
 

THE UNIVERSITY OF CHICAGO  

  

  

  

  

ENGINEERING THE IMMUNE SYSTEM TO IMPROVE VACCINES: FROM  

MOLECULAR PROBE DESIGN TO TRANSLATIONAL APPLICATIONS  

  

  

  

  

A DISSERTATION SUBMITTED TO  

  

THE FACULTY OF THE PRITZKER SCHOOL OF MOLECULAR ENGINEERING  

IN CANDIDACY FOR THE DEGREE OF  

DOCTOR OF PHILOSOPHY  

  

  

  

  

BY          

BRITTANY ANNE MOSER  

  

  

  

  

  

CHICAGO, ILLINOIS 

 JUNE 2019  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Portions of Chapter 1 have been reproduced in part with permission from: Tom, J.; Albin, T.; 

Manna, S.; Moser, B.; Steinhardt, R.; Esser-Kahn, A. Application of immunomodulatory 

immune synergies to adjuvant discovery and vaccine development. Trends Biotechnol. 37 (4) 

373-388, 2019. © 2019 Elsevier Inc. 

 

Portions of Chapter 2 have been reproduced in part with permission from: Moser, B.; Steinhardt, 

R.; Escalante-Buendia, Y.; Boltz, D.; Barker, K.; Yoo, S.; McGonnigal, B.; Esser-Kahn, A. 

Immune potentiator for increased safety and improved protection of vaccines by NF-kB 

modulation. BioRxivhttps://doi.org/10.1101/489732 © 2018 Brittany A. Moser & Aaron P. 

Esser-Kahn 

 

Portions of Chapter 4 have been reproduced in part with permission from: Moser, B.*; 

Steinhardt, R.*; Esser-Kahn, A. Surface coating of nanoparticles reduces background 

inflammatory activity while increasing particle uptake and delivery. ACS Biomater. Sci. Eng., 

3(2), 206-213, 2017. © 2017 American Chemical Society 

 

Portions of Chapter 5 have been reproduced in part with permission from: Moser, B. & Esser-

Kahn, A. A Photoactivatable innate immune receptor for optogenetic inflammation. ACS Chem. 

Biol., 12 (3), 347-350, 2017. © 2017 American Chemical Society 

 

All other materials © 2019 Brittany A. Moser 

All rights reserved.



iii  
 

 

Table of Contents  

List of Tableséééééééééééééééééééééééééééééééévii  

List of Figuresééééééééééééééééééééééééééééééé.viii 

List of Schemesééééééééééééééééééééééééééééééé.xii   

Acknowledgementsééééééééééééééééééééééééééééé.xiii  

Abstractééééééééééééééééééééééééééééééééééxiv 

1  Introduction éééééééééééééééééééééééééééééé1 

1.1  Introduction ééééééééééééééééééééééééééé1 

1.2  Innate and Adaptive Immune Systeméééééééééééééééé..2 

1.3  Effect of PRR Activationééééééééééééééééééééé...3 

1.4             Importance of NF-kB in innate and adaptive immune activationééééé.4 

1.5             History of Vaccineséééééééééééééééééééééééé5 

1.6             Vaccine Typeséééééééééééééééééééééééééé.6 

1.7              Vaccine adjuvant types and discoveryéééééééééééééééé8 

1.8              Strategies and progress for adjuvant developmentéééééééééé...9 

1.9              Current State of Vaccine Adjuvantséééééééééééééééé.10 

1.10  High Throughput Screening of Immune Agonist Synergies for Adjuvant 

Discoveryéééééééééééééééééééééééééééééé..16 

1.11 Chemically Conjugated Synergistic Adjuvantséééééééééééé18    

1.12 Particulate Delivery Systems for Immune Synergiesééééééééé...20   

1.13 Synergistic Adjuvants in Vaccination Modelséééééééééééé..22 



iv 
 

1.14 Clinical Synergistic Adjuvantséééééééééééééééééé...24 

1.15 Applying Synergistic Studies to Adjuvant Designééééééééééé25 

1.16 Characterizing Synergistic Vaccine Efficacyééééééééééééé28 

1.17  Future Perspective of synergies in vaccinesééééééééééééé..29    

1.18 Challenges of using TLR agonists as vaccine adjuvantséééééééé..30 

1.19 Understanding synergiesééééééééééééééééééééé.31 

1.20  Vaccine side effectsééééééééééééééééééééééé.31 

1.21 Referencesééééééééééééééééééééééééééé.32 

2 Immune potentiator for increased safety and improved protection of vaccines by NF-kB 

modulationééééééééééééééééééééééééééééééé..50 

2.1 Summaryéééééééééééééééééééééééééééééé...50 

2.2 Introduction ééééééééééééééééééééééééééééé..50 

2.3 Results and Discussionééééééééééééééééééééééééé.52 

2.3.1 Selection of Immune Potentiatoréééééééééééééééééé...52 

2.3.2 Examination of CpG-induced inflammation and resulting immune responseé...54 

2.3.3 Immune potentiation in in vivo influenza challenge modeléééééééé...57 

2.3.4 Examination of immune potentiator on Dengue neutralizationééééééé.62 

2.3.5 Analysis of influence of immune potentiator of HIV vaccinationéééééé.62 

2.3.6  Improvement of adjuvant responses across a variety of TLRs and Specieséé.64 

2.3.7 Exploration of the mechanism of actionéééééééééééééééé66 

2.4 Conclusionéééééééééééééééééééééééééééééé70 

2.5 Materials and methodsééééééééééééééééééééééééé72 

2.6 Referenceséééééééééééééééééééééééééééééé.82 



v 
 

3 Small molecule NF-kB inhibitors as immune potentiators for enhancement of vaccine  

adjuvantséééééééééééééééééééééééééééééééé.89 

3.1 Summaryéééééééééééééééééééééééééééééé...89 

3.2 Introduction ééééééééééééééééééééééééééééé..89 

3.3 Results and discussionééééééééééééééééééééééééé.90 

3.3.1 Exploration of small molecule NF-kB inhibitors in vitroééééééééé..90 

3.3.2 Exploration of small molecule NF-kB inhibitors in vivoééééééééé..92 

3.3.3 Dose-dependence of capsaicin and honokioléééééééééééééé.93 

3.3.4 Determining the TRPV1-mediated effects of capsaicinéééééééééé94 

3.3.5 Synthesis of honokiol derivative libraryéééééééééééééééé96 

3.4 Conclusionéééééééééééééééééééééééééééééé99 

3.5 Materials and methodsééééééééééééééééééééééééé99 

3.6 References ééééééééééééééééééééééééééééé..102 

4 Surface Coating of Nanoparticles Reduces Background Inflammatory Activity while      

Increasing Particle Uptake and Deliveryéééééééééééééééééé...106 

4.1 Summaryéééééééééééééééééééééééééééééé106 

4.2 Introduction ééééééééééééééééééééééééééééé106 

4.3 Design of polymeric delivery systemééééééééééééééééééé107 

4.4 Results and Discussionéééééééééééééééééééééééé..108 

4.4.1 Synthesis of coated polystyrene particlesééééééééééééééé108 

4.4.2 Physical properties of coated microparticlesééééééééééééé...109 

4.4.3 Immune response to core-shell constructséééééééééééééé...111 

4.4.4 Agonist loadingééééééééééééééééééééééééé115 



vi 
 

4.4.5 Biomimimetic Nature of Core-Shell Particlesééééééééééééé.119 

4.5 Conclusionééééééééééééééééééééééééééééé..123 

4.6 Materials and methodséééééééééééééééééééééééé..123 

4.7 Referencesééééééééééééééééééééééééééééé...127 

5 A Photoactivatable Innate Immune Receptor for Optogenetic Inflammationééé...134 

5.1 Summaryéééééééééééééééééééééééééééééé.134 

5.2 Introduction ééééééééééééééééééééééééééééé134 

5.3 Results and Discussionéééééééééééééééééééééééé...136 

5.3.1 Design of photoactivated receptorééééééééééééééééé...136 

5.3.2 Blue light-induced Photo-DAI activationééééééééééééééé137 

5.4 Conclusionééééééééééééééééééééééééééééé..139 

5.5 Materials and methodséééééééééééééééééééééééé..140 

5.6 Referencesééééééééééééééééééééééééééééé...143 

Appendix Aéééééééééééééééééééééééééééééé...146 

Appendix Béééééééééééééééééééééééééééééé...156 

Appendix Céééééééééééééééééééééééééééééé...157 

Appendix Déééééééééééééééééééééééééééééé...179 

 

 

 

 



vii  
 

List of Tables 

Table 1.1 Adjuvants Used in FDA Approved Vaccineséééééééééééééééé..11 

Table 1.2 Natural Pathogens that Activate Multiple PRRs. éééééééééééééé..15 

Table 1.3 Synergistic PRR Combinations Activated by Adjuvants in Vaccination Models. éé23 

Table 1.4 Synergistic Adjuvants Employed in Clinical Trialséééééééééééééé25  

Table 4.1  qPCR panel of immune genesééééééééééééééééééééé..114 

Table C1. Table of DLS, Zeta potential and EDS dataéééééééééééééééé174  

 



viii  
 

List of Figures 

 

Figure 1.1 Overview of Innate and Adaptive Immune Activation by a Pathogenéééééé.13 

Figure 2.1 In vivo vaccination with model antigen ovalbumin and immune adjuvant SN50é...53 

Figure 2.2  Influenza Challenge Modeléééééééééééééééééééééé.56 

Figure 2.3  In vivo vaccination against dengue and HIVééééééééééééééé..61 

Figure 2.4  In vivo vaccinations across a broad range of adjuvantséééééééééé......64  

Figure 2.5  Exploration of SN50 mechanism of actionéééééééééééééééé.68 

Figure 3.1 Small molecule NF-kB inhibitor screen in vitroéééééééééééééé..91 

Figure 3.2 Small molecule inhibitor screen in vivoééééééééééééééééé...92 

Figure 3.3  Dose effects of honokiol and capsaicinééééééééééééééééé...94 

Figure 3.4  Role of TRPV1 of capsaicin induced anti-inflammatory and immune potentiation...96 

Figure 3.5  Honokiol derivatives and their inhibitory activity on IL-6 expression.......................98 

Figure 4.1  Schematic of cellular outcomes of particle exposureéééééééééééé108 

Figure 4.2  Microscopy of particlesééééééééééééééééééééééé.110 

Figure 4.3  Light microscopy of particles in mediaééééééééééééééééé.111 

Figure 4.4  NF-kB activity of coated and uncoated particlesééééééééééééé..112 

Figure 4.5  IL-1b expression in THP-1 cellsééééééééééééééééééé...113 



ix 
 

Figure 4.6  Cell activation and endocytosis of coated and uncoated particlesééééééé116 

Figure 4.7  Cell internalization of particleséééééééééééééééééééé.118 

Figure 4.8  Cell uptake of particlesééééééééééééééééééééééé.121 

Figure 4.9  Fluorescence microscopy of sorted cellséééééééééééééééé..122 

Figure 5.1  Schematic of photo-DAI activationéééééééééééééééééé...135 

Figure 5.2  Photo-DAI activity in HEK Blue cellsééééééééééééééééé..136 

Figure 5.3  Fluorescent reporting of dimerization from cells expressing photo-DAIéééé.137 

Figure 5.4  Biological activity of RAW Blue ISG cells transduced with photo-DAI systemé.138 

Figure A1. NF-kB activity in mouse and human cellséééééééééééééééé146 

Figure A2. Gating strategy for BMDC flow cytometryééééééééééééééé...147 

Figure A3. Proinflammatory Cytokine Analysis Time Courseéééééééééééé...148 

Figure A4. Weight Loss Post-Vaccinationéééééééééééééééééééé..149 

Figure A5. Gating strategy for antigen specific splenocyte assayééééééééééé..150 

Figure A6. Serum IgG2a, IgG2b, IgG3, IgM, IgA Antibody concentrationsééééééé.151 

Figure A7. Safety vs. Protection scoreéééééééééééééééééééééé152 

Figure A8. Gating strategy for THP-1 cell surface staining CD86 (FITC), CD40 (PE)ééé.153 

Figure A9. Gating strategy for NHP PBMC cell surface staining, CD86 (FITC)ééééé...154 

Figure A11. Lymph node flow cytometry gating strategyéééééééééééééé...155 



x 
 

 

Figure C1. SEM image of coated PS particle with histogram of particle size distributionéé.157 

Figure C2. SEM image of coated PS particle 80,000xéééééééééééééééé158 

Figure C3. SEM image of coated PS particle 500,000xééééééééééééééé..159 

Figure C4. EDS data of coated PS particles sputtered with Au/Pdééééééééééé.159 

Figure C5. SEM image of PS particle 5,000x with histogram of particle size distributionéé.160 

Figure C6. EDS data of PS particles sputtered with Iréééééééééééééééé161 

Figure C7. SEM image of coated PMMA particle with histogram of particle size distribution.162 

Figure C8. SEM image of coated PMMA particle 1,999xéééééééééééééé..163 

Figure C9. EDS data for coated PMMA particlesééééééééééééééééé...163 

Figure C10. SEM image of PMMA particle with histogram of particle size distributionéé..164 

Figure C11. SEM image of PMMA particle 25,000xéééééééééééééééé.165 

Figure C12. EDS data of PMMA particles sputtered with Irééééééééééééé..165 

Figure C13. SEM image of coated PLGA particle with histogram of particle size 

distributionéééééééééééééééééééééééééééééééé..166 

Figure C14. SEM image of coated PLGA particles 1,857xéééééééééééééé167    

Figure C15. EDS data of coated PLGA particles prepared in a solution of PBSéééééé167 

Figure C16. SEM image of PLGA particle 1,200x with histogram of particle size 

 Distributionééééééééééééééééééééééé...éééééééé..168 

Figure C17. SEM image of PLGA particles 10,833xéééééééééééééééé..169 



xi 
 

Figure C18. EDS data of PLGA particles sputtered with Iréééééééééééééé169 

Figure C19. SEM image of coated PE particles with histogram of particle size distributioné.170 

Figure C20. SEM image of coated PE particles 1,700xééééééééééééééé..171 

Figure C21. EDS data of coated PE particlesééééééééééééééééééé..171 

Figure C22. SEM image of PE particles with histogram of particle size distributionéééé172 

Figure C23. SEM image of PE particles 1,993xéééééééééééééééééé..173 

Figure C24. EDS of PE particles sputtered with Irééééééééééééééééé..173 

Figure C25. Confocal microscopy image of PS-CpG beadéééééééééééééé.175 

Figure C26. Flow cytometry plot of unlabeled PS particleéééééééééééééé.176  

Figure C27. Flow cytometry gating for cells vs. beads using forward scatter vs. side scatteré176  

Figure C28.  Gating strategy for cells vs. beadséééééééééééééééééé..177 

Figure C29. Flow cytometry histogramsééééééééééééééééééééé.178  

Figure D1. Photo-DAI activity in HEK Blue cellsééééééééééééééééé..179  

Figure D2. Flow cytometry analysis of mCherry fluorescence from photo-DAI activation using 

light or 100 ng/ mL poly(dA:dT)éééééééééééééééééééééééé180 

 

 

  



xii  
 

List of Schemes 

Scheme 3.1. Honokiol derivative synthesiséééééééééééééééééééé97 

 

 

  



xiii  
 

Acknowledgements 

I am so grateful to have had the opportunity to work in the Esser-Kahn lab. To my PhD advisor, 

Prof. Aaron Esser-Kahn I cannot thank you enough for the support and guidance youôve given 

me the last five years. Thank you for believing in me and my ideas (long before I believed in 

myself) and always encouraging me to think bigger. I have learned so much from you.  

To the rest of my thesis committee Prof. Jun Huang and Prof. Jeffery Hubbell, thank you so 

much for your support and exceptional scientific guidance. To Prof. Jennifer Prescher and Prof. 

Chang Liu thank you for your support over the years. Your insight and guidance during the 

preliminary stages of this work helped shape what it is today.  

I want to thank the entire Esser-Kahn lab for being an amazing place to do science and enjoy life. 

Rachel, thank you for being an incredible colleague, mentor and friend. I will never forget our 

fun brainstorming sessions and toaster oven lunches. To Britteny, Matt, Liza, Alfred, Flora, and 

Jainu thank you for being amazing to work with and even better friends. To Yoseline, Ngoctran, 

Minh, Tina and Jenny, thank you so much for being incredible undergraduate researchers. Thank 

you for sharing my passion and enthusiasm for the work. To Tyler and Seong-min, thank you for 

being in this with me from the beginning and hitting all the milestones with me. I am so grateful 

for your friendship. Thank you to Tim for being a great friend and always getting the lab 

together. To Yoseline, JingJing, Beth and Troy thank you for all of your help! None of this work 

would be possible without you.  

Thank you to Brandon, Alana, Hanh, Sam, Caleb, Christian and Stan for getting me through first 

year and beyond. I will never forget our french fri-days and w(h)ine nights. Thank you to Dr. 

Alfredo Freites for believing in me, encouraging me and always giving good advice.  

To my parents who have been a huge support through this entire process (and long before), thank 

you. Your encouragement and support mean the world to me. 

Dan, thank you for being the best partner to walk this journey with. I am so grateful for your love 

and support.      

 

 

  



xiv 
 

Abstract 

Vaccines are one of the greatest achievements to public health allowing almost complete 

eradication of small pox and polio and dramatically reducing the incidence of a variety of other 

diseases. However, many diseases still exist without a vaccine. To create vaccines for these 

diseases we need to understand and create enhanced responses that enable proper immune 

activation. This organized activation can be achieved using adjuvants, components added to the 

vaccine to enhance the immune response. Typically, vaccines have been empirically derived, 

leading to expensive and lengthy development periods. Our lab is focused on creating tools to 

enable rational and optimized vaccine design. My work focuses on two main areas: creating tools 

to probe immune responses on the single-cell level, leading to a greater understanding of 

immune activation and applying this understanding to create more effective vaccines to 

challenging diseases.  

One of the biggest challenges of creating new vaccines is attaining an adequate safety 

profile. Many vaccines can provide protection but do not translate to the clinic due to the high 

levels of inflammation they induce. CpG, a synthetic bacterial DNA mimic, has demonstrated 

great promise as an adjuvant, however most vaccines that include CpG do not make it through 

clinical trials. Using an NF-kB inhibitor, we demonstrate that we can enhance the safety and 

protection afforded by CpG and many other common adjuvants.  

 Many of the most effective vaccines stimulate multiple innate immune pathways. When 

this combination of pathways leads to enhancement of the immune response this is known as an 

immune synergy. Although the existence of immune synergies is well understood, the 

mechanism of enhanced activity is still unknown. Few tools exist to directly examine spatial and 

temporal elements of immune activation and synergies. Described here are two tools to elucidate 
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the spatiotemporal aspects of innate immune responses. The first is a particle-based system 

allowing effective agonist presentation and tracking of activated cells. The second is an 

optogenetic innate immune receptor allowing the receptor to be activated with the spatial and 

temporal precision of light.  
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1   Introduction  

1.1 Introduction 

Vaccines are one of the most effective forms of disease prevention available to humans 

and animals providing extended survival and improved quality of life.1 Vaccines educate the 

immune system to recognize target pathogens without ever being at risk for the disease.2,3 To 

date, effective vaccines have been designed empirically, usually relying on inactivated or 

attenuated forms of the pathogen.4ï7 This approach has enabled several successful vaccines, 

leading to the eradication of small pox and near eradication of polio.8 Although this approach is 

successful for a handful of diseases, it presents challenges for others.9,10 Some weakened or 

inactivated pathogens are not immunogenic enough on their own to produce a robust and life-

long immune response and therefore do not lead to protection.11 Additionally, the amount of 

pathogen needed, storage conditions and side effects are all important factors that could cause a 

vaccine to fail during clinical trials, leaving the public without protection.3,12ï16 Overcoming 

these challenges requires a deep understanding of the mechanistic framework that underlies the 

immune response and unique, adaptable and scalable tools to effectively tune the protective 

nature of the vaccine.  

 By exploring the mechanisms by which the immune system is ultimately governed and 

applying that knowledge to vaccine formulation, we hope to improve vaccine efficacy and safety 

and widen the scope of diseases that can be prevented by prophylaxis. By utilizing tools from 

optogenetics, we can build immune receptors from the ground up, enabling precise 

spatiotemporal precision over activation. Employing single-cell technology will provide key 

insights into immune activation. Lastly, analyzing key pathways involved in immune activation 

and modulating them accordingly will lead to breakthroughs in vaccine technology.   



2 
 

1.2 The Innate and Adaptive Immune System 

The immune system has two branches, the innate immune system that acts quickly and 

non-specifically and the adaptive immune system that takes time to develop, but is specific to a 

particular pathogen. 7 Both responses are important in fighting disease and are intrinsically 

linked through feedback mechanisms. In response to infection, innate immune cells which 

express pattern recognition receptors (PRRs) recognize pathogen associated molecular patterns 

(PAMPs) on the invader and are the first to respond, sending out chemical signals such as 

cytokines and chemokines to the surrounding environment.17 Antigen presenting cells (APCs) 

such as dendritic cells, macrophages and B cells infiltrate the area, become activated by PAMPs 

and begin engulfing pathogens and cellular debris and processing them for expression on the 

major histocompatibility complex (MHC) for display on the cell surface.7  This surface 

presentation signifies what antigens the cell has encountered. This surface presentation is the link 

between the innate and adaptive immune system and is incredibly important for creating 

successful vaccines. After activation, the APCs express other surface receptors important for 

costimulation, such as CD40 and CD86. This key step of activating the APC is an important link 

between the innate and adaptive immune system.  

The APCs then travel to the lymphnode where eventually they will encounter a T cell 

with a T cell receptor (TCR) that recognizes the MHC-peptide complex on the APC. 7 

Additionally, the costimulatory molecules on the APC are recognized by the T cell and signal to 

the T cell to expand, creating more T cells expressing the same TCR. This expanding T cell 

population is created to increase the probability of discovering a B cell that has engulfed antigen 

and is presenting the same MHC-peptide as the APC that originally activated the T cell. Upon 

activation by the T cell, the B cell with proliferate and differentiate into memory B cell and 
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plasma B cells. Memory B cells remain in circulation and provide a memory response to a 

particular pathogen. Plasma B cells produce antibodies.  

1.3 Effect of PRR activation 

There are several subclasses of pattern recognition receptors such as retinoic acid-

inducible (RIG) receptors, C-type lectin, dectins, nucleotide-binding oligomerization domain 

(NOD) -like receptors and toll like receptors (TLRs).18 TLRs are the most well-characterized 

PRRs. TLRs are an actively being explored as vaccine adjuvants because this class of receptors 

natively recognizes the most common pathogen associated molecular patterns present on bacteria 

viruses, etc. Responses of PRRs to PAMPs lead to strong and effective immune responses. There 

are ten types of TLRs in humans that recognize different classes of PAMPs. TLRs contain a 

horseshoe-shaped motif comprising of several leucine-rich repeat units (LRRs). Two TLRs come 

together around LRRs to form a constitutive dimer. TLR dimers can be homodimers between 

two of the same TLR or TLR heterodimers where two different TLR types come together. TLRs 

can signal either from the cell surface or from the endosome. TLRs that signal from the cell 

surface include: TLR 1, 2, 4, 5, and 6. These receptors activate in response to molecules located 

on the surface on pathogens.  TLRs that activate in the endosome are TLR3, 7, 8, and 9. These 

TLRs recognize molecules that are located within a pathogen such as RNA or DNA. In response 

to PRR activation transcription factors such as NF-kB and IR3 are activated priming the 

transcription of a variety of cytokines, chemokines and cell surface receptors. Downstream 

responses to PRRs such as TLRs lead to lasting immunity. 
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1.4 Importance of NF-kB in innate and adaptive immune activation  

NF-kB is a transcription factor that resides in every single cell in the human body, at all 

times.19 This transcription factor remains in the cytoplasm until intracellular signaling pathways 

uncover itôs nuclear localization sequence enabling it to migrate to the nucleus where it can 

prime the transcription of more than 400 immune genes.20 This process begins with activation of 

a receptor, either a PRR such as a TLR or a cytokine receptor.21 The downstream transcription is 

tailored to the particular type of receptor activation. NF-kB accomplishes this variety of gene 

profiles through subunit diversity.19 NF-kB is a family of transcription factors made up of two 

subunits- a DNA binding domain and a transcriptional activator domain. Together these subunits 

form a dimer that can both bind specific DNA sequences, called promoters, and can activate 

transcription. Each DNA binding domain has a unique affinity for a particular promoter leading 

to select gene transcription in response to specific subunit activation. Each transcriptional 

activator has different affinities for other transcription factors leading to large complexes that 

either upregulate or downregulate transcription. Additionally, dimers can form between DNA 

binding domain subunits, leading to promoter binding, but not transcriptionðessentially 

blocking transcription of specific genes. The variety of subunits and their functions leads to 

diversity in the results gene profile and immune response. As NF-kB is a master regulator of a 

significant number of immune genes, the immune system has evolved to balance the expression 

of immune genes. Although the work has been pursued to identify the significance of each 

subunit, more studies need to be conducted to fully elucidate the functions of each subunit and 

how they work together.   
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1.5 History of vaccines 

 Throughout history vaccines have taken a variety of forms beginning with smallpox 

inoculation.  As early as 430 BC it was identified that those who had survived smallpox did not 

contract the disease again and survivors were called upon to nurse the ill. From this it became 

clear that our bodies have complex mechanisms that enable us to remember past infections.22 

This understanding led to the innovation of the first ñvaccineò where a small amount of material 

from a smallpox pustule was transferred from a patient with the disease to a non-immune patient, 

this process was termed inoculation. The material was scratched into the skin with the hope that 

a mild, but still protective infection would result. Typically, patients would develop a less severe 

infection than naturally acquired smallpox, however after inoculation the illness would last 

weeks to months.22 The second generation of a vaccine came in the 1700s from Edward Jenner. 

Jenner noticed that milkmaids who had previously been ill with cowpox, did not show symptoms 

upon infection with smallpox. This interesting connection led to an improvement in the 

inoculation procedure. Instead of inoculating with smallpox, Jenner inoculated with cowpox, a 

much less severe disease.22 From this we learned that some less harmful diseases could protect 

against more severe and devastating diseases. This eventually led to the idea that pathogens 

could attenuated by adapting them in other species making them less infectious to humans. 

Albert Sabin used a rodent-adapted polio virus to use as a vaccine against polio. Later, it was 

discovered my Jonas Salk that inactivating the virus by chemical means could lead to long-

lasting immunity while enhancing the safety of the vaccine.23,24 These instances paved the way 

for empirical design of many modern vaccines.  
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1.6 Vaccine Types 

There are four main categories of vaccines recognized by the World Health Organization 

(WHO): Live attenuated, inactivated, toxoid and subunit vaccines.7,25 Each vaccine types has 

found use against select pathogens delivering safe and effective protection form disease.  

Live attenuated vaccines are vaccines that uses a weakened form of a live virus. The 

attenuation is achieved by passage through a foreign host.6,25,26 This can be done in vitro using 

tissue culture, or in vivo through embryonated eggs or live animals. 6,25,26 The foreign host acts 

as a selection for host-optimized virus, eventually becoming so optimized for the host that it is 

not infectious to humans. The attenuation process makes it easier for the human immune system 

to eliminate, but keeps necessary components for effective immune response. Vaccines of this 

type are advantageous because they activate all phases of the immune system. Because the intact 

virus is administered, it contains PAMPs that are recognized by the innate and adaptive immune 

systems. The virus will replicate very slowly enabling typical host-pathogen interactions and 

adaptations, leading to a robust innate and adaptive immune response.7,25 These vaccines are 

generally low cost because they contain only the virus and no additional manufactured 

components are required. The potential for the virus to mutate back to the infectious variant is a 

disadvantage of this vaccine especially for immunocompromised patients.27 Typically, 

immunocompromised individuals are cautioned not to receive vaccines of this type causing them 

to rely on herd immunity for protection. These vaccines need to be stored at proper environments 

for the virus to remain viable which can sometimes present problems in shipping and 

maintenance of vaccine lots.15,28  Vaccines of this type currently administered in the clinic are: 

tuberculosis, measles vaccine, yellow fever and the live-attenuated vaccine for seasonal 

influenza.  
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Inactivated vaccines consist of a virus, bacteria or other pathogen that have been rendered 

inactivated using a method such as heat or formaldehyde.25 This inactivation leads to a non-

infectious pathogen that can safely be used in vaccination. This is advantageous for immune 

compromised patients because they can safely be vaccinated without fear of infection. This type 

of vaccine often requires booster vaccines because the inactivation process interferes with full 

establishment of immunity. Pertussis and the most commonly used seasonal flu vaccine are 

inactivated vaccines. 

Toxoid vaccines are another class with inactivated components. The toxin produced by the 

pathogen is inactivated by heat or formaldehyde. In this case, immunity is being formed to the 

toxin produced by the pathogen, rather than to the pathogen itself. Tetanus and diphtheria are an 

example of this type of vaccine.   

Subunit vaccines consist of one of (or subset of) the proteins or sugars responsible for 

infection. This antigen can either be expressed in a different virus or bacteria creating a 

recombinant pathogen or the components for this vaccine are expressed and purified enabling 

more intentional and repeatable dosage. This type of vaccine is favorable due to the increased 

control over purity, dosage and reproducibility in antibody formation. Each subunit consists of a 

particular antigen that is important to providing immunity. By controlling which subunits and the 

amount of each subunit is in the vaccine, the resulting immunity is more reproducible. Typically, 

these vaccines are more shelf-stable enabling efficacy to be maintained in a variety 

environmental conditions. Current clinal vaccines of this type include      hepatits B, some 

seasonal flu vaccines, and pneumonia vaccine. The subunits typically are not immunogenic 

enough on their own, so adjuvants are added to increase the immune response.  
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1.7 Vaccine adjuvant types and discovery 

Adjuvants are components added to vaccines to increase the immune response, leading to 

protection. Adjuvants are required when vaccine formulations are not immunogenic enough to 

elicit protection.29 Ideally adjuvants are stable with a long shelf life, biodegradable or easy to 

metabolize, inexpensive to produce on large scales, do not induce immune responses to 

themselves and promote the desired cellular or humoral immune response against the antigen of 

interest. 29,30 

Currently, very few adjuvants are approved for use in humans in the United States.31 The 

most common adjuvant is aluminum formulated as amorphous aluminum hydroxyphosphate 

sulfate (AAHS), aluminum hydroxide, aluminum phosphate or potassium aluminum sulfate 

(Alum). The adjuvanting power of aluminum salts was discovered in 1920 when it was observed 

that variations in batches led to significant changes in the effectiveness of the vaccines. This 

variability was determined to be due to contamination of the reaction vessels, where ñdirtyò 

vessels demonstrated and increased effectiveness. From then on a variety of salts and substances 

were combined with vaccines to assess how effectively they boost the immune response. 

Although many substances boosted immune responses, for decades alum was the only adjuvant 

approved for use in humans.  

In the last decade, a few other adjuvants have been approved for use in humans in the United 

States.31 MF59 is an oil-in-water emulsion composed of squalene. This adjuvant improves 

immune cell infiltration and aids in transport of antigen to the lymphnode, improving 

presentation to adaptive immune cells.32 Other adjuvants use synthetic PAMP-like derivatives 

that activate TLRs. AS04 which consists of Monophosphoryl lipid A (MPLA) combined with 

alum.33 MPLA activates TLR4 leading to improved innate immune response.34  AS01B consists 
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of MPLA and QS-21, a natural compound found in the tree Quillaja Saponaria. The mechanism 

of QS-21 has not yet been fully elucidated but membrane lysis has been noted to be involved.35 

Lastly, CpG ODN 1018 has been approved for use in a single vaccination, Heplisav-B.36 CpG is 

a synthetic DNA mimic consisting of cytosine phosphoguanine that mimics bacterial genetic 

material.37 While these approved adjuvants have enabled protection against a variety of diseases, 

many diseases cannot be prevented with current vaccine technologies and therefore new and 

improved adjuvants need to be created. 

1.8 Strategies and progress for adjuvant development  

The need to develop new vaccines for diseases that continue to threaten public health, such as 

HIV and malaria, as well as emerging diseases, like Ebola and Zika virus still exists. However, 

most vaccines are empirically derived, with little understanding of their mechanism of action. This 

lack of understanding makes it difficult to rationally and rapidly develop new vaccines toward 

prevalent diseases.  

The effectiveness of a vaccine is influenced by its composition, where vaccines are composed 

of an antigen and an adjuvant.38 Treatment with antigens alone can suffer from low 

immunogenicity, so an adjuvant is required to enhance the immune response toward the antigen 

of interest 39. Adjuvants are typically formulated using a single immune agonist, aluminum salts, 

and/or in an oil-in-water emulsion. Recently, developing adjuvants that are composed of multiple 

types of immune agonists has shown promise. This strategy aims to elicit an enhanced immune 

response, known as an ñimmune synergy,ò potentially providing a more effective vaccine 40,41. 

Here, we provide an overview of immune synergies present in pathogens and successful 

synergistic combinations used in the clinic. The techniques and topics discussed here can provide 

future direction and guidance toward advancing synergistic adjuvant and vaccine development. 
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1.9 Current State of Vaccine Adjuvants   

Adjuvants greatly influence the activation and direction of immune signaling pathways and the 

bodyôs protective response toward infection 39,42. Therefore, choosing the appropriate adjuvant is 

crucial to vaccine efficacy. Alum has been used to adjuvant clinical vaccines for almost a century 

42, followed by oil-in-water emulsions (complete Freundôs adjuvant 39, MF59-Novartis 43, and 

AS03 44) and adjuvants containing a mixture of Alum and TLR agonists (AS04, RC529-lipid A 

mimetic 45). Alum and Freundôs adjuvant, have been successful in enhancing the immune response, 

but these adjuvants also result in unwanted systemic and local side effects. 16,46 Since there are few 

FDA approved adjuvants (e.g. Alum, MPLA - Monophosphoryl Lipid A, CpG-ODN) (Table 1) 

47,48, there is a greater interest in developing new adjuvants with improved safety profiles that elicit 

targeted immune responses 49ï51.  
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Table 1.1 Adjuvants Used in FDA Approved Vaccines. 

  

 

 

 

 

 

 

 

 

 

 

 

ahttps://www.fda.gov/biologicsbloodvaccines/safetyavailability/vaccinesafety/ucm187810.htm; 

https://www.fda.gov/biologicsbloodvaccines/vaccines/approvedproducts/ucm101572.htm; 

https://www.fda.gov/biologicsbloodvaccines/vaccines/approvedproducts/ucm094042 
bhttps://www.fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm473989.htm; 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5806633/ 
chttps://www.fda.gov/biologicsbloodvaccines/vaccines/approvedproducts/ucm431374.htm 
dhttps://www.fda.gov/downloads/BiologicsBloodVaccines/Vaccines/ApprovedProducts/UCM315680.pdf 
ehttps://www.fda.gov/downloads/Drugs/DevelopmentApprovalProcess/DevelopmentResources/UCM428714.pdf 
fhttps://www.fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm584752.htm; 

https://www.fda.gov/downloads/BiologicsBloodVaccines/Vaccines/ApprovedProducts/UCM590189.pdf 

Adjuvant  FDA Approved 

Vaccine/Treatment 

Ref. 

Alum 

(Aluminum salts) 

Hepatitis A, Hepatitis B, 

Diphtheria-Tetanus-Pertusis 

(DTaP, Tdap), Haemophilus 

influenzae type b (Hib), Human 

Papillomavirus (HPV) - 

Gardasil, Pneumococcal 

Infection 

42a 

AS03  

(Tocopherol oil-in-water 

emulsion) 

H5N1 Influenza vaccine 44a 

AS04  

(Al(OH)3 & MPLA)  

Cervarix - HPV    45a 

MF59  

(Squalene oil-in-water 

emulsion) 

Fluad Flu vaccine 

 

43b 

RC529 

(Lipid A mimetic) 

Hepatitis B  45 

Al(OH)3 & Outer Membrane 

Vesicles (OMVs ï TLR2 & 

TLR4) 

Bexsero - Meningococcal 48c 

Amorphous Aluminum 

Hydroxyphosphate Sulfate 

(AAHS) & Outer Membrane 

Protein Complex (OMPC ï 

TLR2) 

Pedvax-HIB ï Hib, 

Meningococcal 

48d 

Imiquimod R837 

(TLR7 small molecule 

agonist) 

Carcinoma (topical treatment) 51e 

CpG-ODN 

(TLR9 oligonucleotide 

agonist) 

Hepatitis B 47f 

https://www.fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm473989.htm
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5806633/
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 With the need for new adjuvants that generate a specific immune response, PAMPs are being 

utilized as adjuvants to activate specific PRRs and increase immunogenicity without systemic 

toxicity. PAMPs inherently activate the immune system in an effective manner (Fig. 1.1). This 

natural efficacy has led to the utilization of native or synthetically optimized PAMP derivatives as 

adjuvants in vaccines to enhance and elicit specific immune responses against co-administered 

antigens 45. TLR agonists are at the forefront of adjuvant development because TLRs are well 

characterized and their administration can elicit a strong cellular TH1 response, which many 

vaccines lack. 39,45 Additional classes of PAMPs, such as nucleotide-binding oligomerization 

domain (NOD/NLR), stimulator of interferon genes (STING), retinoic acid-inducible gene I (RIG-

I), and C-type lectin (CLR) agonists, are also starting to be employed as potential adjuvants. 52,53 

Targeting specific PRRs from different classes provides a wide range of immune responses 

because each receptor activates a distinct signaling pathway, thereby influencing innate and 

subsequent adaptive immune responses to produce defined cellular and antibody responses. 54,55  
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Figure 1.1 Overview of Innate and Adaptive Immune Activation by a Pathogen. 

Immunotherapies, including vaccines, eliminate and prevent infection by activating the host 

immune system against a target pathogen. Effective vaccines stimulate the innate immune 

system, the rapid response of the body to pathogens, which subsequently interacts with the 

adaptive immune system to provide a long-term response. The innate immune system is 

comprised of APCs, such as dendritic cells and macrophages, which express PRRs. PRRs are 

activated by immunostimulatory molecules (PAMPs) such as ssDNA, lipoproteins, and small 

molecules that are present in native pathogens. The innate immune system evolved to sense 

defined sets of pathogen-associated molecules that are potential molecular codes. Each specific 

code or combination of molecules corresponds to a specific pathogen and elicits a defined 

immune response (i.e., distinct cytokine production and antigen presentation). The specificity of 

pathogen recognition and the ability to sense multiple PAMPs are intrinsic to the defense and 

homeostasis-maintaining mechanisms of the immune system. These immune agonists not only 

control the initial innate immune response but also influence the downstream adaptive immune 

response to a target antigen. The adaptive immune response includes cellular (TH1) and antibody 

(TH2) responses, by T and B cells, respectively. Both cellular and antibody responses are 

necessary to provide an effective and prolonged immune response against pathogens. 

Abbreviations: ssDNA, single-stranded DNA; TH1/2/17, type 1/2/17 T helper cell. 

 

Many adjuvant formulations consist of a single type of PAMP. Unfortunately, a single immune 

agonist is not always as effective as a whole pathogen at eliciting an efficacious immune response. 

Natural pathogens, such as Neisseria meningitidis and the yellow fever virus, contain more than 

one type of PAMP (Table 1.2) 56ï83. Due to this innate efficacy, there has been greater use of 

multiple ligands to synergistically enhance the immune response. These improved responses can 

provide reduced adjuvant and antigen dosing, also known as ñdose sparingò 40,41. In addition, 

response amplification through immune synergies aids in differentiating foreign antigens from 

self-antigens, thus working to prevent autoimmune responses. Immune synergies can also dictate 
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the type of response generated, which depends on the specific combination of PRRs targeted, 

ensuring that the protective immune responses produced are tailored to the pathogen of interest. 

84,85 The use of multiple classes of PAMPs as adjuvants in clinical models has demonstrated 

positive vaccination results, suggesting considerable potential for these molecules as new 

adjuvants.  
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Table 1.2 Natural Pathogens that Activate Multiple PRRs.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.10 Technologies for Synergistic Adjuvant Development  

 Recent discoveries have prompted collaboration between different scientific disciplines, 

leading to the development of new methods to improve the adjuvanticity of native and synthetic 

PRR agonists as well as the delivery of synergistic adjuvants. Innovative chemical, biological, and 

Disease/Pathogen PRRs Activated Type of Pathogen 

 

Ref. 

Mycobacterium 

tuberculosis   

TLR2, TLR4, TLR9, 

NOD1, NOD2 

Bacteria 56-58 

Mycobacterium  

paratuberculosis 

TLR2, TLR4, NOD2 Bacteria 59 

Neisseria meningitidis TLR2, TLR4, TLR9

  

Gram Neg. Bacteria 60 

Streptococcus pneumoniae 

  

TLR2, TLR4, TLR9

  

Gram Pos. Bacteria 

 

60 

Haemophilus influenzae 

type b  

TLR2, TLR4, TLR9

   

Gram Neg. Bacteria 

 

60 

Yellow fever virus  TLR2, TLR7, TLR8, 

TLR9  

Virus 

 

61-64 

Herpes simplex virus TLR2, TLR9 Virus 

 

65-68 

Helicobacter pylori TLR2, TLR4, TLR5 

 

Gram Neg. Bacteria 69 

Respiratory syncytial virus 

(RSV)   

  

TLR2/6, TLR3, TLR4, 

TLR7, RIG-I, MDA5, 

NOD2 

Virus 

 

70-71 

Candida albicans  

  

TLR2, TLR1, TLR6, 

TLR4, TLR9, CLRs 

Fungus 72-73 

Flaviviruses    

(Dengue, West Nile, Zika 

virus) 

TLR3, MDA5, RIG-I

   

Virus 74-75 

Taxoplasma gondii 

   

TLR2, TLR9, TLR11, 

TLR12 

Parasite 76 

Plasmodium  

    

TLR9, MDA5, TLR7, 

TLR1, TLR2, TLR4, 

TLR6  

Parasite 77-78 

Leishmania  

   

TLR2, TLR6, TLR4, 

TLR7, TLR9 

Parasite 79 

Salmonella   TLR2, TLR4, TLR5 

 

Bacteria 80 

Murine cytomegalovirus  TLR2, TLR3, TLR7, 

TLR9  

dsDNA 81-82 

Trypanosoma cruzi 

   

TLR2/6, TLR4, TLR7, 

TLR9 

Parasite 83-84 

Rhinovirus TLR2, TLR3, TLR7, 

TLR8, RIG-I, MDA5 

Virus 85-86 
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engineering methods are being utilized to rapidly screen and analyze synergistic immune responses 

for adjuvant discovery, determine dosing, localize delivery of multi-agonist adjuvants, and deliver 

vaccine cargo to specific immune cell subtypes and cellular compartments. We will touch on each 

of these points with regards to adjuvant discovery and vaccine development.   

1.10 High Throughput Screening of Immune Agonist Synergies for Adjuvant Discovery 

 High throughput screening (HTS) has recently been utilized as a method to analyze 

multiple cytokines when screening different immune synergy combinations and choosing the best 

adjuvant for a vaccine 84,86. HTS is widely used in drug discovery to rapidly screen compound 

libraries for biologically active molecules. Several TLR small molecule immune potentiators 

(SMIPs) (e.g. TLR2 and TLR7 small molecule agonists) have recently been discovered by HTS, 

which has allowed screening of millions of compounds for adjuvanticity, and these SMIPs have 

been used as vaccines adjuvants.49,50 The efficiency of HTS allows rapid determination of potential 

adjuvant hits, making this platform a powerful tool for adjuvant discovery.  

Since not all TLRs have small molecule agonists (e.g. TLRs 3, 5, and 9), HTS can quickly 

determine what types of chemical structures activate specific TLRs. A multiplexed high 

throughput method was used to screen several compound libraries (>100,000 compounds) for 

specific PRR activity with the aim to discover new small molecule adjuvants.86 From the molecule 

screen, amphotericin B (AmpB) was discovered to elicit TLR2 and TLR4 immune activity, with 

an immune response profile similar to MPLA, suggesting the potential of AmpB as a new adjuvant. 

Zhang and colleagues also used HTS technology to screen a library of compounds for activity 

against TLR3.87 With one hit compound, they performed structure activity relationship (SAR) 

studies leading to one molecule that activates TLRs 3, 8, and 9. All three TLRs are activated by 

virus-derived nucleic acids, which may explain how this one molecule can activate all three TLRs. 
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The HTS platform provided analysis of 59 different compounds and subsequent derivatives of the 

hit small molecule. These processes would be laborious and time consuming without high 

throughput technology. Applying medicinal chemistry approaches and high throughput screening 

to adjuvant discovery can lead to other synergistic small molecule adjuvants, where 

pharmacokinetics, pharmacodynamics, and biodistribution properties can all be optimized.  

In addition, HTS has been applied to the analysis and characterization of synergistic immune 

responses from specific agonist combinations. Immune synergies typically have been studied using 

standard cytokine readouts, such as ELISA.85 However, ELISA is not the most efficient method to 

analyze multiple cytokines, since only one cytokine can be measured at a time. The invention of 

multiplexed screens, like Luminex assays, improved the screening process, providing the ability 

to analyze a larger number of samples or multiple cytokines in a single sample. Unfortunately, this 

type of technology still suffers from a detection limit of pg/mL, resulting in the requirement for 

high volumes of supernatant or sera.54,86 To circumvent these challenges, Garcia-Cordero and 

colleagues developed a nanoscale high throughput immunoassay chip using soft lithography 

techniques to analyze synergistic activity between PRR agonist combinations.84 Their data 

provided results comparable to that obtained by traditional ELISAs. Their microfluidic device can 

detect four different biomarkers using only nanoliters of sera in a 384 well plate format. They can 

also reach a lower detection limit of 100 fM with in vitro cell media and in vivo sera. Using their 

technology, they identified agonist combinations from 10 different TLR agonists that resulted in 

synergistic or inhibitory cytokine production. They validated their synergistic in vitro observations 

in an in vivo model system. The ability to screen a large quantity of PRR agonist combinations in 

a dose dependent manner provides a faster and more cost-efficient readout to determine effective 

immune responses from distinct agonist combinations for adjuvant discovery. Multiplex assays 
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still face challenges with non-specific binding and cross reactivity when analyzing complex 

biological samples, but this technology is a step toward developing platforms that solve analytical 

challenges and screen for compounds that elicit desired immune responses.  

1.11 Chemically Conjugated Synergistic Adjuvants    

The discovery of synergistic interactions between multiple types of PRRs has led to the 

covalent conjugation of PAMPs to develop new multi-agonist adjuvants that improve vaccine 

immunogenicity. PAMPs are spatially associated with one another due to the natural structure of 

pathogens. 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 that are mixtures of unconjugated agonists can diffuse through the immune system and 

may get cleared more readily. To address this issue, a panel of dimeric TLR agonists was 

synthesized, containing combinations of TLR2, TLR4, and TLR9 agonists, which were separated 

by PEG6, PEG12, and PEG24 linkers 88,89. These single molecular entities aimed to mimic the spatial 

proximity of immunostimulatory components in natural pathogens with initial inspiration from the 

herpes simplex virus 63. Evaluation of these compoundsô immunostimulatory activity 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 

important considerations for adjuvant development. Chimeric molecules with potent 

immunostimulatory capabilities provide new adjuvant options and potentially lower adjuvant 

doses in vaccines. 

Developing more potent and effective immunostimulants via covalent conjugation has led to 

the application of these tools as adjuvants in vaccination models. The first example of this was 

CL429, a chimeric molecule containing the agonists Pam2C and Murabutide, which stimulates 
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TLR2 and NOD2, respectively 90. CL429 was used as an adjuvant in a HIV-1 subunit vaccine and 

increased HIV-1 p-24 antigen specific IgG and IgA antibody titers when compared to either the 

individual agonists or a mixture of the unconjugated TLR2 and NOD2 agonists. The ability to 

induce specific and high antibody titers of different subtypes further demonstrated the utility of 

PRR agonist conjugation in modulating the immune response and improving adjuvant potency. 

Covalently linked PRR agonist research was further explored to the development of a trimeric 

agonist adjuvant, since many pathogens contain agonists for 3-5 different PRRs 60,62,91. The 

trimeric molecule is composed of TLR4, 7, and 9 agonists linked to a triazine core. The tri-agonist 

increased antibody breadth and depth to vaccinia virus antigens in a vaccinia model vaccination 

study and elicited a more balanced TH1/TH2 immune response compared to its unconjugated 

counterparts or the corresponding conjugated di-agonists. This balanced and enhanced antigen 

specific response may elicit unique and potentially protective cellular and antibody immune 

responses, compared to solely a TH1 or TH2 response. The covalently linked PRR agonists 

demonstrate that spatial components play an important role in effective immune system activation. 

 The synthetic systems discussed are also modular, so that PRR agonists can be exchanged 

to test different immune synergies. The specific combination of covalently linked agonists is 

crucial to obtain the desired immune response, as each agonist stimulates characteristic immune 

signaling pathways and cytokine production. Looking forward, this technology can also be used 

to conjugate antigens to synergistic agonist combinations. Single agonist-antigen conjugates have 

been successful in enhancing the immune response, possibly due to efficient antigen presentation 

that results from colocalization of the antigen and adjuvant in the same endosome 92,93. Therefore, 

synergistic adjuvant-antigen conjugates should be considered for future vaccine development and 

formulation. As an example, synergistic TLR agonist combinations have been conjugated to whole 
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tumor cell antigens and exhibited enhanced activation marker and cytokine responses 94. Further 

probing synergistic agonist-antigen combinations may provide valuable information to help design 

improved vaccines in a more methodical manner.     

1.12 Particulate Delivery Systems for Immune Synergies    

 In addition to covalent localization of multi-agonist adjuvants, particulate vaccine delivery 

systems have been synthesized that mimic pathogens in size and spatial organization 95,96. 

Particulate systems, including nanoparticles, nanodiscs, and liposomes, that range from sub- to 

low micron in diameter provide cargo delivery at sizes similar to that of a virus or bacteria 97,98. 

These delivery systems have shown enhanced antigen uptake by APCs, which can lead to increased 

antigen presentation and immune activation 99,100. Biodegradable PLGA particles (~300 nm in 

diameter) have been developed to encapsulate or adsorb dual or triple combinations of TLR 

agonists, imitating the size and composition of a pathogen 101,102. Mice immunized with multi-TLR 

agonist adjuvant formulations have demonstrated distinct changes in the immune response 

compared to the use of one agonist or antigen alone. These immune responses include the 

production of the highest avidity antibody titers toward the target antigen and balanced TH1/TH2 

responses via increased IgG1 and IgG2c levels 101. While targeting the antigen and adjuvant to the 

same endosome is known to increase antigen presentation, stronger humoral responses were 

observed when the antigen and adjuvant were in separate nanoparticles, requiring more 

mechanistic investigation 102. Even so, delivering antigen and adjuvant in different particles would 

provide a platform system for vaccine formulation development. Nanodiscs are another novel 

adjuvant delivery system developed to encapsulate dual TLR agonist combinations 98. 

Immunizations with this scaffold led to a reduction in plasma cholesterol levels and potent anti-

tumor activity in two different model systems, presenting another efficacious platform that can 
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easily combine synergistic adjuvants with a range of antigens.  

Other techniques, such as mesoporous silica templating and agonist adsorption to particles via 

electrostatic and non-covalent interactions, have also been used to synthesize multi-PRR adjuvant 

delivery systems. Mesoporous silica templating provides uniform particles with high surface area 

for agonist loading. In an in vivo OVA model, NOD2 and TLR9 agonist-loaded mesoporous silica 

particles exhibited synergistic increases in cytokine production and enhanced CD4+ and humoral 

TH1 responses when compared to either NOD2 or TLR9 agonist-loaded particles 103. Tukhvatulin 

and colleagues also studied NOD/TLR synergies by adsorbing TLR4 (MPLA) and NOD2 (MDP) 

agonists to alum particles 104. By activating TLR4 instead of TLR9, both TH1 and TH2 responses 

were enhanced as well as OVA specific IgG antibodies across multiple subsets (IgG1, IgG2, and 

IgG3), demonstrating an increased breadth in the immune response. These results show how 

activating multiple PRRs can tune the immune response depending on the PRRs activated and how 

an agonistôs role can change depending on the agonist pairing.  

Another advantage of particle delivery systems is that their physiochemical properties can be 

tuned to target cargo delivery, alter release kinetics, and direct the immune response. Particulate 

delivery vehicles that traffic to specific locations in vivo and depot in tissues to provide slow drug 

release have had a significant impact on vaccine efficacy. Lynn and colleagues synthesized a 

nanoparticulate adjuvant that exemplified targeted biodistribution 100. A TLR7/8 agonist was 

conjugated to a polymer scaffold at different densities and with varying polymer attributes, such 

as linker length and composition. Increased density of the TLR agonist on the polymer scaffold 

resulted in particle formation (~700 nm) of the polymer. The particulate form of the adjuvant led 

to higher cytokine production in the lymph nodes, promoted local lymph node retention and APC 

uptake, limited systemic toxicity, and enhanced protective T cell responses. They have since 
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shown the broad applicability of this idea to a number of proteins and adjuvants.105,106 Applying 

this technology to multiple PRR agonists and immune synergy studies may provide targeted 

delivery, specific biodistribution, and mechanistic insight into immune activation.     

1.13 Synergistic Adjuvants in Vaccination Models 

Currently, a number of experimental adjuvants interact with multiple families of PRRs, 

synergistically stimulating several immune signaling pathways, and have been used in model 

vaccination studies, including M. tuberculosis and HIV (Table 1.3).56,76,90,91,97,101ï104,107ï115 These 

newly developed adjuvant formulations have led to enhanced immunogenicity and prolonged 

responses via the increase in magnitude, avidity, and breadth of specific cellular and antibody 

subtypes as well as reduced disease burden, providing protection in challenge studies. Shifts in 

TH2 (IgG1) to TH1 (IgG2c) antibody subtypes and cellular responses have also been observed and 

resulted in reduced parasite burden116. Multi-PRR adjuvant systems have resulted in lower 

reactogenicity and local inflammation compared to commercial adjuvant systems, demonstrating 

safety improvements from current adjuvants 117ï120. These types of distinct molecular adjuvants 

will be necessary to achieve defined immunogenicity and safety profiles, affording more 

straightforward vaccine characterization that can guide future vaccine development. 
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Table 1.3 Synergistic PRR Combinations Activated by Adjuvants in Vaccination Models.  

 

 

 

 

 

PRR Synergistic 

Combination 

Ligands Cellular 

Location 

Vaccination Model Ref. 

TLR4, TLR7/8 GLA, Resiquimod R848 Cell surface,  

Endosome 

PvRII (Plasmodium 

vivax antigen)  

107 

TLR4, TLR9 

  

GLA, CpG-ODN 

 

MPLA, CpG-ODN 

Cell surface, 

Endosome 

M. tuberculosis 

 

Leishmania, TC-1 tumor, 

OVA 

58, 108 

 

78, 100, 

103, 109 

TLR4, TLR7 

  

  

1Z105 (Pyrimido-indole), 

1V270 (Imidazoquinoline) 

 

MPLA, Imiquimod R837 

  

GLA, Imiquimod R837 

  

 

Cell surface, 

Endosome 

 

Influenza virus 

(hemagglutinin) 

 

Influenza H1N1 

 

PbCSP  

(recombinant malaria 

antigen)  

110 

 

 

104 

 

 

99 

TLR7/8, TLR9 

   

3M-052 Imidazoquinoline, 

CpG-ODN 

 

Resiquimod R848, CpG-

ODN  

Endosome 

 

CT26 colon cancer cells 

 

HIV-1, Malaria 

111 

 

 

113, 114-

115 

TLR3, TLR9 

  

   

Poly(I:C), CpG-ODN Endosome B16-F10 pulmonary 

metastases  

114 

TLR2/6, TLR3, 

TLR9   

MALP2, Poly(I:C), CpG-

ODN 

Cell surface, 

Endosome 

HIV 115 

TLR2, NOD2 Pam2C, Murabutide Cell surface, 

Cytosolic 

HIV-1 92 

TLR4, TLR7, TLR9

   

Pyrimido-indole, 

Loxoribine, CpG-ODN 

 

MPLA, Imiquimod R837, 

CpG-ODN 

Cell surface, 

Endosome 

Vaccinia Virus  

 

 

OVA 

93 

 

 

103 

TLR9, NOD2  CpG-ODN, Muramyl 

dipeptide (MDP) 

Endosome, 

Cytosolic 

OVA 105 

TLR4, NOD2 MPLA, Muramyl dipeptide 

(MDP)  

Cell surface, 

Cytosolic 

OVA  106 

 

STING, TLR9 cGAMP, CpG-ODN Cytosolic,  

Endosome 

B16 F10 melanoma 145 

Mincle, TLR3 TDB or MMG, Poly(I:C) Cell surface,  

Endosome 

M. paratuberculosis 54 

Mincle, TLR7/8 TDB, R848 Cell surface, 

Endosome 

N/A 148 
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1.14 Clinical Synergistic Adjuvants 

 

Several synergistic clinical adjuvant systems (AS01, AS02, and AS15) developed by 

GlaxoSmithKline (GSK) show promise in clinical applications (Table 4) 121,122. AS01 and AS02 

adjuvant formulations, composed of MPLA (TLR4) and saponin QS21 (NLRP3), have been 

utilized in malaria vaccines and can elicit strong T cell responses 123. Currently, these adjuvants 

are being tested with experimental vaccines for a variety of disease models, including HIV and 

tuberculosis 117,118,124. AS15 is composed of QS21, MPLA, and CpG oligonucleotide in a liposomal 

formulation and has been efficacious in anti-cancer vaccines 124. Higher antibody titers and 

stronger T cell responses were obtained with vaccine formulations containing AS15 adjuvant 

compared to AS02B adjuvant. The higher efficacy may be attributed to the addition of CpG 

oligonucleotide in AS15. GSK also performed a comparative study of their Adjuvant System (AS) 

formulations using a hepatitis B model antigen 125. They observed differences in the magnitude 

(i.e. antibody titers), but not the quality (i.e. functional cytokine profiles) of the immune response. 

Their findings were surprising due to the different adjuvant compositions, but warrant more 

extensive readouts to compare.  

CAF09 is an emerging synergistic adjuvant that targets the Mincle (C-type lectin) and TLR3 

receptors with monomycoloyl glycerol (MMG) and Poly(I:C), respectively 52. It is a cationic 

adjuvant formulation that is starting to be used in the clinic. Favorable immune responses have 

been observed, including robust CD8+ T cell responses, higher cytokine release per T cell, and 

efficacious responses with lower antigen doses, thus demonstrating the importance of targeting 

alternative PRRs and their respective activation pathways 126,127.  Another interesting synergy is 

the combination of trehalose-6,-6-dibehenate (also a C-type lectin agonist) with TLR7/8 agonist 

for activation of neonatal immune cells.128  With these multi-PRR activating adjuvants in the 
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pipeline exhibiting promising protection and efficacy, we can learn from the successes of these 

synergistic adjuvants and apply our findings to the design of next generation adjuvants for 

commercial applications.  

Table 1.4 Synergistic Adjuvants Employed in Clinical Trials.  

 

1.15 Applying Synergistic Studies to Adjuvant Design 

With these promising synergistic adjuvants in the clinic, new adjuvant development should 

employ the knowledge gained from clinical and fundamental synergistic studies. Researchers have 

started to apply the immunogenicity profiles from pathogens to develop improved vaccines. 

Understanding how natural pathogens function and utilizing known mechanisms of infection are 

also important factors when designing adjuvants. For example, M. tuberculosis activates the 

immune system through TLRs 2, 4, and 9 56. Combining all three TLR agonists to create a multi-

agonist adjuvant system may further improve M. tuberculosis vaccines. Applying similar strategies 

to fight other diseases will be important to design effective adjuvants. 

Improved adjuvant design and vaccine efficacy will also need approaches that control the dose 

and time release of synergistic cargo, target specific cellular compartments and cell types, and 

study single cell expression profiles in vivo. Napolitani and colleagues examined synergistic 

Synergistic Adjuvant 

in Clinical Trials  

Adjuvant Components 

(PRRs Activated) 

ClinicalTrials.gov  

Identifier  

AS01 

 

MPLA, Q21 saponin 

(TLR4, NLRP3 

inflammasome) 

NCT00397943 

AS02 

 

MPLA, Q21 saponin 

(TLR4, NLRP3 

inflammasome) 

NCT00307528/NCT01767402 

AS15 

 

MPLA, CpG 

(TLR4, TLR9) 

NCT00086866 

CAF09 

 

MMG ï monomycoloyl 

glycerol, Poly(I:C) 

(Mincle receptor (C type 

lectin), TLR3) 

NCT03412786 

https://clinicaltrials.gov/show/NCT00397943
http://clinicaltrials.gov/show/NCT00307528
http://clinicaltrials.gov/show/NCT01767402
http://clinicaltrials.gov/show/NCT00086866
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immune activation over time at specific doses and the order in which distinct PRRs were activated 

129. Analyzing the temporal aspect of synergistic immune responses displayed when specific 

cytokine responses peaked. They also observed that enhanced immune responses depended on the 

order in which two distinct TLR agonists were administered. The ability to control the timing of 

the immune response and dictate the order in which PRRs are activated are both important 

considerations for vaccine development. These capabilities can be incorporated into new 

technologies, including covalent chemistries, nanoparticulate systems, or photocaged agonists. 

Designing molecules with distinct pharmacokinetic and pharmacodynamic properties as well as 

defined formulations can temporally control immune activation to provide desired drug release 

kinetics and immune activation profiles.  

Targeting particular cellular compartments is another important factor because PRRs are 

expressed in distinct cellular locations based on the chemical identity of the PAMP, the signaling 

pathways activated, and the types of responses produced 130. The chemical identity of immune 

agonists and their corresponding receptors have been determined to be key contributors to the 

synergistic immune response 84,85. Directing drugs to specific cellular compartments has been 

demonstrated by many groups 131. Agonists formulated with cationic lipids and lipidated 

immunostimulants have been synthesized to allow for longer resonance times within the endosome 

as well as target the draining lymph nodes to improve antigen presentation 130,132.  

Beyond cellular compartments, specific immune cell subtypes play an essential role in the 

types of immune responses elicited based on different PRR expression profiles 133ï135. Several 

researchers have characterized PRR expression on different types of immune cells using RT-PCR. 

Specific cell subtypes and lymphatic organs can be directly targeted based on unique cell surface 

receptors or markers, such as DEC-205 and DC-SIGN 136,137. Designing synergistic adjuvants with 
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directing ligands (e.g. multivalent ligands) or covalent inhibitor properties will allow targeting 

toward specific cellular locations and cell subtypes. As a result, distinct PRR combinations and 

subsequent synergistic signaling pathways can be activated and potentially reduce systemic 

toxicity and clearance. When studying PRR expression and activation of various immune subsets, 

the challenge in analysis continues to be with the differences between species and tissue types. 

This information should be kept in mind when designing vaccination models.  

While examining overall cellular responses is crucial for studying immune synergies, single 

cell analysis has emerged as a powerful tool that permits the extraction of critical data from 

individual cells that is obscured in bulk assays. Many single cell analysis studies utilize single cell 

RNA sequencing (RNA-Seq) technology in order to quantify RNA transcription levels across the 

genome 138,139. Utilization of techniques, such as RNA-Seq, may lead to new insight into the 

mechanism of immune agonist synergies. The data obtained can also potentially provide new and 

essential information regarding cell signaling and the efficacy of targeting agonist synergies to 

specific tissues, cell subtypes, or subcellular compartments 140,141. Analyses of such single cell data 

have shown that there are rare subsets of cells that may initiate immune responses 142. The 

integration of detailed single cell data into the population context may provide a deeper 

understanding of the mechanism behind immune synergies. This data may, in turn, inform the 

development of more potent and precisely targeted synergistic adjuvants. Single cell techniques 

will also be invaluable in characterizing the downstream effects of adjuvants. Characterizing the 

type of antibody producing B-cells, the T-cell composition and overall lymphnode response to 

specific adjuvants.143  
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1.16 Characterizing Synergistic Vaccine Efficacy   

The yellow fever vaccine, a live, attenuated version of the virus, acts through TLRs 2, 7, 8, and 

9 and is one of the most successful vaccines developed 61,62. The high efficacy of the vaccine is a 

result of the polyvalent immune response elicited, comprised of a wide range of critical cellular 

and antibody responses (i.e. CD8+ and CD4+ T cells, IgG, IgM). The cooperation of this broad set 

of immune responses results in responses that are rapidly produced and peak at different times post 

immunization. In addition, protective antibodies are present up to 40 years after the initial 

vaccination, where all of these aspects are crucial to the overall robustness of the vaccine. The 

yellow fever vaccine demonstrates the significant role of a prolonged immune response and the 

production of different types of immune responses at specific times. Therefore, analyzing the 

robustness of the immune response from synergistic vaccines over time will be of utmost 

importance. Depending on the disease, there are clear readouts, such as bacterial clearance, 

reduced parasite burden, and tumor volume. In addition, vaccines can be tracked, using techniques 

such as luminescence and PET imaging, to visualize vaccine biodistribution and correlate a 

vaccineôs biophysicochemical properties to its efficacy. These measures of vaccine efficacy need 

to be monitored to ensure sustained protective responses in challenge studies and clearance of the 

target pathogen. 

The kinetic profile of different branches of the immune response and dose response curves 

should be characterized for synergistic vaccines. The types of immune responses and the 

corresponding times elicited are critical to communication within the immune system and the 

efficacy of the vaccine 61,129,134,144. Also, dose response curves for synergistic adjuvants do not 

always exhibit the expected peak shape and can display a Gaussian-like curve, providing crucial 

information about the proper administration dose 145,146. Correlating synergistic vaccine 
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formulations to pathogen clearance, response robustness, and specific cytokine, cellular, and 

antibody responses over time will provide a more comprehensive understanding of the relationship 

between vaccine composition, resulting immune responses, and adjuvant and vaccine efficacy. 

High throughput technology can aid in analyzing large amounts of data and determining trends. 

Even so, it will be imperative to carefully examine large data sets to arrive at accurate conclusions.  

1.17 Future Perspective of synergies in vaccines    

Applying synergistic combinations of PRR agonists to vaccine adjuvant design has led to more 

effective immune responses and higher protective efficacy via increases in titers and breadth of 

cellular and antibody responses. Inspiration for new and simple to manufacture adjuvants may be 

attained from some of the emerging PRR agonists (see Outstanding Questions), such as STING 

and C-type lectin agonists that stimulate other signaling pathways, including TBK1-IRF3 and Syk-

CARD9, and may access immune responses that other adjuvants cannot. Recently, STING agonists 

have gained considerable attention as adjuvants for immunotherapy applications 

(https://cen.acs.org/articles/96/i9/STING-fever-sweeping-through-cancer.html). Although 

synergy studies have been limited, synergistic effects have been observed between STING and 

TLR9 to reduce tumor growth via potent TH1 responses 147, demonstrating the potential to expand 

the adjuvant toolbox with other effective PRR synergies. However, most STING agonists are 

cyclic-dinucleotides, which have poor drug properties and are difficult to formulate, and small 

molecule agonists have only been reported for murine STING 148,149. Thus, similar to other TLR 

agonists, potential therapies involving STING activation could greatly benefit from HTS and SAR 

studies to determine human STING agonists with improved pharmacological properties. C-type 

lectins are another attractive target for future immune synergies, where enhanced polyfunctional 

and age-dependent immune responses have been observed with TLR3 and TLR7/8 agonists 52,150. 
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Although, not all PRR combinations enhance the immune response, rather this cross talk can 

inhibit immune activation 84,150. But inhibitory responses can potentially be used as an advantage 

to down regulate undesired immune responses (e.g. autoimmune diseases).  

The novel technologies discussed have aided in the development of new synergistic adjuvants 

and delivery systems as well as analytical platforms for synergistic immune responses. Looking 

forward, improved model systems and analytical readouts will be crucial to design and develop 

future vaccines. Vaccines perform differently depending on the adjuvant and result in varying 

degrees of efficacy, as observed in a head-to-head comparison of several clinical adjuvants in a 

standard set of vaccination models 55. From this study, the proper adjuvant and corresponding 

immune responses could be determined for a target disease, thus characterizing novel adjuvants in 

a similar manner should be considered. It will also be imperative to use the most comparable model 

system, which may involve human tissue or whole blood assays, in order to streamline vaccine 

development and avoid misleading conclusions. The challenge in using human samples results 

from high costs and lack of supply ï receiving enough material to perform studies in an efficient 

time frame. In silico modeling may provide a cost effective alternative to predict vaccine efficacy 

and address the aforementioned challenges. Systems vaccinology and immunoinformatics can be 

powerful tools to improve vaccine design (i.e. predict pathogen epitope changes for elusive 

diseases that are constantly mutating) 151. Computational modeling has its limitations and is based 

on certain assumptions, but these approaches show great promise if validated properly in vivo and 

with the proper inputs from current data sets to build the model.  

1.18 Challenges of using TLR agonists as vaccine adjuvants 

With all of these new adjuvant and formulation technologies, it is crucial to consider the safety 

profile of the vaccination materials152. For example, the amount of systemic cytokines produced, 
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cell viability, and off targets effects should all be monitored. Several considerations, including 

formulation and administration route, can drastically alter the immune response, potentially 

providing synergistic or inhibitory responses. Particulate formulation or additives, such as 

squalene oil-in-water emulsions, can synergistically enhance the immune response and may be an 

alternative approach to develop potent adjuvants, while avoiding toxic side effects 153,154. In 

addition, simply changing the administration route can change what immune cells are targeted and 

the responses elicited, providing another method to obtain improved immune responses (e.g. 

intraperitoneal versus subcutaneous injections)154. With these considerations in mind, the 

application of immune synergies to modulate the immune response is and will be a powerful tool 

for novel and more rational adjuvant discovery, thereby impacting future development of safer and 

more effective vaccines. 

1.19 Understanding synergies 

Although it is clear that immune synergies can both quantitatively enhance the magnitude 

of the immune response and qualitatively modify the expression pattern of a variety of genes, the 

mechanistic understanding of how this occurs remains elusive.41 Our lab is designing tools to allow 

us to probe these synergies while gaining a mechanistic understanding of how PRRs work together 

to provide enhanced immunity. This fundamental understanding will lead to improved vaccine 

formulations.  

1.20 Vaccine side effects 

While combinations of TLR agonists or single TLR agonists have demonstrated immense 

promise as vaccine adjuvants, many induce high and unsafe levels of systemic inflammation. Often 

the dose of TLR agonist required to acquire adequate immunity is above the threshold that induces 

extreme levels of inflammatory cytokines leading to failed clinical trials. CpG DNA is potent 
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adjuvant that produces enhanced antigen-specific immune responses with less toxicity than many 

other adjuvants.155  However this adjuvant has only been approved for use in the last year in one 

vaccine, Heplasiv-B.156 All other clinical trials including CpG DNA in vaccines have failed to 

complete clinical trials, many due to the safety.157,158   
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2  Immune potentiator for increased safety and improved protection of 

vaccines by NF-kB modulation 

2.1 Summary 

 Many modern vaccines include adjuvants that activate the immune system and provide 

an enhanced humoral or cellular response. Current approved adjuvants are unable to provide 

desired responses against some pathogens (e.g. HIV or dengue). Many new adjuvants have been 

developed and demonstrate promising results, but side effects from the inflammatory response 

induced by these adjuvants have resulted in limited FDA approvals. No adjuvants yet possess the 

capability to independently modulate inflammation and protection. Here we demonstrate a 

method to limit inflammation and side effects associated with vaccination while retaining the 

protective responses using a variety of promising adjuvants. To accomplish this, we combined a 

selective NF-kB inhibitor with the immune adjuvant. The resulting vaccines reduce systemic 

inflammation and boost antibody responses. In an influenza challenge model, we demonstrate 

that this approach enhances protection. This method is generalizable across a broad range of 

adjuvants and antigens. We anticipate these studies will lead to a novel approach to vaccine 

formulation design that may prove general across a wide range of adjuvants, enabling their 

greater use in the public realm. 

2.2 Introduction 

 Vaccines are considered one of the most effective global health interventions against 

infectious diseases. Despite their success, current and future vaccines face contradictory challenges 

of increasingly stringent safety margins and more effective and diverse protective responses. A 

major challenge in developing new vaccine approaches is striking a balance between effective 
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immune activation, leading to protective responses, and limiting the excess inflammation and side 

effects. To boost the immune response, toll-like receptor (TLR) agonists have been explored as 

vaccine adjuvants because they activate the innate immune system, promoting the expression of  a 

wide variety of immune genes including inflammatory cytokines and cell surface receptors 

important for T cell interactions.1ï6 Effective TLR agonists stimulate the desired cellular or 

humoral adaptive responses; however, the excessive inflammation induced by many of these 

compounds has made it challenging to transition them into new clinical vaccines.7 For example, 

CpG DNA, a TLR 9 agonist, has wide-ranging promise as a vaccine adjuvant and provides 

protection for diseases currently without a vaccine, such as HIV.8  CpG DNA also enables vaccines 

to be produced with less antigen9, induces protective responses faster10, and produces effective 

anti-tumor activity.11,12 CpG has demonstrated great promise in increasing seroprotective antibody 

titers in human clinical trials.13,14 However, the excessive inflammatory response induced by this 

adjuvant has resulted in many clinical trial failures and is cited as limiting its therapeutic 

promise.15,16 CpGs are only a fraction of the hundreds of  TLR agonists.17 However due to the 

unsafe side effects, only a handful of TLR agonists are approved for limited use in humans.18  

Studies indicate that side effects are mediated through excessive and systemic distribution of TNF-

a and IL-6.19,20 Here we demonstrate a method to decouple part of the inflammatory response from 

the antigen presenting actions of several adjuvants using an immune potentiator. Using a broad 

range of TLR agonists, we demonstrate both in vitro and in vivo that using an immune potentiator 

decreases proinflammatory cytokines while maintaining adaptive immune function. In vivo, we 

find that co-administering the immune potentiator with the 2017-2018 flu vaccine (Fluzone) 

decreases side effects associated with vaccination and increases protection. Co-administration of 

the immune potentiator with CpG-ODN1826 (CpG) and dengue capsid protein leads to elimination 
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of systemic proinflammatory cytokines post-vaccination and yields sustained neutralizing 

antibodies. Additionally, administering the immune potentiator with CpG and gp120, a HIV viral 

coat protein, increased serum IgG and vaginal IgA antibodies and shifted IgG antibody epitope 

recognition. Lastly, we observed immune potentiation and improved safety for several TLR 

agonists ï implying a general approach. Immune potentiation may find use in reducing the 

systemic side effects associated with inflammation for many adjuvanted vaccines21ï creating the 

potential for many PRR agonists to be used safely, increasing the diversity of adaptive immune 

profiles and widening the scope of disease prevention and treatment.  

 

2.3 Results and discussion 

2.3.1 Selection of Immune Potentiator 

In seeking a method of immune potentiation, we explored the extensive research on the 

TLR activation pathway. This powerful mechanistic framework let us hypothesize about how TLR 

activation directs inflammatory cytokines and antigen presentation. As TLR pathways converge 

with NF-kB activation, and inflammatory and adaptive responses diverge upon which NF-kB 

subunit is activated, we hypothesized that we could decouple these processes via selective 

inhibition ï leading to reduced side effects but maintaining the adaptive response. Upon TLR 

activation, the transcription factor NF-kB primes the transcription of pro-inflammatory cytokines 

such as IL-6 and TNF- a, and cell surface receptors such as MHC-II, CD40, CD80 and CD86.22ï

24  The NF-kB family is a family of transcription factors, consisting of two subunits: a DNA 

binding domain and a transcriptional activator.25,26 Each NF-kB dimer controls expression of a 

different set of genes for distinct cellular processes ï broadly, some dimers control inflammatory 
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expression while others control antigen presentation. 25ï27  Selectively modulating a pathway, we 

conjectured, might lead to increased antigen presentation, while decreasing inflammation. NF-kB 

inhibitors have been widely explored for reducing cytokine expression in cancer28ï31, autoimmune 

disorders,32,33  and sepsis,34ï36 yet they have not been explored as vaccine potentiators. This lack 

of experimentation may be because it is broadly understood that NF-əB activation is necessary in 

mounting an adequate adaptive immune response.31,37 However, only certain subunits direct 

antigen presentation38. As a proof-of-concept immune potentiator we chose SN50, a cell permeable 

peptide that consists of the nuclear localization sequence (NLS) of the NF-kB subunit, p50 which 

blocks the import of p50 containing dimers into the nucleus.39  

First, we sought to determine if SN50 enables inhibition of NF-kB of innate immune cells. 

We validated that SN50 reduced total NF-kB activity in human (THP-1 monocytes) and mouse 

(RAW macrophages) cells in a dose dependent manner. (Fig. A1).  

 

 
Figure 2.1. In vivo vaccination with model antigen ovalbumin and immune adjuvant SN50. (A) 

Intracellular cytokine staining of BMDCs treated with CpG (red bars) or CpG + SN50 (blue bars), n=3. (B) 

Systemic cytokine levels of TNF- a measured at 1h, 3h, 6h post-injection with: PBS (black line), SN50 

alone (purple line), CpG (red line), CpG + SN50 (blue line), CpG + SN50M (yellow line), n = 4 for each 

time point. (C) Systemic cytokine levels of IL-6. (D) Anti-ovalbumin antibody level, day 28, n = 8. *p < 

0.05, **p < 0.01, ***p < 0.001. 
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2.3.2 Examination of CpG-induced inflammation and resulting immune response  

We sought to verify that SN50 could enable antigen presenting cells to upregulate cell 

surface receptors, while limiting pro-inflammatory cytokine production. We incubated murine 

bone marrow- derived dendritic cells (BMDCs) with SN50 and CpG or CpG alone for 6h and 

analyzed how the potentiator altered cytokine production and cell surface receptor expression (Fig. 

2.1a, Fig. A2). Intracellular cytokine staining revealed that cells treated with SN50 demonstrated 

a 21% decrease in cells expressing TNF- a and a 13% decrease in cells expressing IL-6. 

Meanwhile, CD86 was upregulated by 22% and CD40 was only down regulated by 2.5%. Because 

the p65-p50 dimer is the most abundant dimer found in resting cells and involved in inflammatory 

cytokine production, we conjecture that by inhibiting this dimer, we enable the transcription and 

translation of cell surface receptors while limiting inflammatory cytokines. This is consistent with 

previous knockout experiments that demonstrate the significance of the p65 subunit in increasing 

inflammatory cytokine production and inhibition of CD40 and CD86.38  The result is lower 

inflammatory responses while priming effective adaptive immune communication. 

After observing that SN50 can limit inflammation without decreasing cell surface receptor 

expression in vitro, we next wanted to examine the effect in vivo. To determine if inhibition of 

NF-kB could decrease the systemic levels of pro-inflammatory cytokines associated with CpG 

vaccination, we vaccinated mice intramuscularly (i.m.) with 100 µg ovalbumin (OVA) and: PBS, 

SN50 (500 µg), CpG (50 µg), SN50 + CpG, or SN50M (500 µg) + CpG. SN50M is a physical 

control for SN50 as it is a much weaker inhibitor. We chose to measure systemic levels of 

proinflammatory cytokines TNF- a and IL-6 because high levels are unsafe and lead to side 
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effects.119,20,40 We measured these pro-inflammatory cytokines at 1h, 3h, 6h, 24h and 48h post- 

injection in all groups to determine the timepoint where cytokines peak in response to CpG 

vaccination (Fig. 2.1b, 1.1c, Fig. A3). Mice vaccinated with OVA and PBS or SN50 alone elicited 

no systemic cytokine response. CpG demonstrated the highest response of both TNF- a (1325 

pg/mL) and IL-6 (1269 pg/mL) at the 1h timepoint. The CpG + SN50 group showed complete 

elimination of cytokines for both cytokines.  The CpG + SN50M group showed a decrease in 

cytokine levels, although not as large as observed with CpG + SN50.  We confirmed that this 

decrease in inflammatory cytokines is due to the high local inhibition of injected SN50M and not 

physical aggregation (Fig. A3). To determine how SN50 would affect the humoral response, we 

analyzed serum antibody levels on day 28 (Fig. 2.1d). We chose to use an ELISA that measures 

total Ig(G+A+M).41 The CpG group demonstrated a 2.4-fold increase in anti-OVA antibodies 

compared to PBS alone. Mice vaccinated with CpG + SN50 demonstrated a 5.9-fold increase over 

the PBS group and 2.7-fold increase over the CpG group. These data confirmed our hypothesis 

that high levels of systemic TNF- a and IL-6 can be decoupled from the humoral, adaptive immune 

response. We were surprised to find that addition of SN50 boosted the downstream adaptive 

response, leading to immune potentiation. Due to this increase in adaptive response and improved 

safety profile after vaccination we consider SN50 to be an immune potentiator.  

 

 

                                                           
1 In humans, systemic TNF-a correlate with local side effects (e.g. swelling, pain at injection site) and systemic IL-6 has been correlated with 

system-wide side effects (e.g. fatigue, headache, etc.) in response to vaccination.19,20 Additionally, both of these cytokines act as pyrogens when 

distributed systemically, leading to a fever response.40  
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Figure 2.2. Influenza Challenge Model (A) Schematic of influenza challenge study. (B) Systemic TNF-

 a levels 1h post-vaccination with Fz, Fz + SN50, Fz + CpG, Fz + CpG + SN50 H, Fz + CpG + SN50 L, 

Placebo. n = 13 (C) Systemic IL-6 levels 1h post-vaccination. n =13 (D) Percent change in body weight 

24h (grey), 48h (blue) and 72h (green) post-vaccination, n =13. (E) Antigen specific CD4+ cells. (F) 

Antigen specific CD8+ cells. (G) Day 28 IgG antibody concentration, n =8. (H) Survival 1-14 days post 

challenge, n = 5. Groups: Fz (black), Fz + SN50 (blue), Fz + CpG (grey), Fz + CpG + SN50 H (red), Fz + 

CpG + SN50 L (purple), Placebo (orange). n = 5 (I) Percent change in body weight 1-14 days, n = 5. (J) 

Body temperature 1-14 days post challenge, n =5. *p < 0.05, **p < 0.01, ***p < 0.001. 
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2.3.3 Immune potentiation in in vivo influenza challenge model 

We next wanted to focus on how SN50 might transition to a vaccine with challenge. We 

selected influenza vaccine as a proof-of-concept vaccination both due to its universality and the 

relative ease of running animal challenges with multiple parameters. We sought to determine if 

SN50 would reduce side effects associated with strong adjuvanticity and to see what effect this 

alteration on systemic cytokines would have on protection. We vaccinated mice i.m. with 

Fluzone® quadrivalent vaccine (Fz) for the 2017/2018 influenza season, with or without CpG (50 

µg) as an immune adjuvant and 500 µg SN50 (SN50 H) or 50 µg SN50 (SN50 L) as an immune 

potentiator. The Fz + SN50 group demonstrated lower levels of TNF- a than Fz alone (Fig. 2.2b, 

2.2c).  Across all groups, the addition of SN50 reduced levels of TNF- a and IL-6 to levels 

consistent with the placebo group. To examine whether SN50 can mitigate side effects from 

vaccination, we analyzed the percent change in body weight 24, 48 and 72h post-vaccination (Fig. 

2.2d, A4). Weight loss is the easiest and most objective measure of side effects in mice. Mice 

vaccinated with Fz and Fz + SN50 lost an average of 0.85% and 0.75%, respectively by the 24h 

timepoint. The Fz + CpG group lost an average of 5.9%. Adding SN50 H decreased the amount of 

weight loss to 2.4% and SN50 L to 5.1%. At 72h the Fz group were -1.1% of the starting weight 

whereas mice vaccinated with Fz + SN50 gained +1.5%. The Fz + CpG group lost -1.6% of the 

starting weight and adding SN50 H lead to a reduction in weight loss (0% change) and adding 

SN50 L lead to -1.3% change.  Overall, mice with SN50 lost less weight than mice without SN50, 

demonstrating that SN50 lowered side effects associated with vaccination.  

We next wanted to see if the addition of SN50 would change the T cell responses or 

antibody production. On day 14, we analyzed splenocytes for antigen specific CD4+ and CD8+ T 

cells. We observed no statistically significant differences between samples with and without SN50 
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(Fig. 2.2e, 2.2f, Fig. A5). On day 28, we analyzed the serum for antibody levels in the blood (Fig. 

2.2g and A6).  There was no significant difference in serum IgG concentration between Fz and Fz 

+ SN50. There was a significant difference between Fz samples and Fz + CpG of 2.9 fold. There 

was no significant difference between groups vaccinated with CpG, implying that the addition of 

SN50 reduces inflammation and side effects from vaccination, while maintaining the antibody 

concentration.   

We next sought to determine if SN50 would increase the protection of Fluzone. Mice were 

lethally challenged intranasally with 105 PFU A/Michigan/45/2015. On day 3 post-challenge we 

analyzed the lungs of three mice for viral titer (Fig. A4). Survival was analyzed for 14 days post-

challenge (Fig. 2.2h). By day 7, all placebo mice and 60% of the Fz mice had reached the humane 

endpoint and were euthanized. All other mice survived. The Fz + SN50 group was significantly 

more protected than the Fz alone group. The addition of SN50 to Fz + CpG confers equal 

protection, while improving side effects from the initial vaccination. Surprisingly, simply adding 

SN50 to Fz conferred enhanced protection equal to Fz + CpG group.  

Mice were analyzed for change in body weight and body temperature for 14 days post-

challenge (Fig. 2.2i, 2.2j, Fig. A4). The peak average weight loss between Fz (-9.9%) and Fz + 

SN50 (-2.67%) was statistically significant. Greater weight loss is associated with a more intense 

infection, these data demonstrate that adding SN50 to Fz improves the response to infection. 

Addition of SN50 to Fz + CpG demonstrates no significant change in weight loss indicating that 

the SN50 can reduce systemic cytokines and side effects from vaccination with no detrimental 

effects to the protective response. 

As an additional parameter of disease pathology, we examined body temperature post-

challenge. Unlike in humans, mice demonstrate a reduction in body temperature upon infection.42 
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The placebo has the largest peak drop in temperature (-4.57 °C), followed by the Fz group ( -1.58 

°C) (Fig. 2.2j). Adding SN50 to Fz or Fz + CpG mitigated the decrease in temperature across all 

groups.  

Safety and protection of new vaccine adjuvants are typically considered two interdependent 

variables with an inverse relationship, where adequate protection is acquired by limiting safety or 

vice versa. As this potentiator makes the vaccine both safer and more protective, we sought a single 

way to analyze how SN50 was changing the safety and protection profile. As these variables are 

considered inversely related, there are few precedents for correlation.  However, a common scoring 

system used widely across fields is a quartile-based scoring system.43ï46 Following precedent for 

scoring systems, we developed a safety vs protection plot (Fig. A7). This plot is meant only to 

serve as a visual representation of all data collected within this study. All groups that included 

SN50 in the vaccination increased both the safety and the protection of the vaccine. When all data 

is taken together, we conclude that SN50 acts as an immune potentiator by both increasing the 

safety profile and improving the protective outcome of the vaccination.  

Next, we wanted to examine if this type of immune potentiator could improve safety and 

maintain the adaptive response across a broader range of diseases and antigens. We chose to 

vaccinate against dengue and HIV because they represent additional, important diseases with 

active vaccine research. In each case, challenges with current methods have been identified and 

we wanted to see if SN50 could help address those challenges, as well as maintain the current 

function of vaccination strategies. For dengue, the main challenge is producing antibodies that 

neutralize the virus, inhibiting cellular uptake. For HIV, a key challenge is in generating IgA 

antibodies at the mucosal interface as well as eliciting broadly neutralizing antibodies targeted to 
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select epitopes. To explore how adding an immune potentiator affects each of these responses, we 

analyzed each antigen set in greater detail.  
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Figure 2.3. In vivo vaccination against dengue and HIV (A) Systemic TNF- a levels 1h post-vaccination 

with DENV-2C antigen and CpG or CpG + SN50, n =6. (B) Systemic IL-6 levels 1h post-vaccination with 

DENV-2C antigen and CpG or CpG + SN50. (C) IgG antibody concentration day 28 post vaccination with 

DENV-2C antigen. (D) Dengue virus neutralization. Geometric mean [95% confidence interval]. (E) 

Systemic TNF- a levels measured at 1h post-injection with gp120 and: PBS, CpG, SN50, SN50 + CpG, n 

= 8 (B) Systemic IL-6 levels measured at 1h post-injection with gp120 vaccinations (C) Serum anti-gp120 

IgG antibody concentration, day 28 after vaccination with gp120. (D) Vaginal anti-gp120 IgG antibody 

concentration, day 28. (E) Serum anti-gp120 IgA antibody concentration, day 28. (F) Vaginal anti-gp120 

IgA antibody concentration, day 28. (G) Number of g120 epitopes recognized by mice vaccinated with 

CpG or SN50 + CpG. (H) Mean intensity of recognized epitopes. (I) Mean intensity of each recognized 

epitope by CpG (red bars) or CpG + SN50 (blue bars). *p < 0.05, **p < 0.01, ***p < 0.001. 

 


