatorss in vaccine formulations
we screened various commercially available molecules both in vivo and in vitro. From this screen
we identified vanillin and honokiol derivatives as the most effective small molecule modulators.?°
These anti-inflammatory and antioxidant molecules have been extensively studied in the literature
for NF-xB. modulation through direct inhibition of the canonical NF-kB pathway or through
scavenging pro-inflammatory mediators such as nitric oxide and other ROIs.?>2* However, when
we performed in vivo experiments using a mixture of R848 and capsaicin or honokiol modulators
in vaccine formulations we observed high systemic cytokines 1 hour after vaccination (Appendix
B, Figure S1). For this work, we designed and synthesized dimers by conjugating a TLR 7/8

imidazoquinolinone derivative with a conjugatable amine handle?' to vanillin, catechol and
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honokiol derivatives to yield IMD-ferulic (1), IMD-vanillin (2), IMD-catechol (3), IMD-

biphenylA (4), IMD-biphenylB (5) and IMD-biphenylC (6) (Figure 3.2).
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Figure 3.2. A) TLR 7/8 small molecule potentiator (SMIP) imidazoquinolinone B) NF-kB small
molecule modulatorss C) Synthesized (blue) TLR 7/8 NF-kB modulators (red) dimers

3.3.2 In vitro analyses of synthesized dimers

Next, we designed an in vitro screen to test the synthesized dimers and identify promising
candidates for further development in an in vivo model. Using a RAW macrophage NF-xB-SEAP
(Secreted Alkaline Phosphatase) reporter cell line we measured the overall activity of the

compounds. We saw a reduction in activity of the dimers compared to the imidazoquinolinone
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agonist and equimolar mixtures of the agonist and NF-xB small molecule modulators (Figure
3.3a). We next proceeded to analyze if the reduction in activity is due to disruption of cellular
uptake and receptor binding or due to selective modulation of NF-xB activity. To elucidate the
activity of the dimers we ran pro-inflammatory cytokine and cell surface protein expression assays
on murine bone marrow derived dendritic cells (BMDCs). After incubating the parent SMIP and
the dimers with BMDC:s for 8 h, we observed that dimer compounds IMD-ferulic (1), IMD-vanillin
(2), IMD-catechol (3), IMD-biphenylA (4) reduced the levels of IL-6 secreted to almost baseline
levels. Compounds IMD-biphenyIB (5) and IMD-biphenylC (6) did not significantly change the
IL-6 levels when compared to the parent SMIP. We also observed that the equimolar mixture of
the SMIP and the small molecule NF-kB modulators did not lower the levels of IL-6 secreted
(Figure 3.3b). In a similar BMDC experiment, we stained the BMDCs for cell surface expression
of CD40, a well-characterized co-stimulatory molecule with an important role in adaptive
immunity,?> and quantified the expression levels using flow cytometry. Notably, we observed that
the expression levels of CD40 remained unchanged for most of the compounds and were slightly
lower for IMD-ferulic (1) (Figure 3.3¢) Using this experiment we screened for dimers that would
lower pro-inflammatory cytokines while maintaining or improving cell surface protein expression.
This would indicate that the hybrid molecule was modulating the NF-kB response of the

imidazoquinolinone as opposed to merely inhibiting the activity.
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Figure 3.3. In vitro assays determining TLR 7/8 NF-«xB activation and modulation of synthesized
dimers. A) Immune activation measured by RAW-Blue activation via NF-kB stimulation after 24
h incubation with 500 nM of compounds at 37 °C. B) IL-6 expression (ELISA) and C) cell surface
protein expression (FACS) measured 8 h after incubation with BMDCs. Compounds were assayed
at 200 nm. D) Intracellular reactive oxygen species (ROS) measured by incubating RAW
macrophages with 6-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA ), and fluorescence measured using flow cytometry. E) Nitrite levels in the supernatant
of RAW macrophages incubated with 500 nM of compounds for 16h and measured using Griess
reagent. F, G) Expression of COX-2 protein measured in the lysate of RAW macrophages
incubated with 500 nM compounds for 16h. Samples run in triplicate. Statistical significance to
TLR 7/8 SMIP, compared by the one-way ANOVA *p < 0.05, **** p < 0.0001 A+B denotes
equimolar mixture. IMD-ferulic (1), IMD-vanillin (2), IMD-catechol (3), IMD-biphenylA (4),
IMD-biphenylB (5) and IMD-biphenylC (6)
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In addition to inhibition of the upstream events of NF-kB pathway, the small molecule
modulators we selected to derivatize and synthesize the adjuvant dimers were previously described
in the literature as downstream inhibitors of pro-inflammatory mediators such as nitric oxide and

reactive oxygen species (ROS).>

We were interested in learning if the dimer adjuvants would have a similar effect on
immune cells. To study the effect of the dimers on oxidative stress we incubated RAW
macrophages with the compounds for 16 h and measured the levels of intracellular ROS using
ROS-reactive fluorescent dye, CM-H2DCFDA and quantified the fluorescence using Flow
cytometry. Here, we observed a nearly 50% reduction in intracellular ROS for all the dimer
agonists suggesting that these compounds were ROS scavengers (Figure 3.3d). In a similar
experiment we incubated RAW macrophages for 16 h with the dimer agonists and used Griess
reagent to measure the levels of nitrite, a metabolite of nitric oxide in the cell supernatant. The
nitrite levels were quantified by measuring absorbance using a plate reader. From this experiment
we showed that the dimer adjuvants reduced the NO levels to baseline levels compared to the
parent SMIP (Figure 3.3e) indicating that the dimers were potent inhibitors of nitric oxide either
through scavenging or direct inhibition of the enzymatic pathway. Additionally, using western blot
analysis of RAW macrophage cell lysate we observed that the molecules inhibited inducible nitric

oxide synthase (iINOS) a pathway precusor of NO (Figure 3.3f, 3.3g)

Lastly, we wanted to investigate if the dimer agonists were Cyclooxygenase-2 (COX-2)
inhibitors. COX-2 is a pro-inflammatory marker associated with the activation of both the NF-xB
and MAPK pathways. After incubating RAW macrophages with the dimer agonists for 16 h, we
lysed the cells and separated the proteins using SDS-PAGE after which we transferred the proteins

to a membrane and probed the protein levels using an anti-COX-2 antibody. We observed low
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relative expression levels of COX-2 protein with IMD-ferulic (1). However, IMD-vanillin (2),
IMD-catechol (3), IMD-biphenylA (4), IMD-biphenylB (5) and IMD-biphenylC (6) did not
significantly reduce COX-2 expression suggesting that these compounds were not inhibitors of the

COX-2 pathway (Figure 3.3f, 3.3h).

3.3.3 In vivo analysis of synthesized dimers

With this promising in vitro analysis, we next set up in vivo experiments to see how these
dimers would perform in a vaccine formulation. Using ovalbumin as a model antigen we
vaccinated mice with the most promising dimers (IMD-vanillin (2), IMD-catechol (3) and IMD-
biphenylA (4)) that reduced inflammation while maintaining CD40 expression in the in vitro
assays. (Figure 3.3b, 3.3¢) IMD-ferulic (1) was structurally similar to IMD-vanillin (2) and was
slightly less effective at inducing expression of CD40 compared to the parent agonist (Figure
3.3¢). Compounds IMD-biphenylB (5) and IMD-biphenylC (6), while activating CD40, were not
effective at reducing inflammation (Figure 3.3b) and were therefore excluded from further in vivo
experimentation. We performed intramuscular injection (i.m) with 100 ug of OVA, 70 nmoles of
imidazoquinolinone, potentiated dimers, and equimolar mixtures of imidazoquinolinone and NF-
kB modulators in 50 pl of PBS. At the 1-hour mark post injection we collected serum from the
mice and quantified systemic levels of TNF-a and IL-6. We observed that the dimers reduced these
systemic cytokines to background levels comparable to the PBS, vanillin, and catechol controls
(Figure 3.4b, 3.4¢). On day 14 we performed a boost injection, then on day 28, we sacrificed the
mice, collected sera, and analyzed anti-OVA antibodies. Notably, compounds IMD-vanillin (2) and
IMD-catechol (3) induced significantly higher levels of anti-OVA Ig (A+G+M) and specific IgG
compared to the TLR7/8 adjuvanted mice (Figure 3.4d, 3.4e) Comparing specific IgA antibodies,

we saw that IMD-vanillin (2) induced statistically higher levels of these antibodies (Figure 3.4f).
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Because activation of TLR 7/8 has been previously associated with increased CD8+ T cell

function!” we were interested in investigating this activity for these new compounds compared to
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Figure 3.4. In vivo assays TLR 7/8 NF-kB modulator dimers. A) Outline of in vivo vaccination
experiment. B) Serum levels of cytokines assayed lh after injection. IL-6 and TNF- a levels of
linked compounds not detected. C) Serum anti-OVA antibodies measured day 28. Statistical
significance to PBS control, compared by the one-way ANOVA *p <0.05, **** p <0.0001 A+B
denotes equimolar mixture. IMD-vanillin (2), IMD-catechol (3), IMD-biphenylA (4),

the parent TLR 7/8 agonist. On day 28 post OVA in vivo vaccination experiment we harvested the
spleen of the mice and prepared a single cell splenocyte suspension. We then incubated the cells
with a SINFEKL MHC specific tetramer and analyzed the cells using Flow cytometry. We did not

observe increased activity with the agonist dimers compared to the vehicle control. (Appendix B,
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Figure S3a). This result was expected because this route of administration, admixing OVA and the
adjuvant in PBS and i.m injection has been reported to enhance antibody titers but not T-cell
immunity.?® In a separate experiment, we examined splenocyte proliferation with naive
splenocytes, incubating the cells for 48 h with the dimer agonists and parent adjuvant. We found
that the dimer agonists promoted the proliferation of lymphocytes to comparable levels when
compared to the parent agonist (Appendix B, Figure S3b). In summary, the attachment of the
modulator slightly increased the activity of the parent compound to generate antibody responses
while maintaining all other aspects of its innate immune stimulation except excess cytokine

production.

3.3.4 Anti-tumor activity of dimer agonists

With the promising results from our preliminary vaccination experiments, we were further
motivated to evaluate their efficacy as cancer immunotherapeutics. Imidazoquinoline SMIPs have
shown great promise as anti-tumor immune-therapeutic agents, but their inflammation has often
hindered effective therapeutic development. To examine how adding NF-kB modulation to a SMIP
might alter this, we tested the anti-tumorigenic activity of the dimers. Previous studies have shown
that intra-tumoral adjuvant introduction is effective in reducing tumor proliferation by enhancing
T-cell anti-tumor activity.?” Specifically, TLR 7/8 activation leads to enhanced innate immune cell
activation propagated by increased secretion of IFNa, IL-12 and IFN-y cytokines.!”?8 For most
compounds used for this purpose, especially resiquimod (R848), systemic adjuvant toxicity is a
major limiting factor. As our dimer agonist platform reduced systemic cytokines, we decided to
test the compounds on a tumor model. In this in vivo model, we used the CT26 tumor models and

administered the adjuvant and select adjuvant dimers (compounds IMD-ferulic (1), IMD-vanillin
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Figure 3.5. A) In vivo tumor model experiment using SMIP-modulator dimers with peritumoral

injection into subcutaneous CT-26 tumor model.
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Figure 3.5 continued. Agonists were injected when tumors were about 75 cc in size followed by
three additional injection every four days. B) Systemic cytokine levels measured in the serum 2 h
after peritumoral injection of compounds. D, E) Hematological analysis of peripheral blood
measured 24 h after intertumoral injection of compounds. F) Kaplan—Meier survival analysis-
Tumor size was measured every alternate day and animals were euthanized when the tumors
reached 20 mm in any linear dimension. Measurement was performed till day 35. The tumor
volume was measured using the formula 0.5*L*W*W. statistical analysis conducted using the
logrank test with Bonferroni-correction. IMD-ferulic (1), IMD-vanillin (2), IMD-catechol (3),
IMD-biphenylA (4), IMD-biphenylB (5)

(2), IMD-catechol (3), IMD-biphenylA (4) and IMD-biphenylB (5)) and a PBS control.
Additionally, we included controls, resiquimod (R848) along with a resiquimod derivative 3M-

052, that has been employed in clinical trials of cancer immunotherapy.?®

After 11 days, the tumors were established, and we administered the adjuvants and adjuvant
dimers via peritumoral injection. We collected serum and blood, at 2 h and 24 h after these
injections, respectively to measure systemic cytokines in the serum and quantify adjuvant toxicity
via a hematological analysis on the blood. Similar to the OVA vaccination model, we observed
that the dimer adjuvants induced baseline levels of TNF-a and IL-6 as measured in the serum
(Figure 3.5b, 3.5¢). In contrast, the parent adjuvant and R848 induced high levels of these pro-
inflammatory cytokines while 3M-052 was comparable to the vehicle control and the dimer
adjuvants. Interestingly, IMD-ferulic (1) induced slightly elevated IL-6 and TNF-a when compared
to the rest of the tested dimer adjuvants. Additionally, the hematological analysis of the blood
showed that the molecules that induced higher systemic inflammatory cytokines led to lower white
blood count and lymphocyte counts compared to the vehicle control (Figure 3.5d, 3.5¢) These
results suggest that the parent adjuvant and R848 upon peritumoral injection resulted in much

higher adjuvant induced toxicity.
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Observing promising tolerability with the adjuvant dimers, we continued the tumor model
experiment, monitoring tumor proliferation. Since CT-26 is a highly aggressive murine carcinoma
model, tumor proliferation was monitored till day 35. We observed that of the dimer adjuvants
tested, two dimer molecules IMD-ferulic (1), IMD-vanillin (2) improved survivability with IMD-
ferulic (1) providing 80 % survivability at day 35 which was higher than the parent adjuvant, 3M-
052 and R848 (Figure 3.5f, see Appendix Figure S.3.4 for tumor growth curves). We observed
slightly elevated levels of IL-6 and TNF-a in the serum of mice injected with IMD-ferulic (1)
suggesting moderate levels of systemic immune activation by these molecules might be necessary
for efficacious responses. Because it has never been possible before to decouple the inflammatory
response from the activity of a specific molecule, it is possible that the improvement we observe
is the cumulative effect of reduced inflammation while maintaining identical T-cell responses.
Overall, this study indicates that our di-agonists serve as a powerful platform to reduce toxicity of

SMIP agonists while maintaining or enhancing efficacy.

3.4 Conclusion

Agonists that activate TLR7/8 receptors are promising as vaccine and cancer
immunotherapy adjuvants. These receptors are broadly expressed on antigen-presenting cells and
once activated lead to enhancement of APC maturation with increased expression of costimulatory
markers and cytokine expression which causes both cellular and humoral immunity. SMIPs
activating TLR 7/8 such as the imidazoquinolinone family are potent adjuvants whose major
limitation is unfavorable systemic toxicity limiting their use. In this study we show that by the
chimeric assembly of these adjuvants with NF-kB potentiating small molecule we can modulate

these molecules, reducing the unfavorable toxicity. We show using an in vitro screen to identify
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viable dimers and demonstrate their adjuvanticity in a vaccination model as well as anti-
tumorigenic activity without systemic toxicity. Due to the large availability of molecules that
modulate the NF-xB, IRF and MAPK inflammatory pathways, we envision this dimer strategy to

broaden the use of SMIPs both as adjuvants and in immunotherapy formulations.

3.5 Materials and methods

Reagents and solvents were purchased from commercial sources and used without further
purification. Vanillin, dopamine hydrochloride, 4-hydroxy-3-methoxybenzylamine hydrochloride
and ferulic acid were commercially obtained. APC anti-mouse CD40, PE anti-mouse CD11c and
purified anti-mouse CD16/32 were purchased from BioLegend. COX-2 (mouse) Polyclonal
Antibody was purchased from Cayman Chemical. GAPDH (14C10) Rabbit mAb and iNOS
(D6B6S) Rabbit mAb were purchased from Cell Signaling Technology. Spectroscopic
characterization was done on Bruker Avance III HD 500 11.7 Tesla NMR (500 MHz) for 'H and
13C NMR. NMR spectra were analyzed using MestreNova software. Coupling on the spectra is
expressed in hertz and abbreviations for multiplicities given as s = singlet, d = doublet, t = triplet,
dd = doublet of doublets, and m = multiplet where applicable. Mass spectral analysis was
performed on Agilent 6224 TOF-MS. Preparative reversed-phase HPLC purification was carried
using Phenomenex Luna C18 or C8 Prep (150 X 21.2250 mm, 5 um particle size) column with a
flow rate of 21.2 mL/min on a Gilson 333/334 pump system and GX-271 liquid handler system.
UV detection (214 nm, 254 nm, and 260 nm) was used for preparative HPLC. Flow Cytometry
data was acquired on a NovoCyte Benchtop Flow Cytometer. Absorbance measurements were
acquired on a Multiskan FC plate reader (Thermo Scientific). Data was analyzed using one-way

ANOVA in Graph Pad Prism software. All values were reported as mean + SD. Female C57/BL6
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mice and male Balb/c mice were purchased from Jackson Laboratories and allowed to equilibrate
for a minimum of 48 h before use. For all experiments, the mice were 6-10 wk old. All animal
studies and mice maintenance were approved by the Institutional of Animal Care and Use (IACUC

#2012-3048).

RAW264.7 Macrophage (RAW-Blue) NF-kB assay

RAW-Blue cells, (InvivoGen) were cultured as described by the manufacturer. Cells were grown
in complete culture media composed of Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5
g/L glucose (Life Technologies), 2 mM L-glutamine, 10,000 U/mL penicillin, 10 mg/mL
streptomycin, 25pg/mL amphotericin B, supplemented with 10% fetal bovine serum (FBS,
Thermo Fisher Scientific). RAW-Blue cells (passage 5-15) were plated in a 96 well plate at a
density of 100,000 cells/well in 180 uLL DMEM containing 10% heat-inactivated FBS (HI-FBS)
and selective antibiotics. The cells were treated with agonist and agonist dimers and LPS control
(50 ng/mL) for 20 h at 37 °C and 5% CO>. NF-kB activity was measured by a QUANTI-Blue
(InvivoGen) assay and the absorbance was measured at 620 nm using a Multiskan FC plate reader

(Thermo Scientific).

Bone Marrow-Derived Dendritic Cell Harvest and Culture.

Bone marrow-derived dendritic cells (BMDCs) were harvested from female C57B1/6 mice as
previously described.! Femur bones were aseptically removed from mice and the bone marrow
was extracted into PBS buffer and the cell suspension centrifuged at 300 RCF for 10 min at RT to
pellet the cells. ACK Lysing Buffer (3 mL, Lonza) 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. Next, the cell pellet was resuspended in BMDC complete

media (RPMI 1640, 10% heat-inactivated FBS, 20 ng/mL granulocyte-macrophage colony-
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stimulating factor (GM-CSF), 2 mM L-glutamine (Life Technologies), 10,000 U/mL penicillin, 10
mg/mL streptomycin, 25ug/mL amphotericin B, and 50 uM beta-mercaptoethanol). The cells were
then plated at 1x10° cells/mL in 100 mm petri dishes in 10 mL complete media and incubated at
37 °C in a CO incubator. On day 3, 10 mL of fresh BMDC media was added to each petri dish.
On day 6, BMDCs were released and plated in untreated 12-well plates at 1x10° cells/mL for cell

surface marker activation and cytokine secretion experiments.

Western blot analysis of pathway proteins

RAW264.7 Macrophage cells (InvivoGen) cultured in complete media were plated in 6 well plates
at 1 x10° cells/mL and allowed to adhere for 12 h at 37 °C in a CO; incubator. The cells were then
treated with agonist, agonist dimers, and LPS control for 16 h. The treated cells were washed and
scraped into cold phosphate-buffered saline (PBS) and centrifuged at 400 x g at 4°C for 5 min. The
cell pellets were resuspended in triple detergent lysis buffer (10 mL) containing one protease
inhibitor cocktail (cOmplete™ ULTRA Tablets, Sigma) and centrifuged to yield whole cell lysate.
The lysate was quantified using a Pierce™ BCA Protein Assay Kit. 50 pg of total protein was
separated using 4-15% SDS-PAGE and blotted onto PVDF membranes (Bio-Rad). The
membranes were probed using monoclonal antibodies for COX-2 at a dilution of 1:1000 (Cayman
Chemicals, MI) GAPDH (14C10) at a dilution of 1:1000 and Rabbit mAb and at a dilution of
1:500 iNOS (D6B6S) Rabbit mAb Visualization was achieved using IRDye® 800CW (Abcam) at
a dilution of 1:10000 and imaged on Azure biosystems imager. Densitometric analysis was done
using Image J.

Flow Cytometry for Cell Surface Marker Upregulation and Cytokine secretion analysis.
BMDCs were plated in untreated 12-well plates at 1x10° cells/mL and incubated with agonist and

agonist dimers in culture media for 8 h at 37 °C with 5% CO2. The cells were released from the
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plate by pipetting vigorously and centrifuged at 2500 RPM at 4 °C for 10 min. The cell culture
media was saved for IL-6 cytokine quantification using ELISA (BioLegend). The cell pellet was
resuspended in cold FACS buffer (PBS, 10% FBS, and 0.1% sodium azide) buffer (300 uL) and
incubated with CD16/32 FcR blocking antibodies (1.0 pg/1x106 cells) on ice for 15 min. The cell
suspension was pelleted, and the supernatant was removed. Next, the cell pellet was resuspended
in cold FACS buffer (100 pL) and incubated with PE-CD11c¢ (1.0pg/1x106 cells) and APC CD40
(1.0 pg/1x106 cells), on ice and in the dark for 30 min. The samples were then washed twice with
300 uL FACS buffer. The pelleted cells were resuspended in cold FACS buffer (200 pL) and kept

on ice until being loaded onto the flow cytometer for analysis.

In vivo vaccination of mice
Female C57/BL6 mice were briefly anesthetized with isoflurane and injected intramuscularly in
the right hind leg with 50 pL containing ovalbumin (100 pg), adjuvant, adjuvant dimers, vanillin,

and dopamine (0.07 pmoles) and a PBS vehicle control group.

Plasma cytokine analysis and Antibody quantification

Mouse blood was collected via the submandibular vein in 0.2 mL heparin-coated collection tubes
(VWR Scientific) 1 h after vaccination. Serum was isolated by allowing blood to clot for 30 min
RT and centrifugation at 2000 x g for 10 min. Supernatant was collected and stored at -80 °C until
use. Serum was analyzed using BD Cytometric Bead Array Mouse Inflammation cytokine kit or
LEGENDplex™ Mouse Inflammation Panel (Biolegend) according to manufacturer’s protocol.
For antibody quantification, mouse blood was collected via cardiac puncture 28 days after
vaccination in 0.2 mL heparin-coated collection tubes (VWR Scientific). Serum was isolated by

allowing blood to clot for 30 min RT and centrifuging at 2000 x g for 10 min. Serum was analyzed
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using a quantitative anti-ovalbumin total Ig’s, IgA, and IgG ELISA kits (Alpha Diagnostic
International) according to the manufacture's protocol

Tumor studies

0.2 x 10% CT-26 cells were injected subcutaneously into the flank of 6-week-old Balb/c mice (n =
10 per group) in 100 pL of PBS. The tumor size was monitored on alternating days. Tumor volumes
were measured using the equation V =1/2XLXWxW. When the tumors reached a size of
approximately 75 mm? (day 11), treatment was started. Various formulations (20 nmols of each
agonist or PBS) were injected peritumorally every 4 days (day 15, 19, and 23). Mice were
euthanized when the tumors reached 20 mm in any linear dimension. Five mice for each group
were used for blood analysis. Blood was collected two days post the first injection for
hematological toxicity analysis and two hours post the second injection for systemic cytokine

analysis.

Nitric oxide assay

RAW264.7 Macrophage (InvivoGen) cultured in complete media were plated in 12-well plates at
1 x10° cells/mL and treated with agonist and agonist dimers for 16 h at 37 °C in a CO incubator.
The cell supernatant was collected and the quantity of nitrite in the culture medium was measured
as an indicator of NO production. Amounts of nitrite, a stable metabolite of NO, were measured
using Griess reagent (1% sulfanilamide and 0.1% naphthyl ethylenediamine dihydrochloride in
2.5% phosphoric acid). 100 pL of cell culture medium was mixed with 100 pL of Griess reagent.
After incubation at room temperature for 10 min, the absorbance at 540 nm was measured in a

microplate reader. The quantity of nitrite was determined from a sodium nitrite standard curve.

Reactive oxygen species measurement
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RAW264.7 Macrophage (InvivoGen) cultured in complete media, were plated in 12-well plates at
1 x10° cells/mL and treated with agonist and agonist dimers for 16 h at 37 °C in a CO incubator.
The cells were released from the plate and centrifuged at 2500 RPM at room temperature for 10
min and the supernatant aspirated. The cells were then washed twice with PBS (200 uL) and the
cell pellet resuspended in Hanks’ Balanced Salt solution (HBSS) containing CM-H2DCFDA
(1uM). Next, the cells were incubated for 30 min at 37 °C with 5 % CO,. After incubation, the
cells were washed twice with cold PBS. Fluorescence was measure using Flow Cytometry on FL-

1 (fitc) channel.

Proliferation Assay

Proliferation assay was performed as previously reported.> Splenocytes were isolated from
C57BL/6 mice and plated at 5x10* in 96-well plates. The splenocytes were then incubated with 3
UM of agonist and agonist dimers for 48 h at 37 °C in a CO; incubator. 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) (20 pl, 5 mg/ml in PBS) was added 4 h before the end
of the incubation period. Purple crystals were dissolved in sterile DMSO and incubated for 5
minutes to ensure complete dissolution. The absorbance was measured at 590 nm using a
Multiskan FC plate reader (Thermo Scientific). The proliferation rate was determined as follows:
Abs(sample)/Abs (PBS)*x100%.

Cell viability (MTT) assay

RAW264.7 Macrophage cells were incubated with agonist and agonist dimers for 16 h and
subjected to cell viability assays. 3-(4,5-dimethylthiazol-2-yl)-2,5-diiphenyltetrazolium bromide
(MTT) was dissolved in PBS to final concentration of 5 mg/mL and sterile-filtered. Treated cells
were resuspended in fresh RPMI medium with 10 % FBS at concentration and plated in a 96-well

plate at a concentration of 1 x 10° cell/mL. To these cells, 10 uL of MTT solution was added, then

64



incubated at 37 °C with 5 % CO; for 3 h. When purple crystals were visible, 75 puL of supernatant

was removed. Purple crystals were dissolved in sterile DMSO and incubated for 5 minutes to

ensure complete dissolution. The absorbance was measured at 590 nm using a Multiskan FC plate

reader (Thermo Scientific). % Viability was calculated as follows: Abs(sample)-Abs(blank)/Abs

(Rest cells)-Abs(blank) x 100%.
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4. Peptide-TLR7/8a-dopa conjugate enhances the immune response to antigens.

4.1 Summary

Synthetic vaccine adjuvants enhance immune response and induce undesirable levels of
proinflammatory cytokines, including TNF-a and IL-6. Here, we present a synthetic peptide-
TLR7/8a-dopa conjugate named p(TLR7/8a-dopa), which decreases reactogenicity and improves
protective immune response. p(TLR7/8a-dopa) is an oligomeric peptide with repeating TLR7/8a
and dopamine units. In this molecular construct, TLR7/8a units are the immunostimulant, and
dopamine units are the immunomodulator. Our studies with ovalbumin demonstrate that
p(TLR7/8a-dopa) generates greater humoral and similar cellular immunity than peptides lacking
the immunomodulator: p(TLR7/8a). This work demonstrates a strategy to alter existing immune
responses with immunomodulators, tailoring the activity to the desired level without the need to
develop new agonists. We conclude that our p(TLR7/8a-dopa) adjuvant is a viable approach to

enhancing the immunogenicity and tolerability of protein subunit vaccines.

4.2 Introduction

Vaccines often require external help to induce the desired immune stimulation through
components known as adjuvants. However, a careful balance between stimulation and safety is
vital as excess activation levels often result in systemic inflammation and undesirable effects.
Developing safe and effective adjuvants has proved challenging. New approaches to modulate and
tailor the innate immune activation are being investigated. Rather than search for entirely novel
agonists, we modulated the immune response to existing ligands. Recently, we demonstrated that

small-molecule NF-«xB inhibitors could be used to modulate the activity of CpG (TLR 9 agonist)
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in vaccine formulations'>. However, we did not observe similar effects in vivo when a mixture of
TLR7/8 agonist (R848) was used with small molecule modulators as the adjuvant. We believe this
was due to the high diffusion rate of R848 and the immunomodulators from the injection site.
Therefore, we synthesized dimeric molecules by covalently linking an imidazoquinolinone
(TLR7/8a) derivative with a conjugatable amine handle to known immunomodulators such as
vanilloid, catechol, and honokiol derivatives. 3! We showed immune modulation via conjugation
of selective immunomodulators to small molecule TLR7/8a to develop TLR7/8a-modulator
dimers. * Such a construct would lead to cellular colocalization of the immunostimulant and
immunomodulator. This would result in the coactivation of TLR 7/8 receptors and
immunomodulation from the coupled NF-kB modulators. Using ovalbumin (OVA) as a model
antigen, we demonstrated that the imidazoquinolinone-immunomodulator dimers significantly
reduce systemic toxicity induced by the small molecule immunostimulant while maintaining the
adjuvanticity in vaccine formulation. Despite these highly favorable features, these dimers suffered
from two predicted liabilities: high bioavailability/ biodistribution and poor solubility.
Furthermore, small-molecule TLR7/8a-dopa dimer may have lower avidity for binding receptors
or result in suboptimal receptor clustering than natural agonists.

A variety of approaches have been developed to improve small molecule adjuvants'
pharmacokinetic properties for use in vaccines. One strategy is to physically entrap the adjuvant
within nano- and micro-sized particles’”’. As an alternative to physically trapping the adjuvant
within particles, which can be limited by relatively low and variable adjuvant loading, the small
molecule adjuvant can be covalently linked to macromolecular carriers 3-!'!. Potential advantages
of conjugating small molecule immunostimulant to macromolecular carriers are that loading can

be controlled by the number of functional groups used for adjuvant attachment. The

69



macromolecular conjugate is a chemically defined single molecule that can be chemically
programmed.

Here, we developed a multivalent approach to conjugate repeating units of TLR7/8a and
an immunomodulator (dopamine) on a macromolecular scaffold to improve these results. This
improved the pharmacokinetic property of the TLR7/8a-dopamine (TLR7/8-dopa) conjugate
combination. Moreover, unlike small-molecule TLR7/8a-dopa dimer, which may have lower
avidity for binding receptors, this multivalent scaffold presents the ligands as repeating

macromolecular units like pathogen particles.

4.3 Results and Discussion

Previously we investigated combining small molecule NF-kB modulators with
immunostimulants as adjuvants in vaccine formulations. We identified vanillin, catechol, and
honokiol derivatives as the most effective small molecule modulators*. These molecules have been
well studied for their innate immunity modulation by directly inhibiting the canonical NF-kB
pathway or scavenging pro-inflammatory mediators such as nitric oxide and other ROIs.!2"!4
However, these small molecules did not show the desired response with R848 in vaccine
formulations. High levels of systemic cytokines 1 hour after vaccination were observed. To
overcome that, we designed and synthesized dimers by conjugating a TLR 7/8 imidazoquinoline
derivative with a conjugatable amine handle to vanillin, catechol, and honokiol derivatives to yield
IMD-ferulic (1), IMD-vanillin (2), IMD-catechol (3), IMD-biphenyl (4) dimers'>. These small-

molecule dimers reduced systemic cytokine levels while maintaining the antibody response

compared to when formulated as a soluble mixture. However, these dimers had high bioavailability
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Figure 4.1. Synthesis of p(TLR7/8a_dopa). (A) Synthesis Scheme (B): Schematic presentation of
the linked multivalent di-agonist. (C): MALDI trace of the linked multivalent di-agonist.

and biodistribution, which meant that excess compound was required to induce the desired level
of the immune response. Also, due to pi-pi stacking, these compounds had limited solubility in
aqueous media. Hence, we developed a macromolecular scaffold with repeating TLR7/8a and

immunomodulator units (Figure 4.1 B)
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4.3.1 Synthesis

The synthesis of the compound employed sequential conjugation chemistry used
previously in the synthesis of PRR tri-agonists.!®!” The synthesis started with the
development of a peptide comprising five glutamic acids with glycine spacers (Scheme
S.4.3). The N terminus of this peptide was modified with a DBCO handle via NHS
chemistry (Scheme S.4.3). Following this, amine-functionalized imidazoquinoline
(2BXY_C6 _NH2) (Figure 4.1 A) was conjugated to the glutamic acid side chains using
HATU coupling chemistry to give pTLR7/8a. Another peptide of five dopamine units was
synthesized using solid-phase peptide synthesis. A hexane spacer with an azide handle was
installed on the N terminus of this peptide, pdopa (Scheme S.4.4). Following this, we
conjugated pTLR7/8 and pdopa using copper-free click chemistry to give
pTLR7/8a_dopa (Figure 4.1 A). The compound was purified using reverse-phase
chromatography. Out of all the small molecule modulators, we chose dopamine because of
solubility factors and the ease of incorporating it into a peptide. Amino acids with dopamine
side chains are commercially available. Additionally, the hydroxy groups rendered the
peptide scaffold soluble in water. It has been shown that particle formation is critical for
enhancing the magnitude and duration of innate immune activation, especially TLR7/8
activating macromolecular carriers, in draining lymph nodes while reducing systemic
distribution and toxicity.!® So, we decided to formulate the compounds with Alum. Alum
is extensively used in licensed vaccines for its adjuvanticity!®. The mechanism of action of
Alum is not well understood. However, a common explanation is the depot effect alum

provides to vaccine components.?%2!
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4.3.2 In vitro experiment
Following synthesis, we next proceeded to analyze the immunological properties of
the compound. Using a RAW macrophage NF-kB-SEAP (Secreted Alkaline Phosphatase)
reporter cell line we measured the overall activity of the compounds. No reduction in the
immune activity of the compound compared to the free imidazoquinolinone agonist was
observed (Figure 4.2A). This implied that our multivalent scaffold did not hinder the
TNF-a
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Figure 4.2. Immune activation as measured by (A): NF-xB in RAW-Blue 264.7 macrophage cell
assay; (B): concentration of TNF-a in the supernatant of BMDMs after 18h of exposure to TLR7/8
ligand as either pTLR7/8a dopa, pTLR7/8a, or mTLR7/8a; (C), (D): costimulatory molecules
CD40 and CD86 on BMDMs. Error bars represent SD. Samples were run in triplicate. Statistical
differences were determined via a two-tailed t-test (n= 3 per group). Each experiment was repeated

thrice with similar results.
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ligand-receptor interaction between imidazoquinoline units and TLR7/8 receptor. To further
elucidate the immune activity of the compound we ran pro-inflammatory cytokine and cell surface
protein expression assays on murine bone marrow-derived macrophages (BMDMs). After
incubating BMDMs for 18 h with the compounds, we observed that pTLR7/8a_dopa reduced the
expression of TNF-a three-fold (Figure 4.2B). pTLR7/8a did not significantly change the TNF-
a levels when compared to the parent ligand (mTLR7/8a). This indicated that the multivalent
scaffold was not hindering the ligand-receptor interaction. In a similar experiment, we stained the
BMDMs for cell surface expression of CD40 and CD86, co-stimulatory molecules with important
roles in adaptive immunity,?? and quantified the expression levels using flow cytometry. Notably,
we observed that the expression levels of CD40 and CD86 increased for pTLR7/8a_dopa (Figure
4.2C, 4.2.D). This indicates that the chimeric molecule was modulating the immune response of
the imidazoquinolinone as opposed to merely inhibiting the cytokine expression.

In addition to inhibition of the upstream events of NF-kB pathway, we hypothesize that our
compound modulates the immune response by downstream inhibition of pro-inflammatory
mediators such as nitric oxide and reactive oxygen species (ROS) similar to the small molecule
dimers as shown before.!* Previously we showed that the small molecule TLR7/8a-dopa dimer
adjuvant reduced the NO levels to baseline levels compared to the parent TLR7/8a indicating that
the dimer was a potent inhibitor of nitric oxide either through scavenging or direct inhibition of
the enzymatic pathway. Additionally, using western blot analysis of RAW macrophage cell lysate
we observed that the molecule inhibited inducible nitric oxide synthase (iINOS), a pathway

precursor of NO.
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Figure 4.3. In-vivo vaccination studies. Mice (n=5) were vaccinated on day 0 with OVA (100 mg)
adjuvanted with Alum (vehicle control), or 25 nmol of TLR7/8a formulated as m(TLR7/8a) +
alum, p(TLR7/8a dopa) + alum, m(TLR7/8a) + dopamine + alum. The final volume of each
formulation was made 100 mL with PBS. Mice were given a vaccine boost on day 14. On days 1
and 21, sera were collected. Lymph nodes were collected from mice on day 28. Sera cytokine level
(A) and antibody titer (B) were measured by ELISA. T cell response, (C) and (D) to OVA
adjuvanted with just Alum, pTLR7/8+alum or pTLR7/8 dopa+alum was measured by intracellular

cytokine staining. Statistical differences were determined via a two-tailed t-test.

4.3.3 In vivo analysis
With this promising in vitro analysis, we next set up in vivo experiments to see how this

macromolecular scaffold would perform in a vaccine formulation. We chose to use alum to
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formulate the vaccine components. Using ovalbumin as a model antigen we vaccinated mice. We
performed subcutaneous injection (s.c) with 100 pg of OVA formulated with (1) just alum, (2) 25
nmoles of TLR7/8 agonist as a free small molecule with alum, (3) equimolar mixtures of
imidazoquinolinone and NF-kB modulators in alum or (4) p(TLR7/8a_dopa). At the 1-hour mark
post-injection, we collected sera from the mice and quantified systemic levels of TNF-a and IL-6
(Figure 4.3). We observed that formulation with p(TLR7/8a_dopa) resulted in the lowest level of
systemic cytokines comparable to the alum/OVA formulation. On day 14 we performed a boost
injection, then on day 28, we sacrificed the mice, collected sera, and analyzed anti-OVA antibodies.

Notably, compound p(TLR7/8a_dopa) induced the highest levels of anti-OVA Ig (A+G+M).

Because activation of TLR 7/8 has been previously associated with increased CD8+ T cell
function”* we were interested in investigating if p(TLR7/8a_dopa) enhanced T cell activity
compared to pTLR7/8 agonist. On day 28 post the OVA vaccination experiment we harvested the
lymph node of the mice and performed intracellular cytokine staining and analyzed the cells using
Flow cytometry. We did not observe increased activity with p(TL7/8a_dopa) compared to
pTLR7/8a (Figure 4.3). Nevertheless, p(TLR7/8a_dopa) stimulated T cells to a similar level as
pTLR7/8a. In summary, the attachment of the modulator increased the humoral response while

maintaining T-cell response and decreasing systemic inflammation.

4.4 Conclusion

Agonists that activate TLR7/8 receptors are an attractive target as vaccine adjuvants. Small
molecules activating TLR 7/8 such as the imidazoquinolinone family are potent immunostimulant
whose major downside is their reactogenicity limiting their use. In this study, we show that by

conjugating these small molecules with NF-kB modulating small molecules on a macromolecular
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scaffold, we can modulate the immune response enhancing the adjuvanticity. Due to the large
availability of molecules that modulate the NF-kB, IRF, and MAPK inflammatory pathways, we
believe this strategy is a viable approach to formulating small molecule immunostimulants and

immunomodulators as adjuvants in vaccines.

4.5 Materials and Methods

BMDC activation studies: Bone marrow derived dendritic cells (BMDCs) were harvested from
the femurs of 6-week-old C57BL/6 mice (Jackson Laboratory). BMDCs were cultured in BMDC
primary medium: RPMI 1640 (Life Technologies), 10% heat inactivated fetal bovine serum (FBS),
20 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF), 2 mM L-glutamine (Life
Technologies), antibioticantimycotic (1%) (Life Technologies), and 50 uM betamercaptoethanol
(all components were 0.2 uM sterile filtered together before use). For BMDC activation studies,
2x10° cells per well were seeded in round-bottom 48-well plates and treated with various
concentrations of linked PRR tri-agonist or 1:1:1(molar ratio) mixture of the analogous unlinked
PRR agonists or various linked di-agonist combination, then incubated at 37 °C. The supernatants
were collected after 6 h or 24 h. Cytokine concentration in the media were measured either by
mouse inflammation kit CBA (BD Biosciences) or ELISA kits (BioLegend) following
manufacturer’s instructions.

In-vitro cytokine analysis by cytometric bead array (CBA). CBA mouse inflammation kit was
purchased from BD Biosciences. BMDCs were plated in 48 well plates (4 x 10> cells in 400 uL)
and stimulated with indicated sample for 6 h. The supernatant was transferred to Eppendorf tubes

and centrifuged at 1000 x g for 10 minutes. The supernatant was removed and diluted by a factor
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of 2.5. The assay was then performed following manufacturers protocol and analyzed by a
Novocyte flow cytometer. Data were analyzed using Graphpad Prism software.

In-vitro cytokine analysis by ELISA. BMDCs were plated in 48 well plates (4 x 10° cells in 400
pL) and stimulated with indicated sample at 37 °C for 24 h. The supernatants were assessed by
ELISA for IL-6 and TNF-a. ELISA kits were purchased from Biolegend and used according to
instruction manual. Samples were diluted 100X.

In-vivo studies. All animal experiments were approved by Institutional Animal Care and Use
Committee (IACUC), University of Chicago (72517). Mice (n=5) were vaccinated on day 0 with
OVA (100 ug) adjuvanted with alum (vehicle control), 25 nmole each of unconjugated agonist,
equimolar mix of immunostimulant and immunomodulator (25 nmole ), or 5 nmole of conjugated
agonists in alum. The final volume of each formulation was made 100 uL with PBS. Mice were
given a vaccine boost on day 14. On day 24, sera and spleens were collected from mice. Antibody
titer was measured by ELISA and T cell response was measured by intracellular cytokine staining.
T-cell recall assays: Spleens were collected from mice on day 24 and incubated in ice-cold RPMI
until processing. Spleens were processed into a single-cell suspension via mechanical disruption
and passaged through a 70 pm strainer. The splenocytes were washed with PBS and then treated
with RBC lysis buffer for 3 min at room temperature. The single-cell suspension was washed with
PBS and resuspended in RPMI. These single cell suspensions were then plated at a density of 107
cells/mL and treated with respective peptide epitopes (20 mg/mL). Following two hours of
incubation, golgi plug (Brefeldin A) was added and the cells were additionally stimulated for 6 h
more. Following incubation, cells were stained with viability stain and for appropriate cell surface
markers (CD4, CD8) and intracellular cytokine staining was performed for IFN-g. Samples were

analyzed on a NovoCyte 3000 flow using the NovoExpress software. Total numbers of spleen/LN
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lymphocytes were back-calculated from the number of marker-positive cells read and the total
volume of sample processed by the NovoCyte 3000 flow cytometer.

Measurement of the anti-OVA IgG response: Blood was collected by cardiac puncture from
mice on day 24 and serum was separated by centrifugation and stored at —20 °C. Sera was assayed
for antibody levels against OVA using ELISA kit (Alpha Diagnostics) following manufacturer’s
protocol. The absorbance was measured at 450 nm in a microtiter-plate spectrophotometer using

a blank measurement at 620 nm.
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Appendix A: Supplementary Data for Chapter 2
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Figure S2.1: In vitro cytokine expression from BMDCs as measured by ELISA (IL-1b). Cells
were incubated with PRR triagonist (100 nM, 1 uM or 10 uM) or a 1:1:1 (molar ratio) mixture of
the analogous unlinked TLR agonists for 24 h at 37 °C. Error bars represent standard deviation of
the mean. Samples were run in triplicate, where * p < 0.05; ** p < 0.01, *** p <(.001. Statistical
analysis is between the linked tri-agonist and the unlinked mixture, performed using ANOVA by

the Turkey’s multiple comparison test.

Peptide synthesis: Peptides were synthesized on an automated microwave peptide synthesizer by
Fmoc solid phase peptide synthesis. A low-loading Rink Amide resin (Sigma Aldrich, 0.34 meqg
1) was used for all peptide synthesis. Peptide couplings were performed using DIC, Oxyma at 90
°C for 3 minutes per coupling except for the coupling of Arginine, in which case the coupling
reaction went up to 10 minutes at 90 °C for two cycles. The Fmoc group was deprotected with 20

% piperidine in DMF (v/v) at 75 °C for 5 minutes. Azido hexanoic acid was used to modify the N
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terminus of the TAT-GWWWG peptide. A PEGg spacer was installed between the TAT peptide
and the GWWWG sequence. Peptides were cleaved in 95% trifluoroacetic acid, 2.5% H20 and
2.5% triisopropylsilane, for 4 h at 25 °C. After precipitation in ice-cold diethyl ether, peptides were
dried, resuspended in 0.1 % TFA in 50:50 water/acetonitrile mixture and purified by HPLC on a
C8 or C18 column using a gradient of 0.1% TFA in acetonitrile. Peptide masses were confirmed

by matrix-assisted laser desorption/ionization—time of flight mass spectrometry (MALDI-TOF).
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Scheme S2.1: Synthetic route of core (1). Reagents and conditions: (i) propargyl amine, DIPEA,
THF, 0°C, 3 h 80%; (ii) isonipecotic acid, DIPEA, H,O: DMF (20:80), 80 °C, 12 h, 70%; (iii)

DIPEA, DMF, 60 °C, 6 h, 50%; (iv) N’-Dissuccinimidyl carbonate, DMAP, DMF, rt, 6 h, 87%.

core p3: core p2' (200 mg, 1 mmol) was dissolved in DMF (10 mL). DIPEA (200 uL, 1.1 mmol)
and isonipecotic acid (150 mg, 1.15 mmol) were added to the solution. The mixture was heated at

80 °C for 12 h. The reaction was monitored by mass spectrometry. The reaction was then
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concentrated and purified by column chromatography (1% MeOH/ EtOAc with 1% NH4OH). The
product was a white powder (170 mg, 70%). 'H NMR (400 MHz, DMSO-ds) & 12.29 (br s, 1H),
4.07 -3.98 (m, 2H), 3.09 (s, 2H), 2.61 — 2.50 (m, 1H), 1.87 (m, 2H), 1.46 (m, 2H), 1.25 (m, 3H).
BCNMR (101 MHz, DMSO) § 175.50, 168.44, 164.99, 163.63, 80.76, 72.90, 53.55, 42.39, 29.72,

27.67, 18.06, 16.72. ESI-MS: m/z calc’d for C12H14CINsO, [M+H] © 296.3, observed 296.1.

core p5: core p3 (100 mg, 0.33 mmol), core p4* (110 mg, 0.4 mmol) and DIPEA (100uL, 0.55
mmol) were dissolved in DMF (5 mL) and heated to 60 °C for 6 h. The reaction was monitored by
mass spectrometry. The reaction was then concentrated and purified by column chromatography
(1% MeOH/EtOAc with 1% NH4OH). The product was a white powder (60 mg, 0.11 mmol, 35%).
'"H NMR (400 MHz, DMSO-ds) 8 11.94 (br's, 1H), 6.55 (s, 2H), 5.13 (s, 2H), 4.52 (br s, 2H), 4.12
(s, 2H), 3.27 (d, J = 7.2 Hz, 2H), 3.09(m, 3H), 2.93 (s, 2H), 2.89 (br s, 1H), 2.55 (m, 1H), 2.01 —
1.80 (m, 3H), 1.62 (d, J=12.8 Hz, 2H), 1.57 — 1.36 (br s, 2H), 1.25(m, 3H), 1.17 - 0.92 (br s, 2H).
3C NMR (101 MHz, DMSO) 8 176.76, 175.47, 161.47, 158.90, 158.55, 136.48, 80.44, 73.34,
53.56, 47.13, 43.56, 43.20, 42.88, 41.82, 33.96, 29.86, 28.66, 27.76, 18.04, 16.72. ESI-MS: m/z
calc’d for C26H31N70s M+H] ™ 522.3, observed 522.2.

core (1): core p5 (20 mg, 0.038 mmol) was dissolve in DMF (5 mL). DMAP (1 mg, 0.007 mmol)
and N’-Dissuccinimidyl carbonate (20 mg, 0.08 mmol) were added to the solution. The solution
was stirred at rt for 6 h. The reaction was monitored by mass spectrometry. After HPLC
purification (Solvent A: 0.1 % TFA in water, solvent B: 0.1% TFA in acetonitrile. Gradient: t 0-
20 min, ramp 10% B to 90% B), fractions containing core were pooled and concentrated to give

65 % yield. ESI-MS: m/z calc’d for C,H;,N,O, [M+H] " 619.2, observed 618.9.
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Scheme S2.2%: Synthetic route of MDP-PEG4-NH; (a). Reagents and conditions: (i) IRA H" Resin,
MeOH, reflux, 4 h, quantitative; (ii) p-toluene sulfonic acid, methyl sulfonyl chloride, pyridine, -
10°C, 78% 4 h; (iii) sodium azide, DMF, 70°C, 16 h, 77%; (iv) potassium hydroxide; (v) HATU,
DIPEA, DMF, rt, 3 h 63%; (vi) TCEP, MeOH, 60 °C, 5 h, 82%; (vii) (1) azido-PEG4-NHS ester,
DIPEA, DMF, 45 °C 3 h; (2) TCEP, MeOH, 60 °C, 2 h, 87%.

MDP p7: MDP p6 (25 mg, 0.035 mmol) was dissolved in methanol (10mL) and 1 M TCEP
solution in water (2 mL) was added. The solution was heated to 60 °C for 5 h. The reaction was

monitored by mass spectrometry and was stopped when MDP p6 could no longer be detected.
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The solvent was removed, and the residue was dissolved in 0.1% TFA/H20 (1 mL). MDP p7 was
purified by HPLC (Solvent A: 0.1 % TFA in water, solvent B: 0.1% TFA in acetonitrile. Gradient:
t 0-20 min, ramp 10% B to 90% B). Desired fractions were pooled and concentrated to give MDP

p7 (0. 020 g, 0.029 mmol, 82%).

'H NMR (400 MHz, DMSO-ds) & 8.14 (d, J = 8.2 Hz, 1H), 8.09 (d, J = 8.2 Hz, 1H), 7.57 (d, J =
6.9 Hz, 1H), 7.40-7.31 (m, 10H), 7.08 (s, 1H), 5.30 (d, J = 6.9 Hz, 2H), 5.07 (s, 2H), 4.74 (d, J =
3.5 Hz, 1H), 4.67 (d,J= 12.5 Hz, 1H), 4.4 (d, J= 12.5 Hz, 1H), 4.27 (m, 1H), 4.19 (m, 1H), 4.10
(m, 1H), 3.81 (m, 1H), 3.66 (m, 1H), 3.57 — 3.45 (m, 3H), 3.17 (d, J = 5.0 Hz, 2H), 2.35 (t, /= 7.9
Hz, 2H), 2.01 (m, 1H), 1.78 (s, 4H), 1.24 (d, J= 6.7 Hz, 3H), 1.21 (d, J = 6.9 Hz, 3H). '>*C NMR
(101 MHz, DMSO) & 171.28, 171.02, 170.48, 170.46, 167.89, 136.08, 134.52, 126.78, 126.56,
126.34, 126.24, 125.92, 125.84, 94.29, 77.48, 74.81, 71.58, 67.99, 66.21, 63.84, 60.43, 58.94,
51.27,49.81, 46.95, 46.54,28.37,25.37, 20.96, 17.37, 16.70. ESI-MS: m/z calc’d for C33HasNsO10

[M+H] * 673.2, observed 673.4.

MDP-PEG4NH2: MDP p7 (20 mg, 0.029 mmol), azido-PEG4-NHS ester (22mg, 0.060 mmol)
and DIPEA (6 uL, 0.035 mmol) were dissolved in DMF (5 mL) and heated to 45 °C for 3 h. The
reaction was monitored by mass spectrometry and stopped when MDP p7 could no longer be
detected. 1 M TCEP solution in water (2 mL) was added and the temperature was increased to 60
°C and maintained for 2 h. The reaction was monitored by mass spectrometry. MDP-PEG4-NH2
was purified by HPLC (Solvent A: 0.1 % TFA in water, solvent B: 0.1% TFA in acetonitrile.
Gradient: t 0-20 min, ramp 10% B to 90% B). Fractions containing MDP-PEG4-NH2 were pooled

and concentrated to give a yield of 55%.
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'H NMR (400 MHz, DMSO-ds) & 8.17 (d, J = 8.2 Hz, 1H), 8.12 (d, J = 8.2 Hz, 1H), 7.58 (d, J =
6.8 Hz, 1H), 7.40 — 7.31 (m, 10H), 7.09 (s, 1H), 5.08 (s, 2H), 4.75 (d, J = 3.5 Hz, 1H), 4.64 (d, J
= 12.4 Hz, 1H), 4.42 (d, J= 12.4 Hz, 1H), 4.27 (m, 2H), 4.19 (m, 1H), 3.64 — 3.41 (m, 29 H), 3.23
—3.13 (m, 2H), 2.36 (t, J = 7.9 Hz, 2H), 2.07 — 1.92 (m, 1H), 1.79 (s, 4H), 1.24 (d, J = 6.6 Hz,
3H), 1.22 (d, J = 6.9 Hz, 3H). *C NMR (101 MHz, DMSO) § 173.77, 173.08, 172.70, 172.24,
170.99, 169.78, 137.65, 136.24, 128.53, 128.32, 128.10, 127.97, 127.76, 127.67, 95.95, 78.76,
76.58, 70.92, 69.79, 68.04, 66.71, 65.59, 52.99, 51.60, 48.30, 38.72, 35.98, 30.11, 27.06, 22.67,

19.04, 18.42. ESI-MS: m/z calc’d for C44HesN6O15 [M+H] © 919.4, observed 919.3.
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MDP-PEGgs-alkyne: MDP p7 (20 mg, 0.029 mmol), alkyne-PEG4-NHS ester (25 mg, 0.060
mmol) and DIPEA (6 uL, 0.035 mmol) were dissolved in DMF (5 mL) and heated to 45 °C for 3
h. The reaction was monitored by mass spectrometry and stopped when MDP p7 could no longer
be detected. MDP-PEGg-alkyne was purified by HPLC (Solvent A: 0.1 % TFA in water, solvent
B: 0.1% TFA in acetonitrile. Gradient: t 0-20 min, ramp 10% B to 90% B). Fractions containing
MDP-PEGg-alkyne were pooled and concentrated to give a yield of 83%. ESI-MS: m/z calc’d for

C47He7Ns5016 [M+H] * 958.5, observed 958.3.
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Scheme S2.3: Synthetic route of TAT-GWWW_Pam,CSK4y_MDP (4) tri-agonist.

core_ MDP (2): MDP-PEG4-NH2 (a) (10 mg, 0.01 mmol), core (1) (9 mg, 0.013 mmol) and TEA
(5uL) were dissolved in DMF (5 mL). The mixture was stirred at 50 °C for 3 h. The reaction was
monitored by mass spectrometry and was stopped when MDP-PEG4-NH2 (a) could no longer be
detected. The solvent was removed, and the residue was dissolved in 0.1% TFA/H20 (1 mL). The
compound was purified by HPLC (Solvent A: 0.1 % TFA in water, solvent B: 0.1% TFA in
acetonitrile. Gradient: t 0-20 min, ramp 10% B to 90% B). Desired fractions were pooled and
concentrated to give core_ MDP (2). (11 mg, 0.008 mmol, 77%). ESI-MS: m/z calc’d for [M+H]

*1422.7 observed 1422.5.

&9



Pam;CSK4_core MDP (3): Furan protected core. MDP (2) (10 mg, 0.007 mmol) was dissolved
in anhydrous DMSO (3 mL) and stirred for 6 h at 110 °C to expose the maleimide. The reaction
was monitored by mass spectrometry. When furan was completely deprotected, the solution was
cooled to room temperature. Pam;CSK4GC (b) (10 mg, 0.007 mmol) and DIPEA (500 uL) were
added to the solution and stirred for 1 h. The reaction was monitored by mass spectrometry.
Pam;CSK4_core_MDP (3) was purified by HPLC (Solvent A: 0.1 % TFA in water, solvent B:
0.1% TFA in acetonitrile. Gradient: t 0-20 min, ramp 10% B to 90% B) to give a yield of 52%.

ESI-MS: m/z calc’d for [M+H] " 2784.6 observed 2784.8

TAT-GWWWG_ Pam;CSK4y MDP (4): Pam;CSKy_core MDP (3) (5 mg, 0.002 mmol) was
dissolved in DMF (200 pL). GWWWG-pegs-TAT-hex-N3 (¢) (5 mg, 0.002 mmol) dissolved in
DMF (200 puL) were added to the solution. 200 pL. of CuSO4+5H>0 (20 mM) solution and 400 L
of THPTA (50 mM) solution were mixed and added to the mixture. 200 pL of sodium ascorbate
(100 mM) was then added to the reaction mixture. The reaction was monitored by mass
spectrometry. TAT-GWWWG_ Pam:CSK4_MDP (4) was purified by HPLC (Solvent A: 0.1 %
TFA in water, solvent B: 0.1% TFA in acetonitrile. Gradient: t 0-20 min, ramp 10% B to 90% B)

to give a yield of 30%. MALDI-TOF: m/z calc’d for [M+H] *5490.14 observed [M+H] * 5490.94
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Figure S2.2: HPLC trace of TAT-GWWWG_ Pam;CSK4y_MDP measured at 254 nm on a C8

analytical column. Solvent A: 0.1 % TFA in HPLC grade water, solvent B: 0.1% TFA in HPLC

grade acetonitrile. Gradient: ramp 10% B to 90% over 20 min.
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Figure S2.3: MALDI trace of TAT-GWWWG_ Pam;CSK4_MDP tri-agonist (left) and

enlarged view of the major peak (right). Sample acquired in positive reflector mode using

dihydroxybenzoic acid matrix.
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Scheme S2.4: Synthetic route to di-agonist core_ Pam:CSK4y_TAT-GWWWG (7).

core. MDP TAT-GWWWG (8): core. MDP (2) (5 mg, 0.035 mmol) was dissolved in DMF (200
uL). GWWWG-Pege-TAT-hex-N3 (¢) (10 mg, 0.004 mmol) dissolved in DMF (200 pL) were
added to the solution. 200 pL of CuSO4+5H>0 (20 mM) solution and 400 pL. of THPTA (50 mM)
solution were mixed and added to the mixture. 200 pL of sodium ascorbate (100 mM) was then
added to the reaction mixture. The reaction was monitored by mass spectrometry.
core MDP TAT-GWWWG (8) was purified by HPLC (Solvent A: 0.1 % TFA in water, solvent
B: 0.1% TFA in acetonitrile. Gradient: t 0-20 min, ramp 10% B to 90% B) to give a yield of 30%.

MALDI-TOF: m/z calc’d for [M+H] *4128.19, observed [M+H] * 4128.11
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Scheme S2.5: Synthetic route to di-agonist core. MDP_TAT-GWWWG (8).
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Pam;CSKj4_core (6): Furan protected core p5S (4mg, 0.007 mmol) was dissolved in anhydrous
DMSO (3 mL) and stirred for 6 h at 110 °C to expose the maleimide. The reaction was monitored
by mass spectrometry. When furan was completely deprotected, the solution was cooled to room
temperature. Pam;CSK4GC (b) (10 mg, 0.007 mmol) and DIPEA (500 uL) were added to the
solution and stirred for 1 h. The reaction was monitored by mass spectrometry. Pam;CSK4_core
(6) was purified by HPLC (Solvent A: 0.1 % TFA in water, solvent B: 0.1% TFA in acetonitrile.
Gradient: t 0-20 min, ramp 10% B to 90% B) to give a yield of 82%. MALDI-TOF: m/z calc’d for

[M+H] 1884.19, observed [M+H] * 1883.99.

core Pam;CSKy TAT-GWWWG (7): PamyCSK4_core (6) (5 mg, 0.003 mmol) was dissolved
in DMF (200 puL). GWWWG-Pegs-TAT-hex-N3 (¢) (5 mg, 0.002 mmol) dissolved in DMF (200
uL) were added to the solution. 200 pL. of CuSO4+5H,0 (20 mM) solution and 400 pL. of THPTA
(50 mM) solution were mixed and added to the mixture. 200 pL of sodium ascorbate (100 mM)
was then added to the reaction mixture. The reaction was monitored by mass spectrometry.
core Pam;CSKy TAT-GWWWG (7) was purified by HPLC (Solvent A: 0.1 % TFA in water,
solvent B: 0.1% TFA in acetonitrile. Gradient: t 0-20 min, ramp 10% B to 90% B) to give a yield

of 30%. MALDI-TOF: m/z calc’d for [M+H] *4589.69, observed [M+H] " 4590.10

H N NH HoN__NH NH N ™

O\W /

(o]
o
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/ o O/O%m\_rOBn — > GWWWG-Pegs NJ\( \[(\ j(\ )ﬁ )Kr j(\ 7(\ N” N= N HO%OB
] Cull) THPTA, o 9 N o8
) . = N
v NH e} sodium asco "
b T .

o

O”"NH
HZNW,J,,, “NH, HN “NH, HN “NH, HN “NHz
o Lfo HaN, ),
OBn 7
o

MPD-Peg;-alkyne (d) MPD-TAT-GWWWG(5) OBn

Scheme S2.6: Synthetic route to di-agonist MDP_TAT-GWWWG (5).
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MDP_TAT-GWWWG (5): MDP-Pegs-alkyne (d) (5 mg, 0.005mmol) was dissolved in DMF
(200 uL). GWWWG-Pegs-TAT-hex-N3 (¢) (5 mg, 0.002 mmol) dissolved in DMF (200 uL) were
added to the solution. 200 pL of CuSO4+5H>0 (20 mM) solution and 400 pL. of THPTA (50 mM)
solution were mixed and added to the mixture. 200 pL of sodium ascorbate (100 mM) was then
added to the reaction mixture. The reaction was monitored by mass spectrometry. MDP_ TAT-
GWWWG (5) was purified by HPLC (Solvent A: 0.1 % TFA in water, solvent B: 0.1% TFA in
acetonitrile. Gradient: t 0-20 min, ramp 10% B to 90% B) to give a yield of 30%. MALDI-TOF:

m/z calc’d for [M+H] *3663.96, observed [M+H] * 3664.16
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Appendix B: Supplementary Data for Chapter 3

o)
OH
NH,
o)
N/ N ﬂ
N
?” ~N H N
HO OCH3 N H 3 |\
" /—/_<N =N
EtsN, DMF NH,
HO
OCHs IMD-Ferulic (1)

Compound 1 was synthesized as follows. To a solution of 7 (19 mg, 0.078 mmol) and
triethylamine (0.01 mL, 0.078 mmol) was added 12 (26 mg, 0.052 mmol) in 1 mL DMF. The
mixture was stirred at room temperature under argon for 12 h. The reaction mixture purified using
preparative HPLC to give the product as a white solid (15 mg, 40% yield)

'"H NMR (400 MHz, DMSO) $ 13.47 (s, 1H), 7.95 (t, J = 8.3 Hz, 2H), 7.80 (d, J = 8.0 Hz, 1H),
7.62 (t,J=17.4 Hz, 1H), 7.38 (t,J= 7.3 Hz, 1H), 7.30 (d, J = 15.7 Hz, 1H), 7.20 (t, J = 7.6 Hz,
2H), 7.12 (d, J= 1.7 Hz, 1H), 7.05 — 6.95 (m, 3H), 6.79 (d, J= 8.1 Hz, 1H), 6.42 (d, J= 15.7 Hz,
1H), 6.37 (s, 1H), 5.96 (d, J=11.2 Hz, 1H), 5.93 (s, 2H), 4.15 (s, 2H), 3.80 (s, 3H), 3.14 (dd, J =
12.6, 6.5 Hz, 2H), 2.98 (dd, /= 16.6, 9.0 Hz, 4H), 1.73 (dt, J=15.3, 7.6 Hz, 2H), 1.58 — 1.45 (m,
2H), 1.39 (dq, J = 14.7, 7.4 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H).(not observed NH) 1*C NMR (100
MHz, DMSO)  165.8, 158.9, 158.6, 158.5, 157.4, 149.2, 148.7, 148.3, 141.2, 139.3, 135.8, 134.3,
134.1, 129.9, 128.0, 126.9, 125.9, 125.2, 125.1, 122.0, 119.4, 119.0, 116.0, 114.9, 112.9, 111.1,
55.9, 439, 36.7, 30.7, 29.7, 29.4, 26.6, 22.9, 22.2, 14.1. HRMS (ESI) m/z calcd for

(C36Ha1N-04)+H*: 636.3298 [M + H]*; found: 636.3294
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Compound 2 was synthesized as follows. To a solution of 8 (20 mg, 0.066 mmol) and triethylamine

IMD-Vanilin (2)

(0.01 mL, 0.078 mmol) was added 12 (26 mg, 0.052 mmol) in 1 mL DMF. The mixture was stirred
at room temperature for 12 h. The reaction mixture purified using preparative HPLC to give the
product as a white solid (18 mg, 54% yield) 'H NMR (400 MHz, DMSO) & 13.51 (s, 1H), 8.15 (t,
J=5.8Hz, 1H), 7.95 (d, J= 8.2 Hz, 1H), 7.79 (d, /= 8.0 Hz, 1H), 7.62 (t, /= 7.4 Hz, 1H), 7.37
(t,J=7.4Hz, 1H), 7.18 (t, J=7.3 Hz, 2H), 7.01 (d, J= 8.1 Hz, 2H), 6.79 (d, /= 1.7 Hz, 1H), 6.69
(d, /=8.0 Hz, 1H), 6.62 (dd, J= 8.0, 1.8 Hz, 1H), 6.24 (s, 1H), 5.93 (s, 2H), 5.89 (s, 1H), 4.13 (d,
J=5.5Hz, 4H), 3.72 (s, 4H), 2.95 (dd, /= 15.7, 8.0 Hz, 4H), 2.08 (dd, /= 9.4, 5.3 Hz, 2H), 1.72
(dt,J=15.3,7.6 Hz, 2H), 1.49 (dt, /= 15.0, 7.5 Hz, 2H), 1.36 (qd, J = 14.9, 7.2 Hz, 4H), 1.20 (dt,
J=14.7,7.3 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H).(not observed NH) 3C NMR (100 MHz, DMSO) §
172.3, 159.0, 158.7, 158.4, 157.4, 149.3, 147.9, 145.8, 141.2, 135.8, 134.4, 134.1, 130.9, 129.8,
128.0, 125.8, 125.2, 125.1, 122.0, 120.1, 118.9, 115.6, 112.9, 112.1, 55.9, 48.6, 42.9, 42.3, 35.8,
30.2,29.7,26.7, 26.5, 25.6, 22.2, 14.1. HRMS (ESI) m/z calcd for (C37H46N704)* : 652.3611 [M

H]"; found: 652.3610
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Compound 3 was synthesized as follows. To a solution of dopamine hydrochloride (20 mg,

_N

IMD-Catechol (3)

0.105mmol) and triethylamine (0.027 mL, 0.105 mmol) was added 12 (26 mg, 0.052 mmol) in 1
mL DMF. The mixture was stirred at room temperature for 12 h. The reaction mixture purified
using preparative HPLC to give the product as a white solid (9.3 mg, 33% yield) 'H NMR (400
MHz, DMSO) & 13.53 (s, 1H), 7.95 (d, J = 8.3 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.62 (t, J = 7.8
Hz, 1H), 7.37 (t, J = 7.4 Hz, 1H), 7.18 (t, J = 6.6 Hz, 2H), 7.01 (d, J = 8.1 Hz, 2H), 6.61 (d, J =
7.9 Hz, 1H), 6.55 (d, J = 1.9 Hz, 1H), 6.40 (dd, J = 8.0, 1.9 Hz, 1H), 6.34 (s, 1H), 5.93 (s, 2H),
5.84 (s, 1H), 4.13 (s, 2H), 3.11 (t, J = 7.0 Hz, 2H), 3.00 — 2.89 (m, 2H), 2.46 (t, J = 7.3 Hz, 2H),
1.73 (dt,J=15.3,7.6 Hz, 2H), 1.37 (dt, J=14.6, 7.4 Hz, 2H), 0.87 (t,J= 7.3 Hz, 3H).(not observed
-OH and NH») 3C NMR (100 MHz, DMSO) & 159.1, 158.7, 158.3, 157.4, 149.3, 145.5, 143.9,
141.1, 136.3, 135.8, 134.3, 134.06, 132.28, 130.83, 129.89, 128.06, 125.90, 125.23, 125.13,
122.96, 122.04, 119.67, 118.96, 117.83, 116.4, 115.9, 114.9, 112.9, 48.7, 42.8, 41.7, 36.0, 29.7,

26.7,22.2, 14.2. HRMS (ESI) m/z calcd for (C31H34NgOs,): 554.2642 [M]"; found: 554.2648
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Compound 4 was synthesized as follows. To a solution of the imidazoquinoline* (30 mg, 0.084
mmol) and 9 (20 mg, 0.093 mmol) in 5 mL DMF stirred at room temperature under argon was
added triethylamine (0.015 mL, 1.5 equiv., 0.15 mmol) and 1-[Bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxide hexafluorophosphate (HATU) (41 mg, 1.1 equiv,
0.12 mmol in 0.2 mL DMF). The mixture was stirred at room temperature for 12 h. The reaction
mixture was loaded on a silica column and purified by using column chromatography using
DCM/MeOH 9:1 to yield an off-white powder. (30 mg, 55% yield) 'H NMR (400 MHz, DMSO)
0 13.55 (s, 1H), 9.57 (s, 1H), 9.15 (t, J = 5.9 Hz, 1H), 8.09 (s, 1H), 7.97 (d, ] = 8.3 Hz, 1H), 7.86
—7.72 (m, 3H), 7.62 (t, J = 7.7 Hz, 1H), 7.53 (t, J = 7.7 Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H), 7.31 (d,
J=8.4Hz, 2H), 7.26 (d,J =7.9 Hz, 1H), 7.12 (d, ] = 7.8 Hz, 1H), 7.07 (dd, J = 11.9, 5.1 Hz, 3H),
6.80 (dd, J = 8.0, 2.1 Hz, 1H), 5.95 (s, 2H), 4.47 (d, J = 5.7 Hz, 2H), 3.01 — 2.90 (m, 2H), 1.79 —
1.64 (m, 2H), 1.44 - 1.31 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H). *C NMR (100 MHz, DMSO) 5 166.5,
158.7, 158.4, 157.8, 149.5, 141.4, 140.8, 139.7, 135.8, 135.2, 134.4, 130.4, 129.8, 129.4, 128.9,
126.8, 126.4, 125.7, 125.1, 122.2, 119.4, 118.3, 115.2, 114.1, 112.9, 48.7, 42.6, 35.5, 32.3, 29.7,
26.6, 22.2, 14.1. HRMS (ESI) m/z caled for (C3sH33Ns02) +H': 556.2713, [M + H] *; found:

556.2718
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Compound 5 was synthesized as follows. To a solution of the imidazoquinoline® (30 mg, 0.083
mmol) and 10 (35 mg, 0.15 mmol) in 5 mL DMF stirred at room temperature under argon was
added triethylamine (0.015 mL, 1.5 equiv., 0.15 mmol) and HATU ( 50 mg, 1.1 equiv, 0.13 mmol
in 0.2 mL DMF). The mixture was stirred at room temperature for 12 h. The reaction mixture was
loaded on a silica column and purified by using column chromatography using DCM/MeOH 9:1
to yield an off-white powder. The product was further purified using preparative HPLC (20 mg,
55% yield) 'TH NMR (400 MHz, DMSO) & 13.89 (s, 1H), 12.55 (s, 1H), 9.35 (t, J = 6.0 Hz, 1H),
9.05 (s, 2H), 8.01 — 7.87 (m, 2H), 7.84 — 7.73 (m, 1H), 7.67 — 7.57 (m, 1H), 7.40 — 7.20 (m, 4H),
7.16 — 6.96 (m, 6H), 6.82 — 6.77 (m, 1H), 5.95 (s, 2H), 4.49 (d, J = 5.8 Hz, 2H), 3.00 — 2.93 (m,
2H), 1.78 — 1.65 (m, 2H), 1.38 (dq, J = 14.7, 7.4 Hz, 2H), 0.90 — 0.82 (m, 3H). 13C NMR (100
MHz, DMSO) 6 169.4, 161.0, 158.4, 157.4, 149.4, 145.9, 139.2, 135.8, 135.0, 134.6, 134.8, 129.9,
129.8, 128.6, 128.5, 128.6, 126.3, 126.1, 125.2, 125.1, 122.0, 118.9, 118.3, 116.8, 116.2, 115.4,
114.4,113.4,112.9,48.7,42.4, 29.7, 26.7, 22.2, 14.1 HRMS (ESI) m/z calcd for (C35H33Ns03) +

H": 572.2662 [M + H]J"; found: 572.2659
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Compound 6 was synthesized as follows. To a solution of the imidazoquinoline (ref) (30 mg, 0.084
mmol) and 11 (20 mg, 0.093 mmol) in 5 mL DMF stirred at room temperature under argon was
added triethylamine (0.015 mL, 1.5 equiv., 0.15 mmol) and HATU ( 41 mg, 1.1 equiv, 0.12 mmol
in 0.2 mL DMF). The mixture was stirred at room temperature for 12 h. The reaction mixture was
loaded on a silica column and purified by using column chromatography using DCM/MeOH 9:1
to yield an off-white powder. The product was further purified using preparative HPLC (33.3 mg,
75 % yield) '"H NMR (400 MHz, DMSO) 6 13.82 (s, 1H), 12.52 (s, 1H), 9.25 (t, J = 6.0 Hz, 1H),
8.97 (s, 2H), 7.90 (d, J = 8.3 Hz, 1H), 7.81 (d, J = 8.4 Hz, 1H), 7.74 — 7.68 (m, 1H), 7.58 — 7.52
(m, 1H), 7.49 —7.43 (m, 2H), 7.29 (dd, J=11.4, 4.1 Hz, 1H), 7.23 (d, J = 8.2 Hz, 2H), 7.05 (dd, J
=8.4, 1.8 Hz, 1H), 7.02 — 6.95 (m, 3H), 6.82 — 6.72 (m, 2H), 5.84 (d, /= 27.7 Hz, 2H), 4.40 (d, J
= 5.7 Hz, 2H), 2.95 — 2.85 (m, 2H), 1.65 (dt,J = 15.3, 7.5 Hz, 2H), 1.39 — 1.23 (m, 2H), 0.79 (t, J
= 7.3 Hz, 3H).3*C NMR (100 MHz, DMSO) & 169.1, 160.7, 158.3, 157.4, 149.4, 146.0, 140.7,
139.1, 135.8, 134.6, 134.8, 130.5, 129.9, 128.9, 128.4, 126.1, 125.2, 125.1, 122.0, 118.9, 118.3,
117.9,117.6,115.8,115.8,114.6,113.9,112.9,48.7,42.4,29.7,26.7,22.2, 14.1 HRMS (ESI) m/z

calcd for (C35H33NsO3)+H'. 572.2662 [M + H]" found: 572.2659
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0o Compound 7 was synthesized as follows. To a solution of

H N2 trans-ferulic acid (200 mg, 1.03 mmol, 1.0 equiv.) and 3-

" OCHjs4 7 azidopropylamine (0.15 mL, 1.5 mmol, 1.5 equiv.) in 5 mL
DMF, was added triethylamine (0.14 mL, 1.02 mmol, 1.0 equiv.) and HATU (390 mg, 1.02 mmol,
1.0 equiv.) and the solution stirred for 12 h at RT under argon. The reaction mixture was extracted
into ethyl acetate (10 mL X 3) and the solvent evaporated in vacuo. The crude product obtained
from the organic layer was dissolved in 5 mL MeOH/H20 4:1 and to this solution Tris(2-
carboxyethyl) phosphine hydrochloride (295 mg, 1.03 mmol) was added and the mixture stirred
for 12 h at RT. The reaction mixture was loaded on a silica column and purified by using column
chromatography using DCM/MeOH 9:1 to yield an amorphous solid (80 mg, 67 % yield). '"H NMR
(400 MHz, DMSO) 6 8.20 (t, J=5.8 Hz, 1H), 7.77 (d, J=39.7 Hz, 2H), 7.33 (d, /= 15.7 Hz, 1H),
7.13 (d,J=1.7 Hz, 1H), 6.99 (dd, J=8.2, 1.7 Hz, 1H), 6.79 (d, /= 8.1 Hz, 1H), 6.45 (d, J=15.7
Hz, 1H), 3.80 (s, 3H), 3.24 (q, J = 6.5 Hz, 2H), 2.81 (dt, J = 12.4, 6.1 Hz, 2H), 1.78 — 1.68 (m,
2H). (not observed OH)'*C NMR (100 MHz, DMSO) & 166.4, 148.8, 148.3, 139.7, 126.7, 122.10,

119.0, 116.1, 111.2, 55.9, 37.3, 36.2, 28.0. HRMS (ESI) m/z calcd for (Ci13H1sN203)+Na*:

273.1215 [M + Na]"; found: 273.1209

o} Compound 8 was synthesized as follows. To a solution of
MNHZ
” 4-hydroxy-3-methoxybenzylamine hydrochloride (75 mg,
HO
OCHs 8 0.40 mmol, 1.0 equiv.) and 6-Azidohexanoic Acid NHS

ester (100 mg, 0.40 mmol, 1.0 equiv.) in I mL DMF was added triethylamine (0.06 mL, 0.43
mmol, 1.2 equiv.) and the solution stirred for 12 h at RT under argon. The reaction mixture was

dissolved in 5 mL MeOH/H20 4:1 and to this solution Tris(2-carboxyethyl) phosphine
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hydrochloride (120 mg, 0.40 mmol) was added and the mixture stirred for 12 h at RT. The reaction
mixture was loaded on a silica column and purified by using column chromatography using
DCM/MeOH 9:1 to yield an amorphous solid (58 mg, 50 % yield). '"H NMR (400 MHz, DMSO)
0 8.84 (s, 1H), 8.19 (t, J=5.7 Hz, 1H), 7.68 (s, 2H), 6.81 (d, /= 1.7 Hz, 1H), 6.70 (d, J = 8.0 Hz,
1H), 6.63 (dd, J = 8.0, 1.8 Hz, 1H), 4.15 (d, J = 5.8 Hz, 2H), 3.74 (s, 3H), 2.84 — 2.70 (m, 2H),
2.17 — 2.06 (m, 2H), 1.59 — 1.44 (m, 4H), 1.36 — 1.23 (m, 2H).!3C NMR (100 MHz, DMSO)
172.2, 147.9, 145.8, 130.9, 120.2, 115.6, 112.2, 56.0, 42.3, 35.6, 27.3, 25.9, 25.3. HRMS (ESI)

m/z calcd for (C14H22N203)+Na*: 289.1528 [M + Na]*; found: 289.1521

Os_OH Compound 9 was synthesized as follows. A mixture of 3-

O hydroxyphenylboronic acid (220 mg, 1.59 mmol) 3-iodobenzoic acid (200
" O o mg, 0.81 mmol) potassium carbonate (400 mg, 2.89 mmol) and Pd/C (10%)
in 20 mL H20 was refluxed at 80 °C for 4 h. Solution was acidified with 1M HCI and extracted
with ethylacetate and washed with brine. Solvent evaporated in vacuo. Compound was purified by
column chromatography to yield product as white powder (120 mg, 69% yield) 'H NMR (400
MHz, DMSO) ¢ 8.13 (t, J = 1.6 Hz, 1H), 7.96 — 7.91 (m, 1H), 7.88 — 7.82 (m, 1H), 7.58 (dd, J =
9.6,5.8 Hz, 1H), 7.28 (t, ] = 7.9 Hz, 1H), 7.13 — 7.05 (m, 2H), 6.81 (dd, J = 7.8, 2.0 Hz, 1H).(not
observed OH, COOH) 3C NMR (100 MHz, DMSO) 8 167.7, 158.4, 141.1, 141.1, 131.9, 131.4,
130.6, 129.8, 128.6, 127.6, 117.9, 115.4, 113.9. HRMS (ESI) m/z calcd for (C13H1003): 214.0630

[M]"; found: 214.0673

OH O Compound 10 was synthesized as follows. A mixture of 3-
OH
O hydroxyphenylboronic acid (220 mg, 1.59 mmol) 2-hydroxy-4-

10 iodobenzoic acid (210 mg, 0.79 mmol) potassium carbonate (400 mg,
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2.89 mmol) and Pd/C (10%) in 20 mL H20 was refluxed at 80 °C for 4 h. Solution was acidified
with 1M HCI and extracted with ethylacetate and washed with brine. Solvent evaporated in vacuo.
Compound was purified by column chromatography to yield product as white powder (126 mg,
68%) 'H NMR (400 MHz, DMSO) 8 13.97 (s, 1H), 11.33 (s, 1H), 9.56 (d, J=40.7 Hz, 1H), 7.83
(dd, J =20.0, 8.2 Hz, 1H), 7.28 (t, J = 7.9 Hz, 1H), 7.15 (ddd, J = 14.2, 10.4, 5.0 Hz, 3H), 7.05
(dd,J=5.2,3.2 Hz, 1H), 6.86 — 6.80 (m, 1H).*C NMR (100 MHz, DMSO) & 172.2, 161.8, 158.3,
158.1, 147.8, 140.5, 131.3, 130.5, 118.1, 116.0, 115.0, 114.1, 112.3. HRMS (ESI) m/z calcd for

(C13H1004): 230.0579 [M]*; found: 230.0551

OH A mixture of 4-hydroxyphenylboronic acid (220 mg, 1.59 mmol) 3-

O O OH iodobenzoic acid (200 mg, 0.79 mmol) potassium carbonate (400 mg,

HO "o 2.89 mmol) and Pd/C (10%) in 20 mL H20 was refluxed at 80 °C for
4 h. Solution was acidified with 1M HCI and extracted with ethylacetate and washed with brine.
Solvent evaporated in vacuo. Compound was purified by column chromatography to yield product
as white powder (75 mg, 41% yield) 'H NMR (400 MHz, DMSO) 8 11.19 (s, 1H), 9.51 (s, 1H),
7.93 (t,J=5.3 Hz, 1H), 7.74 (dd, J = 8.6, 2.5 Hz, 1H), 7.43 (ddd, J = 7.7, 4.8, 2.4 Hz, 3H), 7.01
(d, J = 8.6 Hz, 1H), 6.86 — 6.81 (m, 2H). 1*C NMR (100 MHz, DMSO) & 172.3, 160.2, 157.2,
133.8, 132.0, 130.3, 127.7, 127.6, 127.5, 118.1, 116.2, 116.2, 113.6. HRMS (ESI) m/z calcd for

(C13H1004)+H*: 231.0657 [M + H]* found: 231.0473

103



0 o Compound 12 was synthesized as follows. To a
-0 >\\ H/\Q\\ solution of imidazoquinoline® (60 mg, 0.167mmol)

o /_/_< and triethylamine (0.023, 0.167 mmol) was added N,
N’-Disuccinimidyl carbonate (60 mg, 0.235 mmol)

was added. The reaction mixture was stirred at room temperature for 6 h. The reaction mixture
was loaded on a silica column and purified by using column chromatography using DCM/MeOH
9:1 to yield a low melting clear solid (40 mg, 60 % yield) 'H NMR (500 MHz, DMSO) & 8.85 (t,
J=6.0 Hz, 1H), 7.96 (d, ] = 8.3 Hz, 1H), 7.79 (d, ] = 8.3 Hz, 1H), 7.69 — 7.55 (m, 1H), 7.36 (dd,
J =219, 14.0 Hz, 1H), 7.22 (dd, J = 16.2, 8.0 Hz, 2H), 7.05 (dd, J = 22.6, 7.6 Hz, 2H), 5.95 (s,
2H),4.23 (d,J=3.6 Hz, 2H), 2.96 (t,J = 7.7 Hz, 2H), 2.75 (s, 4H), 1.73 (m, J = 15.2, 7.7 Hz, 2H),
1.38 (m, J = 14.6, 7.4 Hz, 2H), 0.87 (dd, J = 7.8, 6.9 Hz, 3H).(not observed NH2)'3C NMR (125
MHz, DMSO)  171.3, 157.5, 152.6, 148.7, 146.0, 138.3, 135.9, 134.9, 129.9, 128.2, 126.2, 125.2,

125.1, 122.5, 118.9, 112.8, 48.7, 44.4, 29.6, 26.6, 25.7, 22.2, 14.1.HRMS (ESI) m/z calcd for

(C27H28N6O4)+H': 501.2250 [M + H]" found: 501.2261
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Figure S3.1. In vivo assays with R848 and NF-kB inhibitor. Serum levels of cytokines assayed
1h after injection. IL-6 and TNF- a levels are not significantly reduced when compared with

R848.
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Figure S3.2. MTT assay showing the viability of agonist and agonist dimer treated cells. At the

assayed concentrations the cells have comparable viability to resting cells.
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Figure S3.3. A) SINFEKL MHC-specific tetramer on day 28 post-vaccination isolated spleens.

B) Proliferation assay on naive spleenocytes
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Figure S3.4. In vivo tumor model experiment using SMIP-modulator dimers with peritumoral

injection into subcutaneous CT-26 tumor model. Agonists were injected when tumors were about

75 cc in size followed by three additional injections every four days.
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Appendix C: Supplementary Data for Chapter 4

NHBoc
N.__OH N Cl' H,N C
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Scheme S4.1: Synthesis of 2BXY.

2BXY was synthesized according to literature procedures reported by Shukla, et al.!
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Scheme S4.2: Synthesis of 2BXY C6 NH2
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2BXY (75 mg, 0.21 mmol) and azidohexanoic acid (32 mg, 0.21 mmol) were dissolved in DMF

(5mL). DIPEA (66 pL, 0.38 mmol) and subsequently HATU (80 mg, 0.21 mmol) were added. The

reaction was allowed to stir at RT for 1 h. The crude solution 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). The HPLC fractions

were lyophilized to afford the desired product as an of white solid (90% yield). 2BXY C6 N3(50

mg, 0.1 mmol) was dissolved in DMF (5mL). TCEP (250 mg, 1 mmol) was dissolved in

water(5SmL). TCEP solution was added, and the reaction was allowed to stir at 50 °C for 2h. The

crude solution was purified by reverse phase HPLC, and the fractions were lyophilized to give the

desired product (87% yield). ESI-MS: m/z calc’d for Cp9gH38NgO [M+H] *473.6, observed 473.2.
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1. SPPS: i)Piperidine COOH  COOH COOH COOH COOH COOH
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FmocHNO —_— HoN— E-G-E-G-E-G-E-q—i-‘E —_— H2N—E-G-E-G-E-G-E-G-E~(
iii)Fmoc-amino acid, | | NH
Rink amid . oxyma, DIC, microwave COOH COOCH COOH COOH 2
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Scheme S4.3: Synthesis of DBCO_Glu5

Peptide was synthesized on an automated microwave peptide synthesizer by Fmoc solid phase
peptide synthesis. A low-loading Rink Amide resin (Sigma Aldrich, 0.34 meqg™') was used for all
peptide synthesis. Peptide couplings were performed using DIC, Oxyma at 90 °C for 3 minutes per
cyle. The Fmoc group was deprotected with 20 % piperidine in DMF (v/v) at 75 °C for 5 minutes.
Peptides were cleaved in 95% trifluoroacetic acid, 2.5% H2O and 2.5% triisopropylsilane, for 3 h
at 25 °C. After precipitation in ice-cold diethyl ether, peptides were dried. The N terminus was
modified with DBCO handle using NHS ester chemistry. The peptide was purified by HPLC on a
C8 or C18 column using a gradient of 0.1% TFA in acetonitrile. Peptide masses were confirmed
by matrix-assisted laser desorption/ionization—time of flight mass spectrometry (MALDI-TOF).

Fractions were pooled and lyophilized.
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1. azidohexnoic acid
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Scheme S4.4: Synthesis of dopa5 az

Peptide was synthesized on an automated microwave peptide synthesizer by Fmoc solid phase
peptide synthesis. A low-loading Rink Amide resin (Sigma Aldrich, 0.34 meqg™') was used for all
peptide synthesis. Peptide couplings were performed using DIC, Oxyma at 90 °C for 3 minutes per
cyle. The Fmoc group was deprotected with 20 % piperidine in DMF (v/v) at 75 °C for 5 minutes.
Peptides were cleaved in 95% trifluoroacetic acid, 2.5% H2O and 2.5% triisopropylsilane, for 3 h
at 25 °C. After precipitation in ice-cold diethyl ether, peptides were dried. The peptide was purified
by HPLC on a C8 or C18 column using a gradient of 0.1% TFA in acetonitrile. Peptide masses
were confirmed by matrix-assisted laser desorption/ionization—time of flight mass spectrometry

(MALDI-TOF). Fractions were pooled and lyophilized.
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